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Figure 1: Commercial fixed-tilt quadrotor: DJI Mavic Pro.

� Controllable DOFs: 4 (3 position, 1 rotation).

� Common; commercially viable (since 2010).

� Balance between capabilities and mechanical
simplicity.

� Differentially-flat system

Fully actuated multirotors [1]

Figure 2: Fully-actuated hexarotor multicopter [2].

� Controllable DOFs: 6 (3 position, 3 rotation).

� Mainly subject of research: impedance control,
force application.

� Wide range of designs with both fixed and
tiltable propellers [1].
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Controllable DoFs: 4 (3 position, 1
rotation),
Wide spread; commercially viable since
2010,
Balance between capability and simplicity;
differentially flat system.
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Controllable DoFs: 6 (3 position, 3
rotation),
Mainly subject of research: impedance
control, force application,
Wide range of designs with both fixed and
tiltable propellers.
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f-MRAVs

Key characteristics

≥ 6 rotors with non-parallel thrust
directions (full 6-DoFs actuation),
Decoupled position and orientation control,
Enables hovering with arbitrary attitude.

Representative configurations

Tilted-rotor hexarotors and octorotors,
Omnidirectional platforms (e.g., Voliro,
OMR),
Mechanically simple or overactuated
designs,
Suitable for aerial manipulation and
inspection.
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Figure 4: Schematic representation of an GTMR system with
its world FW and body FB reference frames.

where m> 0 represents the platform’s mass, and g> 0 is the
gravitational constant. The vector ei ∈ R3, with i ∈ {1,2,3},
corresponds to the ith column of the identify matrix I3 ∈R3×3.
The vehicle’s inertia, expressed in FB, is given by the positive
definite matrix J ∈ R3×3. The symbols ◦ and × denote the
quaternion product and the vector cross product operations,
respectively. The matrix R represents the rotation from the
body FB to the world frame FW . Finally, F ∈ R3×Np and
M ∈ R3×Np are the force and momentum allocation matrices,
mapping the individual propeller forces to the total force and
momentum acting on the vehicle’s CoM [15], [44].

To account for the limited bandwidth of the control in-
put u (i.e., the maximum rate of change of the propeller
spinning velocity), smoothness constraints must be imposed.
To achieve this, the system model is extended by redefining
the control input as ū = u̇, representing the time derivative
of the propeller spinning velocity Ω̇ΩΩ ∈ RNp . Consequently,
u is incorporated as a state variable within the system state
vector x̄, and the model is reformulated as ˙̄x = f (x̄, ū), where
x̄ = (p⊤,q⊤,v⊤,ωωω⊤,u⊤)⊤ and ū = u̇.

This formulation allows for the explicit inclusion of realistic
actuator constraints, particularly lower and upper bounds on
rotor accelerations, which correspond to the same differential
level as motor torques. These actuator limitations can be
expressed as:

γ ≤ u ≤ γ̄, γ̇ ≤ ū ≤ ˙̄γ, (2)

where γ and γ̄ denote the minimum and maximum propeller
spinning velocities, while γ̇ and ˙̄γ represent the minimum and
maximum propeller acceleration limits, respectively, which
may depend on rotor velocity. This refined modeling approach
ensures that the NMPC problem formulation (Section VI-C)
incorporates physically realistic actuator constraints.

Finally, for notational convenience we introduce FB0 as
the body frame associated to the BS which has the same
orientation as FW but with origin at p0.

B. Communication channel model

1) RF communication channel: We will assume for both
links of the MRAV network a free space path loss model as
in our previous works [12], [38]. We also assume that all the
nodes in the MRAV network use the same type of antenna and
that its bandwidth is large enough so that its gain is constant
for all the bandwidth B. Similarly, as in [45], [46] we consider
that the jamming wireless channels follow a free-space path
loss model. Then, the SINR at the receiver of node j is:

Γ j(t) =
H2

j (t)PU

F2
j (t)PJ(t)+σ2

j
, (3)

H j(t) =

√
G(ϑ D

j+1(t))G(ϑ A
j (t))

∥p j(t)−p j+1(t)∥
, (4)

Fj(t) =

√
G(ϑ J

A(t))

∥pJ −p j(t)∥
, (5)

where PU is the transmission power H j(t) is the channel gain
of the link between the node j+1 and the node j. Fj(t) is the
channel gain of the link between the jammer and the node j
and PJ(t) is the RF power transmitted by the jammer at time
instant t. The noise of the power generated at the receiver of
node j is σ2

j . Furthermore, ϑ D
j+1(t) and ϑ A

j (t) are the Angle
of Departure (AoD) and AoA in the node- j + 1-to-node- j
RF communication links. Finally, G(·) is the power radiation
pattern of the antenna. See appendix A for the details of the
angles mentioned, and for the details on the antenna radiation
pattern.

Therefore, the channel capacity of the RF communication
link from the node- j+1 to the node- j is:

C j(t) = B j+1 log2 (1+Γ j(t)) , j = 0,1. (6)

After the MRAV-1 dynamically adapts the bandwidths B1 and
B2 to balance the channel capacity of both links, i.e., to set
C1(t) =C0(t) =C(t) we have:

C(t) =
B log2 (1+Γ1(t)) log2 (1+Γ2(t))
log2 (1+Γ1(t))+ log2 (1+Γ2(t))

. (7)

2) Optical communication channel: We consider that both
MRAVs in their optical receiver they have a camera that is
omnidirectional in the azimuth plane and has a vertical Field
of View (FoV) with an angle of ±Θc/2, see Fig. ??. We
assume that as long as the MRAVs remain in the FoV of each
other and within a maximum distance L then the bit error
rate of the optical link remains low enough so that, with the
appropriate Forward Error Correction (FEC), the transmission
of the navigation and control data can be considered errorless.

VI. PROBLEM SOLUTION

Here a brief recall of the subsections you are going to
present later in text: the trajectory generator (reference gover-
nor), the NMPC controller, etc.

IMPORTANT: STOP HERE. REVISE THE PREVIOUS
PART FIRST
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Popular f-MRAVs frame configurations

complexity of the control while still being able to achieve

hovering in the conducted experiments.

Prothin and Moschetta (2013) presented another design,

named the ‘‘donut,’’ made of two AAUs aligned vertically

with the center of the multirotor frame, which can be tilted

independently in S
2 as shown in Figure 3, thus obtaining

again nu = 2 + 4. The details of the dynamical model are

presented and the authors propose to leverage the tilting to

use drift force and moment as control inputs.

4.2 Radial and tangential tilting designs

A birotor design often found in the literature is presented

in Papachristos et al. (2011), where the platform has two

AAUs placed on an axis above the CoM of the platform,

and tilting independently radially about their axis, thus

resulting in nu = 2 + 2. This design provides the option to

tilt almost perpendicularly to the vertical direction, and thus

the platform can generate most of its lift laterally to redirect

its lift in the desired flight direction. In this design, yaw is

achieved by tilting propellers about opposite a angles, roll

is achieved by applying different thrust in each propeller,

and pitch is achieved by tilting both propellers equally in

the direction of the desired pitch, where the pitching

moment is relative to the tilting angle and the vertical dis-

tance between the propellers’ CoM and the platform CoM.

This design is illustrated in Figure 2.

A similar design was presented by Chowdhury et al.

(2012), where the authors proposed a controller that

changes the tilt angles to achieve desired roll and yaw inde-

pendently and demonstrated their controller in simulation.

Another similar controller was proposed by Blouin and

Lanteigne (2014), however, they tested their controller on a

prototype. Finally, Cardoso et al. (2016) presented a robust

controller for this platform design and showed its path-

tracking ability in a realistic simulation under external dis-

turbances and model uncertainties.

Donadel et al. (2014) proposed a design where the tan-

gential tiltings are fixed and the two radial tiltings are actu-

ated, hence, again, nu = 2 + 2, with propellers’ CoM also

above the CoM of the platform as shown in Figure 2. They

proposed a control approach relying on optimal H‘/H2

techniques, which they validated in realistic simulations.

5. Trirotor (three AAUs)

Trirotors are composed of three AAUs. As such, they can

be considered as an upgrade from birotors, but they pose a

challenge due to the unbalanced moment caused by the odd

Table 6 Recapitulative table for the birotors (N = 2)

Apparition nu DoFs Properties Abilities Maturity Figure

Gress (2002) 2 + 4 a1, a2, b1, b2 FA H.3, TT.2, APhI.0 Prototype Figure 2
Kendoul et al. (2006)
Amiri et al. (2011)
Sanchez et al. (2008) 2 + 2 (a1, a2) (b1, b2) UDT H.2, TT.2, APhI.0 Prototype Figure 2
Donadel et al. (2014) 2 + 2 b1, b2 UDT H.2, TT.2, APhI.0 Realistic simulation Figure 2
Prothin and Moschetta (2013) 2 + 4 a1, a2, b1, b2 FA H.3, TT.2, APhI.0 Prototype Figure 3
Papachristos et al. (2011) 2 + 2 a1, a2 UDT H.2, TT.2, APhI.0 Prototype Figure 2
Chowdhury et al. (2012) 2 + 2 a1, a2 UDT H.2, TT.2, APhI.0 Simplistic simulation Figure 2
Blouin and Lanteigne (2014) 2 + 2 a1, a2 UDT H.2, TT.2, APhI.0 Prototype Figure 2
Cardoso et al. (2016) 2 + 2 a1, a2 UDT H.2, TT.2, APhI.0 Realistic simulation Figure 2

Fig. 2. Conceptual 3D kinematic representation of a generic

birotor design with wing-tail stabilization.

Fig. 3. Conceptual three-dimensional kinematic representation

of the birotor design presented in Prothin and Moschetta (2013)

Hamandi et al. 1025

number of propellers. In addition, and similarly to birotors,

the low number of actuators imposes limitations on the

achievable performance, in particular in the ability to per-

form stable hovering (Kataoka et al., 2011).

One of the first trirotor designs appeared in Rongier

et al. (2005), where propellers are tilted at a fixed angle so

that a non-collinear thrust is ensured. The control is based

on a combination of aircraft gyroscopic effect with a piezo-

sensor to detect the tilt angle (pitch and roll) with respect to

the horizontal orientation. However, the lack of control of

the yaw angle forces the rotor to constantly rotate about its

CoM, thus being unable to achieve the basic static hovering

ability (H.2). The design is demonstrated on a prototype

powered with a cable and shown in Figure 4; as the plat-

form constantly rotates, it stretches the cable causing a fail-

ure of the proposed controller.

Multiple designs have been later proposed in the litera-

ture that aim to balance the odd shape of the trirotor, which

we group into T-configurations and D -configurations. In

addition, to overcome the limitation of the number of actua-

tors, which are not enough to achieve the basic H.2, several

works have proposed to add one or more additional actua-

tors in order to achieve thrust-vectoring, thus making the

platform able to gain the H.2 ability.

5.1 T-configuration

This setup is composed by two frontal principal propellers,

that may be dynamically tilted or fixed, spinning in oppo-

site directions, with a third propeller (typically smaller)

mounted on a tail as shown in Figure 5. This one, in gen-

eral, tilts around the radial axis in order to improve pitch

and yaw control.

5.1.1 Tail-only tilting propeller. This design was presented

in Salazar-Cruz and Lozano (2005), followed by Salazar-

Cruz et al. (2009). The tail-propeller is endowed with a

servo motor which allows the control of the yaw motion by

tilting about the sagittal axis, and the pitch angle regulating

the propeller rotational speed. The two main frontal fixed

propellers are in charge of the control of total thrust and

roll angle. In total, we have nu = 3 + 1. The F1 set is repre-

sented in Figure 6.

In the mentioned works, the hovering and the forward

flight control of this vehicle were achieved using a non-

linear controller based on nested saturations. The same

design is instead controlled in Yoon et al. (2013) with an

optimal linear–quadratic regulator (LQR) to control the atti-

tude. All these works have been validated with an experi-

mental prototype.

5.1.2 Frontal-propeller tilting. In a design presented in

Papachristos and Tzes (2013) and Papachristos et al. (2014,

2016), the two frontal principal propellers are also able to

tilt radially with the same (locked) tilting angle, while the

tail rotor can tilt independently, thus obtaining nu = 3 + 2.

This approach was adopted to allow the vehicle to apply a

push-force (APhI.1) in the sagittal direction. To improve

the control scheme and platform stability, in Papachristos

et al. (2016) a model predictive control (MPC) approach

was implemented.

Fig. 4. Conceptual three-dimensional kinematic representation

of a generic trirotor D-configuration design.

Fig. 5. Conceptual three-dimensional kinematic representation

of a generic trirotor T-configuration design. The tail propeller

(typically smaller and weaker) is depicted on the top while the

frontal principal propellers (typically larger and stronger) are on

the bottom. The sagittal axis points down in the picture.

Fig. 6. Visualization of the F1 set of the design presented in

Salazar-Cruz et al. (2009) normalized by the platform mass. T-

shaped trirotor with tail tilting radially and with two fixed main

propellers. Here N = 3 and nu = 3 + 1. Profile description: two-

dimensional plane perpendicular to the tail rotation plane.
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Such decoupling significantly simplifies the control prob-

lem and is one of the reasons for the success of quadrotors.

Note that the wide attention gathered by coplanar/colli-

near quadrotors comes from the combination they offer

between their simple mechanics and relative easiness of

control for trajectory tracking, thanks to the dynamic feed-

back linearizability (or, equivalently, the differential flat-

ness) of the non-linear system dynamics (Mistler et al.,

2001).

This enabled a vast set of applications for coplanar/colli-

near designs. Innovative modular designs such as that pre-

sented in Zhao et al. (2017), exhibit the same properties as

classical coplanar/collinear designs, although they lie

outside the scope of this paper due to their varying CoM

with each new configuration.

In addition, coplanar/collinear designs for N.4, shown

in Figure 10, (typically N = 6 or N = 8) will not be dis-

cussed hereafter as their properties are the same as the

N = 4 case. Their coplanar/collinear distribution leads to

similar results for all such designs despite the increase of

the control inputs. The only notable differences are: (i) the

increase of the control authority due to the increase of

AAUs, which translates mostly in an increase of payload;

and (ii) the possible redundancy, i.e., AAUs failure can be

mitigated while preserving the design’s properties.

6.2 Radial tilting designs

Some designs consider AAUs which are radially tilted/tilt-

ing in order to achieve total thrust vectoring for quadrotors

as shown in Figure 11. Within the other two tilting direc-

tions, this particular design can be considered as the sim-

plest mechanical extension to the coplanar/collinear design

achieving thrust vectoring.

Falanga et al. (2017) presented a quadrotor with propel-

lers tilted 158 radially about their relative axes, i.e., nu = 4.

The tilt angle is computed to increase yaw control, and was

tested on a prototype flying through a narrow gap. Figure

11 most closely resembles the described design, however,

with the propellers’ tilt being constant.

Ryll et al. (2012) proposed a configuration, further ana-

lyzed in Ryll et al. (2013, 2015), where four additional ser-

vomotors are used to independently radially tilt the AAUs,

Fig. 8. visualization of the F1 set of the design presented in

Ramp and Papadopoulos (2015) normalized by the platform

mass. The design consists of a D-trirotor with all propellers

independently tilting both radially and tangentially; tilting angle

limits are chosen at 6308. Here N = 3 and nu = 9. Profile

description: dodecagonal pyramid with the tip at zero with top

enclosed with a dome.

Fig. 9. Visualization of the F1 set of a fixed coplanar/collinear

quadrotor design normalized by the platform mass. Here N = 4

and nu = 4. Profile description: line along the CoM of the

platform.

Fig. 10. Top view of the conceptual kinematic representation of

coplanar designs with (left to right) four, six, and eight propellers.

Fig. 11. Conceptual 3D kinematic representation of a generic

quadrotor with propellers tilting/tilted about their radial axes.
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backstepping approach. The controller tracks the desired

orientation, altitude, and velocity in the plane, and is robust

to unmodeled dynamics. The authors rely on optimization

techniques to tune the controller gains. This approach is

corroborated with simulation comprising sensor noise.

Another design with tangential tilting of the AAUs can

be found in Long et al. (2012), with nu = 4 + 4, and Long

et al. (2014), with nu = 4 + 3, named Omnicopter. The lat-

ter is shown in Figure 14. In this proposed design one main

AAU (with either one or two propellers sharing the same

axis of rotation with opposed rotation directions) is signifi-

cantly bigger than the other propellers and is placed in the

center of the platform with its thrust direction aligned with

the zB axis of the body frame. The other three AAUs,

smaller in size, are distributed around the main one in a tri-

angular distribution and allowed to tilt tangentially.

Long et al. (2012)used a backstepping approach and a

PID loop to achieve decoupled tracking of both orientation

and position. The control allocation is achieved by consid-

ering a linearization of the system around the functioning

point. Long et al. (2014) proposed the same design with

only one central AAU to improve the efficiency of the

design. They apply the same control technique for the sec-

ond design and validate both designs via real experimenta-

tions on a prototype.

6.4 Tilting in S
2 designs

The following designs explore the AAUs tilting in S
2 as

illustrated in Figure 15, in order to achieve thrust vectoring

in all directions for each AAU. Note that due to the

mechanical complexity involved in such a design, most of

the presented work considering non-fixed AAUs are only

studied theoretically.

The first original design can be found in Sxenkul and

Altuğ (2013, 2014), where the authors considered a classi-

cal quadrotor with each AAU being able to tilt both radially

and tangentially. Sxenkul and Altuğ (2013) considered all

AAUs to tilt independently while rotating at the same

speed, hence nu = 1 + 8. Then the full potential of this

design is exploited in Sxenkul and Altuğ (2014), where the

authors allow independent tilting of the propellers,

nu = 4 + 8. The authors propose a cascaded PID control

loop with adaptive gains to account for the gyroscopic

effect arising from the propellers. The above two

approaches are validated with simple simulations to show

their trajectory tracking ability.

Similarly to Sxenkul and Altuğ (2013), Hua et al. (2015)

proposed to study a quadrotor tilting in S
2 as shown in

Figure 16, and such that the total thrust vectoring is

achieved by tilting each AAU equally in the same thrust

direction. This scheme allows the platform to apply unidir-

ectional thrust but in a direction that is tiltable in S
2 thus

obtaining nu = 4 + 2. The authors proposed a control

scheme that primarily tracks a reference position or velo-

city (similar to a coplanar/collinear quadrotor with fixed

propellers), then rotates the thrust direction to point in the

desired orientation. Position and orientation are proved to

be decoupled, which is validated in a simple trajectory

tracking simulation.

The same design as shown in Figure 16 was explored in

Odelga et al. (2016), with the addition of an explicit

Fig. 14. Conceptual three-dimensional kinematic representation

of the quadrotor design presented in Long et al. (2014, 2012).

The three non-central propellers are tilting about their tangential

axes independently.

Fig. 15. Conceptual three-dimensional kinematic representation

of a generic quadrotor with propellers tilting/tilted in S
2, i.e.,

about both the radial and tangential axes.

Fig. 16. Conceptual three-dimensional kinematic representation

of a quadrotor with propellers tilting/tilted in S
2 presented in Hua

et al. (2015) and Odelga et al. (2016). The locked tilting that

makes all the propellers point always in the same direction is

highlighted.
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mechanism design that enforces the angles to rotate equally,

whereas in Hua et al. (2015) it was only theoretically

assumed. Full-actuation allows the use of a standard feed-

back linearization control with dynamic extension, which is

validated by simulation. The introduction of a real mechan-

ism makes explicit the constraints induced by the mechan-

ism limits. Therefore, tracking performances are limited by

unidirectional rotors and tilt angle limits, despite the full

actuation nature of the design.

De Martini et al. (2017) also presented a quadrotor

design with propellers tilting synchronously in S
2 as shown

in Figure 15. The synchronization allows the vehicle to fly

across a narrow passage, where each pair of propellers is

assumed to be tilting about a given axis, with nu = 4 + 2.

Furthermore, bidirectional AAUs are considered and physi-

cal mechanism constraints are neglected. The proposed

control scheme is based on PID and model inversion and

validated in a simple simulation. The multirotor orientation

is computed in order to allow the navigation through a nar-

row passage geometry.

The above contributions have presented analyses and

simulations studying quadrotors with propellers tilting in

S
2. In what follows, we introduce the contributions that pre-

sented a working mechanical system with propellers either

tilting in S
2, or tilted about a fixed orientation throughout

their flight.

Khoo et al. (2017) implemented a design as shown in

Figure 15 that allows independent rotation of all propellers,

thus obtaining nu = 4 + 8. The prototype is controlled with

a multi-surface sliding mode controller, followed by a

pseudo-inverse control allocation.

Segui-Gasco et al. (2014) also built a prototype, while

considering tilting limits of each AAU in its control. The

dynamics of the system are derived while considering

the gyroscopic moment produced by the fast tilting AAUs.

The authors consider a coplanar/collinear quadrotor con-

troller, with body orientation and total thrust calculated

through system linearization and weighted pseudo-inverse.

The over-actuation of the system calls for control alloca-

tion, which is calculated in an energy-optimal way. The

authors validated their approach with a hovering maiden

flight, and their design analysis suggested the need for high

inertia propellers to increase the produced torque and allow

higher vehicle speeds.

Another design with the AAUs tilting in S
2 can be found

in Kawasaki et al. (2015), where the authors proposed a

design such that the AAUs are tilted independently by pairs

as shown in Figure 17, where we can see that each pair of

propellers are connected to a single axis actuated with a

servomotor that can induce an equivalent tilt in both a and

b to both propellers, i.e., nu = 4 + 2. The authors proposed

a control scheme for trajectory tracking which takes into

account the effect of the AAUs’ airflow interference. The

performance of the platform is demonstrated with a proto-

type while sliding along a surface.

McArthur et al. (2017) presented a quadrotor design

based on the composition of a D-trirotor (see Section 5)

with an additional tail propeller tangentially tilted to pro-

vide thrust in a lateral direction as shown in Figure 18. The

design is endowed with this extra propeller to help push an

object. All propellers in this design are fixed, except for the

trirotor tail which is actively tilted radially, nu = 4 + 1. The

proposed design was implemented in a prototype used to

validate the extra push abilities in a planar experiment

(APhI.1) without flying; in this experiment, the coplanar/

collinear propellers were turned off, and an extra propeller

was added to control the yaw just during these experiments.

While the quadrotor design was exploited extensively in

the literature and allowed platforms to reach OA/OD, the

limited number of propellers does not allow the platforms

to exhibit more than UDT and H.2 without any servomo-

tors. While quadrotors are still very popular, many papers

from the literature exploit designs with N.4 to exploit

actuation properties higher than UDT, especially for appli-

cations of APhI, where lateral forces are often required.

7. Pentarotor (five AAUs)

The case of N = 5 AAUs is not commonly found in the lit-

erature, owing to its lack of symmetry implied by the odd

number of AAUs. Usually, symmetric designs are favored

thanks to their ease of control and diagonal inertia matrix.

Fig. 17. Conceptual three-dimensional kinematic representation

of a quadrotor with propellers tilting in S
2 as presented in

Kawasaki et al. (2015).

Fig. 18. Conceptual three-dimensional kinematic representation

of a quadrotor with propellers tilting/tilted radially/tangentially as

presented in McArthur et al. (2017).
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The only documented non-coplanar/collinear pentarotor

design we could find is introduced in Albers et al. (2010)

and can be described as a classical coplanar quadrotor with

the addition of a propeller oriented in an orthogonal direc-

tion to provide extra actuation for attaining the considered

tasks; a conceptual design sketch is shown in Figure 19,

and the design properties and abilities are listed in Table 9.

The goal is to be able to easily apply a normal force on a

wall for tasks such as inspection, cleaning, and painting.

All the AAUs’ orientations are fixed, thus nu = 5. Owing

to its composition design, it holds the same properties as a

classical coplanar quadrotor, plus the ability to push along

one extra translational direction. The proposed design was

tested on a prototype, and its F1 set is presented in

Figure 20.

8. Hexarotor (six AAUs)

A hexarotor design has N = 6. For hexarotors, we can

group coplanar/collinear designs into two groups, star-

shaped and Y-shaped as shown in Figure 21 top and bot-

tom, respectively. The former refers to a distribution where

each AAU is a vertex of the star, while the latter considers

a disposition similar to the delta trirotor. The system prop-

erties and capabilities are the same as for the coplanar/col-

linear quadrotor, except that the Y-shaped hexarotor is

robust to AAU failure, whereas the star-shaped hexarotor is

not (see Michieletto et al., 2017).

As for hexarotors with tilted AAUs, tilting angles can

be chosen so that F is full-rank, and thus the platform is

fully actuated. In fact, this is the minimal configuration for

Table 9 Recapitulative table for the pentarotors (N = 5)

Apparition nu Properties Abilities Maturity Figure

Albers et al. (2010) 5 MDT H.3, TT.3, APhI.1 Prototype Figure 19

Fig. 19. Conceptual three-dimensional kinematic representation

of the pentarotor design presented in Albers et al. (2010).

Fig. 20. Visualization of the F1 set of the design presented in

Albers et al. (2010) normalized by the platform mass. The design

consists of a quadrotor with an additional propeller pointing in a

lateral direction. All propellers are fixed. Here N = 5 and nu = 5.

Profile: subsurface of the xz-plane, where we assume the fifth

propeller is pointing in the x-direction. The surface has the

largest height for x = 0 and decreases as x increases.

Fig. 21. Conceptual three-dimensional kinematic representation

of (top) star-shaped hexarotor and (bottom) Y-shaped hexarotor

with propellers tilting/tilted in S
2.

Hamandi et al. 1033

On the other hand, Ryll et al. (2016) presented a design

called FastHex where AAUs’ radial tilting can be changed

simultaneously with a single servomotor for all AAUs as

shown in Figure 23, thus obtaining nu = 6 + 1. This allows

switching between UDT and FA configurations of the mul-

tirotor with only one additional input. This design can be

used to optimize between energy efficiency during free-

flight (coplanar/collinear AAUs) and an adequate force/

moment decoupling during physical interactions. Figure 24

illustrates the different possible F1 sets at different tilts.

Extensive simulations validate the benefits of such a design

for a real case scenario, whereas later Bicego (2019) also

validated these results in real-world experiments.

In Kamel et al. (2018) and Elkhatib (2017), each AAU

is equipped with a servomotor (six in total) to tilt indepen-

dently, thus obtaining nu = 6 + 6. The design, named

Voliro, was tested on a prototype showing successful omni-

directional flights and is shown in Figure 25.

8.2 Tangential tilting designs

Differently from the designs in Section 8.1, Giribet et al.

(2016) proposed a design where the AAUs are tangentially

tilted, at a magnitude chosen heuristically at b = 138. The

authors have demonstrated the ability of a vehicle with

small tilting to be able to face failure in one of its propel-

lers. Trajectory tracking of the platform was validated

through simulation with noise and rotor failure.

Pose et al. (2017) also proposed a design relying on tan-

gentially tilted AAUs, where the tilting angle is heuristi-

cally chosen in a range that ensures the robustness of the

design to failures, at a fixed b = 178 for all AAUs. The con-

troller does not exploit the MDT property of the design and

focuses on emulating the behavior of coplanar design, by

only considering a reduced output vector and finding opti-

mal control allocation to the spinning velocity of the most

solicited AAU. This design is shown to be robust to single

AAU failure through experiments on a prototype of the

design.

The above two designs are mechanically equivalent

despite the different choice of tilt angle b, however, the

controlled output of each is different, with Pose et al.

(2017) not fully exploiting the FA property.

Another design is proposed in Soto-Guerrero and

Ramı́rez-Torres (2018), where the authors combined a hex-

arotor with a hexapod design, mounting each propeller on

one of the platform’s legs, which can rotate about two axes

corresponding to the propeller’s arrangement about the

CoM, and the propeller’s tangential tilt. The platform is

able to crawl and fly, and hence its name hexapodopter.

The authors prove that their design can achieve FA, and

assess their design through simulation.

8.3 S
2 tilting designs

Crowther et al. (2011) presented a hexarotor design where

each AAU is allowed to tilt in S
2. Crowther et al. (2011)

described designs constrained such that the thrusts pro-

duced by each pair of AAUs are aligned along three ortho-

gonal directions, possible AAUs’ orientations and direction

are further grouped into three classes. The authors

Fig. 23. Conceptual three-dimensional kinematic representation

of the FastHex design presented in Ryll et al. (2016). The

propellers are tilting radially. Highlighted the locked tilting that

forces all the propellers to tilt of the same angle a.

Fig. 24. Visualization of the F1 set of the FastHex design at

different propeller tilts a intersection with (right) x = 0 plane and

(left) y = 0 plane. The F1 set is similar to coplanar/collinear

design for a = 0; as a increases, the platform is capable of

applying further lateral forces while decreasing the possible lift.

Fig. 25. Conceptual three-dimensional kinematic representation

of the Voliro design presented in Kamel et al. (2018) and Elkhatib

(2017). The propellers are tilting radially and all independently.
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task with body-fixed end-effector was considered, see

Figure 26. The unidirectional AAUs constraint is consid-

ered explicitly. The optimization considers the condition

number of F to ensure that the wrench produced is not sen-

sitive to small deviations of the AAUs generated thrust. In

addition, the aerodynamic interaction between the AAUs’

airflow is considered, and sought to be minimized while

keeping the total design volume reasonable. This design is

evaluated in a simulation of trajectory tracking, in non-

hovering orientation, subjected to disturbances and con-

trolled via a backstepping approach.

The optimization design problem in Tognon and

Franchi (2018) assumes fixed positions of the AAUs,

radially around the CoM, and optimizes their respective

tilting. A major design criterion considered was a minimum

allocation-matrix condition number, which aims at an equal

sharing of the effort needed to generate wrenches in any

direction. In addition, the notion of ‘‘balanced design’’ was

introduced which guarantees an equal sharing of the extra

effort needed to keep all AAUs’ individual thrust positive.

An associated controller relying on model inversion and

PID is proposed alongside. The general optimal design

problem is proposed to make the design OD while mini-

mizing the range of required control inputs to hover in any

orientation. It is described and applied for N = 7, with an

extensive realistic simulation of trajectory tracking, with

several non-idealities described in the corresponding tech-

nical report. The authors hinted that minimizing the condi-

tion number of F, k(F), for a balanced design, minimizes

the norm of the input. The result of this optimization for

N = 7 is shown in Figure 27. The F1 set of this design is

presented in Figure 28. A prototype of the platform was

presented in Hamandi et al. (2020) to demonstrate the OD

ability of the design.

10. Other designs with eight AAUs or more

We group all other platforms with N ø 8 together, where

we note that the majority of such designs consist of octoro-

tors (Table 12). Some notable exceptions are the commer-

cial ‘‘heavy lifter,’’ which are coplanar/collinear multirotor

designs. Examples include Aerones (2016) with N = 14,

and Volocopter
6

with N = 18

The preference of the octorotor design over others in the

literature can be explained by the favored symmetric

Table 11 Recapitulative table for the heptarotors (N = 7)

Apparition nu Properties Abilities Maturity Figure

Nikou et al. (2015) 7 OA, FA H.4, TT.4, APhI.3 Realistic simulation (TT.4) Figure 26
Tognon and Franchi (2018) 7 OA, OD H.4, TT.4, APhI.0 Realistic simulation (TT.4) Figure 27

Table 12 Recapitulative table for the octorotors and the platforms with more than eight rotors N ø 8

Apparition nu DoFs Properties Abilities Maturity Figure

Romero et al. (2007)Fu et al. (2017) 8 OA, OD H.4, TT.4, APhI.0 Prototype Figure 29
Park et al. (2018) 8 OD H.4, TT.4, APhI.0 Prototype Figure 31
Brescianini and D’Andrea (2016) 8(Bi) OA, OD H.4, TT.4, APhI.0 Prototype Figure 32
Allenspach et al. (2020) 12 (a1,a2), (a3,a4),

(a5,a6), (a7,a8),
(a9,a10), (a11,a12)

OA, OD H.4, TT.4, APhI.0 Prototype Figure 25

Fig. 26. Conceptual three-dimensional kinematic representation

of the heptarotor design presented in Nikou et al. (2015).

Fig. 27. Conceptual three-dimensional kinematic representation

of the heptarotor design presented in Tognon and Franchi (2018).
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norm of the maximum attainable force–torque in any direc-

tion. As the system is FA, the authors exploit the feedback

linearization technique to derive the controller.

In the technical report attached to Tognon and Franchi

(2018), which has been introduced in the previous section,

an application for N = 8 unidirectional propellers is briefly

introduced to show the generality of the described design

method for fixed unidirectional AAUs.

Finally, Allenspach et al. (2020) presented a dodecacop-

ter that is an upgrade of the Voliro design presented in

Kamel et al. (2018), where the platform is endowed with

12 propellers, mounted on 6 equally spaced arms in pairs,

where each of these pairs share the same spinning axis and

rotate in opposing directions. Each arm of the platform can

rotate about its radial axis, and thus nu = 12 + 6. The plat-

form is designed to provide position-omnidirectionality, in

addition to force-omnidirectionality that is discussed in the

paper. The design capabilities are demonstrated with a

working prototype.

11. Discussion

Throughout the review, we have realized a few patterns in

the presented designs, such as: (1) the focus on symmetrical

designs; (2) the use of unidirectional propellers; (3) ignor-

ing aerodynamic interaction between propellers; (4) and,

finally, system modeling not considering actuation limits.

While these patterns are prevalent, there has been some

attempts in the literature to break these renditions.

However, the full analysis of each, the corresponding

advantages, and their incorporation in future designs is still

to be done.

11.1 Platform symmetry

We can see that in the presented literature, the majority of

designs enforce some symmetry assumptions. These sym-

metries vary from placing all propellers on a horizontal

axis; assuming the same tilt for all propellers (with varying

directions); assuming all propellers to be placed on a cir-

cumference around the geometric center of the platform, or

finally having an even number of propellers. The symmetry

is usually done to simplify the mechanical design and the

resulting modeling and control, which in turn results in sta-

ble platforms and easy to mass-produce designs. However,

we have seen that Tognon and Franchi (2018) by optimiz-

ing the tilt of the propellers about the horizontal axis, inde-

pendently of any symmetry between the tilts, was able to

achieve OD with N ø 7. Conversely, Brescianini and

D’Andrea (2016) achieved OD with a design where the

propellers are no longer placed on a horizontal axis, but

Fig. 31. Conceptual three-dimensional kinematic representation

of the octorotor design presented in Park et al. (2016, 2018)..

Fig. 32. Conceptual three-dimensional kinematic representation of the OD octorotor design presented in Brescianini and D’Andrea

(2016).
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norm of the maximum attainable force–torque in any direc-

tion. As the system is FA, the authors exploit the feedback

linearization technique to derive the controller.

In the technical report attached to Tognon and Franchi

(2018), which has been introduced in the previous section,

an application for N = 8 unidirectional propellers is briefly

introduced to show the generality of the described design

method for fixed unidirectional AAUs.

Finally, Allenspach et al. (2020) presented a dodecacop-

ter that is an upgrade of the Voliro design presented in

Kamel et al. (2018), where the platform is endowed with

12 propellers, mounted on 6 equally spaced arms in pairs,

where each of these pairs share the same spinning axis and

rotate in opposing directions. Each arm of the platform can

rotate about its radial axis, and thus nu = 12 + 6. The plat-

form is designed to provide position-omnidirectionality, in

addition to force-omnidirectionality that is discussed in the

paper. The design capabilities are demonstrated with a

working prototype.

11. Discussion

Throughout the review, we have realized a few patterns in

the presented designs, such as: (1) the focus on symmetrical

designs; (2) the use of unidirectional propellers; (3) ignor-

ing aerodynamic interaction between propellers; (4) and,

finally, system modeling not considering actuation limits.

While these patterns are prevalent, there has been some

attempts in the literature to break these renditions.

However, the full analysis of each, the corresponding

advantages, and their incorporation in future designs is still

to be done.

11.1 Platform symmetry

We can see that in the presented literature, the majority of

designs enforce some symmetry assumptions. These sym-

metries vary from placing all propellers on a horizontal

axis; assuming the same tilt for all propellers (with varying

directions); assuming all propellers to be placed on a cir-

cumference around the geometric center of the platform, or

finally having an even number of propellers. The symmetry

is usually done to simplify the mechanical design and the

resulting modeling and control, which in turn results in sta-

ble platforms and easy to mass-produce designs. However,

we have seen that Tognon and Franchi (2018) by optimiz-

ing the tilt of the propellers about the horizontal axis, inde-

pendently of any symmetry between the tilts, was able to

achieve OD with N ø 7. Conversely, Brescianini and

D’Andrea (2016) achieved OD with a design where the

propellers are no longer placed on a horizontal axis, but

Fig. 31. Conceptual three-dimensional kinematic representation

of the octorotor design presented in Park et al. (2016, 2018)..

Fig. 32. Conceptual three-dimensional kinematic representation of the OD octorotor design presented in Brescianini and D’Andrea

(2016).
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Single propeller model – Recall

Propeller thrust model (simplified)

Thrust is produced due to propellers’ lift
F ≈ kω2

F : thrust force [N],
k: linear coefficient [Ns2 rad−2],
ω: propeller rate [rad s−1].
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Conclusion

Single propeller model

Propeller thrust model (simplified)

Thrust is produced due to the propeller’s lift.

F ≈ kω2 (1)
� F : thrust force [N].

� k: linear coefficient [-].

� ω: propeller angular velocity [rad s−1].

Propeller torque model (simplified)

Torque is produced due to the propeller’s drag.

T ≈ ctfF (2)

� F : thrust force [N].

� ctf : linear torque constant [-].

T

F

Motor dynamics (closed loop)

ω̇ = − 1

τm
(ω − ωd) (3)

� τm: time constant, ≈ 30 ms

� ω: propeller angular velocity [rad s−1].

� ωd: desired propeller angular velocity [rad s−1].

Tomáš Báča (CTU in Prague) Lecture 2: UAV Control September 30th, 2024 5 / 37

Motor dynamics (closed loop)

ω̇ = − 1

τm
(ω − ωd)

τm: time constant, ≈ 30ms,
ω: propeller rate [rad s−1],
ωd: desired propeller rate [rad s−1].

Propeller torque model (simplified)

Torque is produced due to propellers’ drag
T ≈ ctF

F : thrust force [N],
ct: linear torque coefficient [m].
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f-MRAV dynamics model

Fig. 2: (a): terminal part of the i-th hexarotor arm showing the body frame FPi and the generated thrust Tthrusti and drag Tdragi ; (b) and
(c): Visualization of the possible reorientation of the propeller around XPi (case (b)) and YPi (case (c)). The angle of reorientation is
denoted with αi in (b) and βi in (c)

i = 1 . . . 6. In order to have the 6 propellers centers lying
on the XBY B plane we set:

Bpi = RZ(λi)

 Lxi

0
0

 , ∀i = 1 . . . 6 (1)

where RZ(·) is the canonical rotation matrix about a Z-axis,
Lxi > 0 is the distance between OPi and OB , and λi is the
angular direction of the segment OBOPi on the XBY B

plane.
The parameters λi and Lxi should be chosen depending

on the strength and length of propellers, size and shape of
the hexarotor, payload needs, etc.. For example in Sec. V we
shall choose Lxi

= 0.4 m and λi = (i− 1)
π

3
.

Let the rotation matrix WRB ∈ SO(3) represent the ori-
entation of FB w.r.t. FW and BRPi

∈ SO(3) represent the
orientation of FPi w.r.t. FB , for i = 1 . . . 6. In order to obtain
a minimal parameterization of the propeller orientation we
decompose each BRPi

in three consecutive rotations
BRPi = RZ(λi)RX(αi)RY (βi), ∀i = 1 . . . 6 (2)

where the angular parameters αi and βi represent the tilt
angles that uniquely define the rotation plane of the i-th
propeller, XPiY Pi or, equivalently, the direction of ZPi

in FB . The angles αi and βi have a clear geometrical
interpretation, in fact the i-th propeller plane XPi

Y Pi
is

obtained from XBY B by first applying a rotation of αi
about the line OBOPi

and then a rotation of βi about Y Pi
,

which lies on XBY B and is perpendicular to OBOPi
. The

αi and βi rotation is pictorially represented in Fig. 2.
For convenience, we group the following parameters

into four 6-tuples: α = (α1, α2, α3, α4, α5, α6), β =
(β1, β2, β3, β4, β5, β6), λ = (λ1, λ2, λ3, λ4, λ5, λ6) and
Lx = (Lx1 , Lx2 , Lx3 , Lx4 , Lx5 , Lx6).

In this paper we consider the case in which λi, Lxi , αi, βi,
for i = 1 . . . 6, are constant during flight. Nevertheless, we
allow αi, βi to be changed during a pre-flight setup, in order,
e.g., to minimize the sum of the overall control effort for a
specific task, as shown in Sec. IV-B.

B. Equations of Motion

Utilizing the standard Newton-Euler approach for dynamic
systems, it is possible to derive the complete dynamic
equations of the hexarotor by considering the forces and
torques that are generated by each propeller rotation together
with the significant gyroscopic and inertial effects. In the

following we recap the standard1 assumptions that we are
considering here:

• OB coincides with the CoM of the hexarotor;
• OPi coincides with the CoM of the i-th propeller;
• the motors actuating the six propellers implement a fast

high-gain local controller which is able to impose a
desired spinning speed with negligible transient, thus
allowing to consider the spinning rates as (virtual)
control inputs in place of the motor torques;

• gyroscopic and inertial effects due to the propellers and
the motors are considered as second-order disturbances
to be rejected by the feedback nature of the controller;

• the tilted propellers might cause additional turbulences
due to the possible intersection of the airflows. These
turbulences are considered as negligible as the possible
intersection of the airflows happens not close to the
propellers. In fact, tilt configurations have been already
proven to be feasible in reality [19].

We will test in simulation (see Section V) the practicability of
these assumptions with the proposed controller on a dynamic
model which includes the aforementioned unmodeled effects.

For ease of presentation, in the following we shall express
the translational dynamics in FW where as the rotational
dynamics is expressed in FB .

1) Rotational dynamics: Denote with ωB ∈ R3 the
angular velocity of FB , with respect to FW , expressed in
FB . Then the rotational dynamics is

IBω̇B = −ωB × IBωB + τ + τ ext, (3)

where IB is the hexarotor body inertia matrix, τ ext accounts
for external disturbances and unmodeled effects, and τ is the
input torque, which is decomposed in

τ = τ thrust + τ drag, (4)

where τ thrust is produced by the six propeller thrusts and
τ drag is due to the six propeller drags. The two individual
components of (4) are discussed in detail below.

a) Torque due to thrusts (τ thrust): The i-th propeller
creates a force vector applied at OPi

and directed along ZPi
,

which is expressed in FPi
by

T thrusti =
[
0 0 kf ω̄

2
i

]T
(5)

1Similar assumptions have been used, e.g., in [13]–[15]
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Fig. 2: (a): terminal part of the i-th hexarotor arm showing the body frame FPi and the generated thrust Tthrusti and drag Tdragi ; (b) and
(c): Visualization of the possible reorientation of the propeller around XPi (case (b)) and YPi (case (c)). The angle of reorientation is
denoted with αi in (b) and βi in (c)

i = 1 . . . 6. In order to have the 6 propellers centers lying
on the XBY B plane we set:

Bpi = RZ(λi)

 Lxi

0
0

 , ∀i = 1 . . . 6 (1)

where RZ(·) is the canonical rotation matrix about a Z-axis,
Lxi > 0 is the distance between OPi and OB , and λi is the
angular direction of the segment OBOPi on the XBY B

plane.
The parameters λi and Lxi should be chosen depending

on the strength and length of propellers, size and shape of
the hexarotor, payload needs, etc.. For example in Sec. V we
shall choose Lxi

= 0.4 m and λi = (i− 1)
π

3
.

Let the rotation matrix WRB ∈ SO(3) represent the ori-
entation of FB w.r.t. FW and BRPi

∈ SO(3) represent the
orientation of FPi w.r.t. FB , for i = 1 . . . 6. In order to obtain
a minimal parameterization of the propeller orientation we
decompose each BRPi

in three consecutive rotations
BRPi = RZ(λi)RX(αi)RY (βi), ∀i = 1 . . . 6 (2)

where the angular parameters αi and βi represent the tilt
angles that uniquely define the rotation plane of the i-th
propeller, XPiY Pi or, equivalently, the direction of ZPi

in FB . The angles αi and βi have a clear geometrical
interpretation, in fact the i-th propeller plane XPi

Y Pi
is

obtained from XBY B by first applying a rotation of αi
about the line OBOPi

and then a rotation of βi about Y Pi
,

which lies on XBY B and is perpendicular to OBOPi
. The

αi and βi rotation is pictorially represented in Fig. 2.
For convenience, we group the following parameters

into four 6-tuples: α = (α1, α2, α3, α4, α5, α6), β =
(β1, β2, β3, β4, β5, β6), λ = (λ1, λ2, λ3, λ4, λ5, λ6) and
Lx = (Lx1 , Lx2 , Lx3 , Lx4 , Lx5 , Lx6).

In this paper we consider the case in which λi, Lxi , αi, βi,
for i = 1 . . . 6, are constant during flight. Nevertheless, we
allow αi, βi to be changed during a pre-flight setup, in order,
e.g., to minimize the sum of the overall control effort for a
specific task, as shown in Sec. IV-B.

B. Equations of Motion

Utilizing the standard Newton-Euler approach for dynamic
systems, it is possible to derive the complete dynamic
equations of the hexarotor by considering the forces and
torques that are generated by each propeller rotation together
with the significant gyroscopic and inertial effects. In the

following we recap the standard1 assumptions that we are
considering here:

• OB coincides with the CoM of the hexarotor;
• OPi coincides with the CoM of the i-th propeller;
• the motors actuating the six propellers implement a fast

high-gain local controller which is able to impose a
desired spinning speed with negligible transient, thus
allowing to consider the spinning rates as (virtual)
control inputs in place of the motor torques;

• gyroscopic and inertial effects due to the propellers and
the motors are considered as second-order disturbances
to be rejected by the feedback nature of the controller;

• the tilted propellers might cause additional turbulences
due to the possible intersection of the airflows. These
turbulences are considered as negligible as the possible
intersection of the airflows happens not close to the
propellers. In fact, tilt configurations have been already
proven to be feasible in reality [19].

We will test in simulation (see Section V) the practicability of
these assumptions with the proposed controller on a dynamic
model which includes the aforementioned unmodeled effects.

For ease of presentation, in the following we shall express
the translational dynamics in FW where as the rotational
dynamics is expressed in FB .

1) Rotational dynamics: Denote with ωB ∈ R3 the
angular velocity of FB , with respect to FW , expressed in
FB . Then the rotational dynamics is

IBω̇B = −ωB × IBωB + τ + τ ext, (3)

where IB is the hexarotor body inertia matrix, τ ext accounts
for external disturbances and unmodeled effects, and τ is the
input torque, which is decomposed in

τ = τ thrust + τ drag, (4)

where τ thrust is produced by the six propeller thrusts and
τ drag is due to the six propeller drags. The two individual
components of (4) are discussed in detail below.

a) Torque due to thrusts (τ thrust): The i-th propeller
creates a force vector applied at OPi

and directed along ZPi
,

which is expressed in FPi
by

T thrusti =
[
0 0 kf ω̄

2
i

]T
(5)

1Similar assumptions have been used, e.g., in [13]–[15]
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Each rotor generates a thrust vector Fi oriented along a
tilted direction,
Rotor position ri is expressed in the body frame B,
Rotor orientation is described by vector ẑi = {αi, βi, γi},
Resulting total force Ft =

∑
i Fi,

Resulting total torque τt =
∑

i ri × Fi +Ti, where Ti

denotes the aerodynamic drag torque generated by rotor i

Force-Torque allocation

[
Ft

τt

]
= Γ



F1

...
Fn


 , with Γ =

[
ẑ1 · · · ẑn

r1 × ẑ1 +T1 · · · rn × ẑn +Tn

]
⇒ Γ ∈ R6×n, rank(Γ) = 6

The system can produce any desired wrench in 6-dimensional space (3D force + 3D torque)
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f-MRAV dynamics

Newton-Euler formulation




ṙW = v
η̇ = T(η)ζB

mv̇ = −mgW +R(η)F(α,β,γ)u

Jζ̇B = −ζB × JζB +M(α,β,γ)u

, u =



ω1

...
ωn




rW : position vector [m]; m: mass [kg],
g: gravity vector [0, 0,−9.8]⊤ [m s−2],
J: moment of inertia ∈ R3×3[kgm2],
ζ: angular velocity; T,R: rotation matrices ∈ R3×3,
M ∈ R3×n: maps propeller rates to body torques,
F ∈ R3×n: maps propeller rates to body forces.

B

b̂3 b̂2

b̂1

W

ê3

ê2

ê1

r

R

α1

β1

ẑ1

τ1

ẑ2
τ2

ẑ3τ3

ẑ4τ4

r1

Rz1

Figure 4: Schematic representation of an GTMR system with
its world FW and body FB reference frames.

where m> 0 represents the platform’s mass, and g> 0 is the
gravitational constant. The vector ei ∈ R3, with i ∈ {1,2,3},
corresponds to the ith column of the identify matrix I3 ∈R3×3.
The vehicle’s inertia, expressed in FB, is given by the positive
definite matrix J ∈ R3×3. The symbols ◦ and × denote the
quaternion product and the vector cross product operations,
respectively. The matrix R represents the rotation from the
body FB to the world frame FW . Finally, F ∈ R3×Np and
M ∈ R3×Np are the force and momentum allocation matrices,
mapping the individual propeller forces to the total force and
momentum acting on the vehicle’s CoM [15], [44].

To account for the limited bandwidth of the control in-
put u (i.e., the maximum rate of change of the propeller
spinning velocity), smoothness constraints must be imposed.
To achieve this, the system model is extended by redefining
the control input as ū = u̇, representing the time derivative
of the propeller spinning velocity Ω̇ΩΩ ∈ RNp . Consequently,
u is incorporated as a state variable within the system state
vector x̄, and the model is reformulated as ˙̄x = f (x̄, ū), where
x̄ = (p⊤,q⊤,v⊤,ωωω⊤,u⊤)⊤ and ū = u̇.

This formulation allows for the explicit inclusion of realistic
actuator constraints, particularly lower and upper bounds on
rotor accelerations, which correspond to the same differential
level as motor torques. These actuator limitations can be
expressed as:

γ ≤ u ≤ γ̄, γ̇ ≤ ū ≤ ˙̄γ, (2)

where γ and γ̄ denote the minimum and maximum propeller
spinning velocities, while γ̇ and ˙̄γ represent the minimum and
maximum propeller acceleration limits, respectively, which
may depend on rotor velocity. This refined modeling approach
ensures that the NMPC problem formulation (Section VI-C)
incorporates physically realistic actuator constraints.

Finally, for notational convenience we introduce FB0 as
the body frame associated to the BS which has the same
orientation as FW but with origin at p0.

B. Communication channel model

1) RF communication channel: We will assume for both
links of the MRAV network a free space path loss model as
in our previous works [12], [38]. We also assume that all the
nodes in the MRAV network use the same type of antenna and
that its bandwidth is large enough so that its gain is constant
for all the bandwidth B. Similarly, as in [45], [46] we consider
that the jamming wireless channels follow a free-space path
loss model. Then, the SINR at the receiver of node j is:

Γ j(t) =
H2

j (t)PU

F2
j (t)PJ(t)+σ2

j
, (3)

H j(t) =

√
G(ϑ D

j+1(t))G(ϑ A
j (t))

∥p j(t)−p j+1(t)∥
, (4)

Fj(t) =

√
G(ϑ J

A(t))

∥pJ −p j(t)∥
, (5)

where PU is the transmission power H j(t) is the channel gain
of the link between the node j+1 and the node j. Fj(t) is the
channel gain of the link between the jammer and the node j
and PJ(t) is the RF power transmitted by the jammer at time
instant t. The noise of the power generated at the receiver of
node j is σ2

j . Furthermore, ϑ D
j+1(t) and ϑ A

j (t) are the Angle
of Departure (AoD) and AoA in the node- j + 1-to-node- j
RF communication links. Finally, G(·) is the power radiation
pattern of the antenna. See appendix A for the details of the
angles mentioned, and for the details on the antenna radiation
pattern.

Therefore, the channel capacity of the RF communication
link from the node- j+1 to the node- j is:

C j(t) = B j+1 log2 (1+Γ j(t)) , j = 0,1. (6)

After the MRAV-1 dynamically adapts the bandwidths B1 and
B2 to balance the channel capacity of both links, i.e., to set
C1(t) =C0(t) =C(t) we have:

C(t) =
B log2 (1+Γ1(t)) log2 (1+Γ2(t))
log2 (1+Γ1(t))+ log2 (1+Γ2(t))

. (7)

2) Optical communication channel: We consider that both
MRAVs in their optical receiver they have a camera that is
omnidirectional in the azimuth plane and has a vertical Field
of View (FoV) with an angle of ±Θc/2, see Fig. ??. We
assume that as long as the MRAVs remain in the FoV of each
other and within a maximum distance L then the bit error
rate of the optical link remains low enough so that, with the
appropriate Forward Error Correction (FEC), the transmission
of the navigation and control data can be considered errorless.

VI. PROBLEM SOLUTION

Here a brief recall of the subsections you are going to
present later in text: the trajectory generator (reference gover-
nor), the NMPC controller, etc.

IMPORTANT: STOP HERE. REVISE THE PREVIOUS
PART FIRST
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Dynamic modeling of omnidirectional MRAVs

Extension of Newton-Euler equations

Rotor directions ẑi(t) and positions ri(t) vary over time
due to active tilting, leading to time-varying expressions:

Ft(t) =

n∑

i=1

kω2
i (t) ẑi(t),

τt(t) =

n∑

i=1

ri(t)×
(
kω2

i (t)ẑi(t)
)
+ ctω

2
i (t) ẑi(t).

Consequences

Γ(t) becomes time-varying, nonlinear, and
state-dependent,
Control inputs: ωi(t) and tilting angles αi(t), βi(t),
More actuators allow full-pose tracking and lateral
force control without reorienting the platform.
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f-MRAV control: from cascade to unified

What changes with respect to u-MRAVs?

Translational and rotational dynamics are
decoupled at the wrench level ⇒ no need to tilt
the body to translate,
Position r and orientation R can be tracked
independently on SE(3),
Differential flatness is lost in general: the
system is not flat in (r, ψ) – the full pose is the
natural output,
Allocation Γ :Rn→R6 is not square (typically
n > 6) ⇒ redundancy.

Pose
planner

Full-pose
loop

Allocation
Γ+

f-MRAV

rd,Rd wd

ωi, αi

r,R, ζ

Two paradigms

Cascade (control + allocation): modular,
easy to tune,
Unified (NMPC over actuators): exploits
over-actuation, handles delays / saturation
natively.
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f-MRAV control: architectures

Control structure
High-level controller generates desired
wrench:

wd =

[
Fd

τd

]
∈ R6

Low-level allocation: compute rotor inputs

u = [ω2
1 , . . . , ω

2
n]

⊤ s.t. Γu = wd

Geometric control

Fd = m(r̈d +Kpep +Kvev + g)

τd = −KReR −Kωeω + FF terms

Allows full SE(3) tracking: arbitrary force &
orientation.

Input allocation strategies

Objective: Solve for inputs u given desired wrench
wd

min
u

∥u∥2 s.t. Γu = wd, umin ≤ u ≤ umax

Pseudo-inverse (least-norm solution); QP-based
allocation (handles constraints); Nonlinear
optimization if Γ is configuration-dependent.

Practical notes

rank(Γ) = 6 for full wrench authority,
Rotor ẑi and ri determine control effectiveness,
Actuator saturation and dynamics must be
considered in real-time control.
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Full-pose geometric control on SE(3)

Decoupled tracking of position and orientation

Reference trajectory (rd(t),Rd(t)) ∈ R3 × SO(3). With errors

ep = r− rd, eR = 1
2 (R

⊤
d R−R⊤Rd)

∨, eζ = ζ −R⊤Rdζd,

the desired wrench expressed in the world frame is

FW
d = m(r̈d + g)−Kpep −Kvev, τB

d = −KReR −Kζeζ + ζ × Jζ + FF.

Then express force in the body frame: FB
d = R⊤FW

d – no projection on b̂3 needed.

Properties

Almost-global exponential pose tracking,
Recovers the SE(3) controller of Lee et al. as a
special case when only b̂3 thrust is feasible,
Naturally degrades to position-only tracking
when the reference pose is infeasible.

Laterally Bounded Fully-Actuated (LBFA)

Most real f-MRAVs have a cone-shaped
feasible force set: strong thrust along b̂3, weaker
lateral force. ⇒ controller projects FB

d on the
admissible set before allocation.
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