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Abstract—Several works have addressed the issue of fault tol-
erance in multirotors in case of a rotor total failure, particularly
their ability to keep full independent control of attitude and
altitude. It has been proven that to achieve this, a minimum of
six rotors is needed.

In this work, the performance of several standard and non-
standard hexarotor structures is analyzed, both for a nominal
case (without failure) and in the case where one of the actuators
is under failure (incapability to exert thrust). The performance
is shown in terms of maximum rotational torque and vertical
force that the vehicle can exert.

The main contribution of this work is the proposal and analysis
of converting these vehicles into reconfigurable ones through
the addition of a minimum number of servomotors, to deal
with failures and to greatly improve the maneuverability under
these conditions, in order to identify the reconfigurable structure
with the best performance. An experimental demonstration in an
outdoor environment is shown for the proposed reconfigurable
structure with best performance in case of a full rotor failure.

Index Terms—Fault tolerance, UAV, reconfigurable, control
allocation, hexarotor.

I. INTRODUCTION

MULTIROTOR aerial vehicles have become very popular
in recent years, due to the availability of the electronic

systems required for operation and the reduction of their
cost and weight. Simplicity and cost-effectiveness led to an
increasing number of applications in diverse fields, such as
agriculture, surveillance, and photography, among others. Fault
tolerance has been addressed in the literature as a matter of
high importance, in particular for multirotor vehicles, see for
instance [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], and
references therein.

In [11], the capability of compensating for a rotor failure
without losing the ability to exert torques in all directions,
and therefore keeping full attitude control in case of failure,
is studied. For this, at least six rotors are needed, and the
proposed solution is to tilt the rotors inwards with respect
to the vertical axis of the vehicle. Experimental results for
the proposed solution can be found in [12], where the vehicle
takes off, performs different maneuvers and lands successfully
with one motor in total failure, maintaining full attitude and
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altitude control. While the system proved to work correctly,
there was a direction that, when exerted torque in, performed
noticeably worse with respect to the rest. In [13], a detailed
analysis is made with respect to the optimal orientations of
the rotors in a hexarotor, in order to achieve full tolerant
attitude control. Still, the maximum torque achievable in some
directions may be too small, with the consequent degradation
of vehicle maneuverability.

Other known solutions for fault tolerance in a hexarotor
vehicle are analyzed in [14], where changing the spinning
direction of unidirectional rotors allowed for fault tolerance
for four of the six cases of failure, and in [15], where the
use of bidirectional actuators is proposed. Also, octorotor
structures have been proposed for fault tolerance as they rely
on actuator redundancy to solve this issue, at the cost of a
bigger structure or a loss of thrust efficiency (this last one in
coaxial models). Several structures have been analyzed over
the years, using different techniques to evaluate the limitations
of fault tolerance in this kind of vehicles [16].

This article analyzes several hexarotor structures and their
fault tolerant capabilities, which have been previously treated
in the literature, and focuses on a proposed modification to
convert these structures into reconfigurable ones, in order to
significantly improve the maneuverability in case of a total
failure in one rotor. The main interest is to identify which of
the reconfigurable structures presents the best maneuverability
in case of a failure in any of its rotors. The manuscript is
organized as follows. Section II presents the vehicles to be an-
alyzed and generalities regarding their mechanics. Section III
introduces the metrics used to compare the different structures,
and Section IV adds insight into the design considerations for
tilted-rotor vehicles. Section V and VI analyze the metrics
for the considered vehicles in a nominal case and in case
of a single rotor failure, respectively. Finally, Section VII
presents the proposed modifications to transform the vehicles
into reconfigurable ones, and show the improvements in the
metrics, while Section VIII shows an experimental proof of
concept for the vehicle with best performance.

II. INTEREST IN HEXAROTOR VEHICLES

Throughout this work, a failure in a rotor will be considered
as the incapability of that rotor to exert any thrust, and a
vehicle will we considered fault tolerant if it is able to over-
come the failure while maintaining full attitude and altitude
control (4DOF - four degrees of freedom). While there exist
many solutions that deal with this kind of failure by giving
up control over one or more degrees of freedom in case of a



failure (being the heading angle control usually the first one 
to be relinquished [17]), there are several applications where 
the vehicles cannot afford to implement this solution.

As six is the minimum number of rotors needed to achieve 
fault tolerance, this work will put the focus on hexarotor 
vehicles, as it is desired to achieve fault tolerance with the 
minimum possible number of actuators. There exist several 
designs for hexarotor vehicles, that deal not only with fault 
tolerance, as some of them aim to improve maneuverability, 
others to decrease their mechanical complexity, an others to 
achieve full independent position and attitude control.

In this work, six different models of hexarotors are ana-
lyzed:
• Standard (STD): This vehicle has its six rotors distributed

in a co-planar way, placed in the vertices of a regular
hexagon, all of them pointing in the same direction,
perpendicular to the plane that contains them, as shown
in Fig. 1 (left). Consecutive rotors have alternate spin-
ning direction, beginning with rotor 1 spinning counter-
clockwise (CCW) or in positive (P) direction w.r.t. the
Z axis, rotor 2 spinning clockwise (CW) or in negative
(N) direction, and so on, which is generally known as
a PNPNPN hexarotor. This vehicle is able to control
independently its attitude and altitude. Position control
is only achievable through attitude maneuvers.

• Alternative spinning disposition (PPNN): The distribu-
tion of rotors in this vehicle is the same as the STD. In
this case, rotors 1, 2 and 5 spin CCW, and rotors 3, 4
and 6 spin CW, which is generally known as a PPNNPN
hexarotor. This design proved to be fault tolerant in case
of rotor failures in rotors 1 to 4, but not for rotors 5 or
6 [14].

• Coaxial (COAX): In this case, the vehicle has only three
arms, each of which has two rotors mounted coaxially,
with their axes all pointing in the same direction, as
shown in Fig. 1 (right). The thrust force is generated in
the same sense. Rotors 1 to 3 are the top ones and spin
CCW, and rotors 4 to 6 are the bottom ones and spin
CW. A downside to this design is that, as the bottom
rotor receives accelerated air from the top one, its thrust
efficiency is degraded [18].

• Symmetric inwards-tilted (INW): The position of the
rotors is the same as described for the STD vehicle (Fig.
1 (left)), but in this case all the rotors are tilted inwards at
the same angle γ as defined in Fig. 2 (left). The spinning
direction of the rotors is PNPNPN. This vehicle has been
proven to be fault tolerant in case of a failure in any of
its rotors [11], [12].

• Symmetric side-tilted (SIDE): Again, the position of the
rotors is the same as the STD vehicle, but with all the
rotors tilted sideways at the same angle δ as defined in
Fig. 2 (right). As a rotor is exerting torque in the Z
axis due to the spinning propeller, the angle δ is defined
positive if the rotor is tilted in such a way that this torque
is increased. As the Z axis is the one in which it is most
difficult to exert torque, this design is intended to improve
the maneuverability in that axis in the nominal case [13].

• Symmetric inwards- and side-tilted (DUAL): A combina-

Fig. 1. Co-planar (left) and coaxial (right) hexarotor distributions.

Fig. 2. Inwards tilting angle γ (towards the center of the vehicle) and side-
tilting angle δ (over the arm’s axis).

tion of the last two vehicles, it has been shown that side-
tilting the rotors may also increase the maneuverability
of the inwards-tilted vehicle in case of a failure [13].

The last three vehicles mentioned are also capable to
independently control position and attitude in a nominal state.

For each vehicle, the body axes and rotor numbering will
be those presented in Fig. 1.

A. Feasible torque set

In a normal state of operation, each unidirectional rotor-
propeller set produces a force f̃i ∈ [0, FM ], being FM the
maximum force at top speed. In practice, each motor’s speed
is commanded through a Pulse Width Modulated (PWM)
signal ui, which takes a value between 0 and 100%. Near the
nominal operating point, a linear relation between the PWM
signal and the exerted force is assumed, with f̃i = kfui.
It is also considered that each motor exerts a torque on
its spinning axis, mi = ±ktui, where the sign depends
on the spinning direction, which may also be expressed as
mi = ±(kt/kf )f̃i. The kf , kt > 0 constants are usually
established experimentally.

The total vehicle force f ∈ R3 (with f = (fx, fy, fz)
T ) and

torque q ∈ R3 in the body frame coordinates satisfies:

f = kfEu, q = (ktEJ + kfH)u (1)
E = [ei]i=1,n, H = [di × ei]i=1,n, (2)

Here, the location of the center of mass of the i–th motor is
given by the column vector di ∈ R3, and the direction of the
corresponding force is given by the column vector ei ∈ R3.
Both vectors are represented in body frame coordinates. J is
a diagonal matrix with diagonal entries jii = ±1, for i =
1, ..., n, depending on the spinning direction of each rotor.



Given an arbitrary torque q ∈ R3 and a (nonnegative) ascent 
force fz ≥ 0, by equation (1) it follows that there is a linear 
relation between the desired torque and force (qT , fz)T and 
the PWM signals u ∈ Rn. Let A ∈ R4×n be such matrix:[

q
fz

]
= Au

Since u belongs to a hypercube U , it follows that the
reachable torque-force set is a convex polytope C ⊆ R4.
Assuming that the rotor positions are not modified, if one
motor fails (i.e., ui = 0), the corresponding polytope is
contained in C.

In practice however, the control allocation problem is usu-
ally solved by means of the Moore-Penrose pseudoinverse of
A, denoted A†. More precisely, given the desired torque and
thrust z = (qT , fz)

T ∈ R4, the PWM signals are calculated as
u = A†z. Recall that Moore-Penrose pseudoinverse satisfies
AA† = PR(A) and A†A = PN(A)⊥ , where N(A) and R(A)
are the kernel and range of A respectively, and PS denotes
the orthogonal projection onto the subspace S.

Since the PWM must lie in the hypercube U , in this case
the reachable torque-thrust set is the subset of C, given by:

R = {z ∈ C : A†z ∈ U}. (3)

The reason why the Moore-Penrose is commonly used to solve
the control allocation problem is because it provides the min-
imum energy-norm PWM signals that give the desired torque
and thrust. The next lemma gives a simpler characterization
of the set of reachable torque-thrust.

Lemma 2.1: Let A ∈ R4×n be a full-rank matrix, and define
the set R as in equation (3). Then R = A(R(AT ) ∩ U).
Proof. First, recall that R(A†) = N(A)⊥ = R(AT ). Now,
suppose that z ∈ R, then A†z ∈ U ∩ R(AT ); since A
is a full-rank matrix, it follows that z = A(A†z), then
z ∈ A(U ∩ R(AT )). On the other hand, suppose that z ∈
A(U ∩R(AT )) ⊆ C and let u ∈ U ∩R(AT ) such that Au = z.
Since A ∈ R(AT ) = N(A)⊥, it follows that u = A†Au ∈ U .
Then z = Au ∈ R. �

This lemma shows that R = C if and only if U ⊆ R(AT ),
in this case the set of reachable torque-sets computed with
the Moore-Penrose psudoinverse is the whole set C. But this
condition usually does not hold, so a more restrictive set
of torque-thrust is achievable. However, using the Moore-
Penrose pseudoinverse to calculate the PWM signals reduces
the computational burden considerably.

In a hovering condition, the thrust compensates the weight
of the vehicle (−mg). Therefore, to study the reachable torque
set under hovering condition, we need to restrict the analysis
to the linear manifold L = {(qT ,−mg)T ∈ R4, q ∈ R3}.
More precisely, we are interested in characterizing the set

U ′ = A†(L ∩ C) = A†(L) ∩ U .

which is the set of minimum-energy norm propeller PWM
signals ensuring hovering condition.

B. Vehicle’s characteristics

To compare the vehicles, it is assumed that all of them have
similar characteristics, and that they resemble commercially

TABLE I
HEXAROTOR TYPICAL FEATURES

——– Selected Typical Unit

Weight 3 2.5 - 3.5 kg

Max. Thrust per motor 1 0.8 - 1.5 kg

Inertia moment X,Y 0.004 0.002 - 0.01 kgm2

Inertia moment Z 0.01 0.005 - 0.03 kgm2

kf 0.0125 0.00625 - 0.015 kg/%

k̃t 0.05 0.02 - 0.1 -

Rotor to rotor distance 0.55 0.4 - 0.7 m

LiPo battery voltage 14.8 11.1 - 22.2 V

available vehicles. As reference, a DJI F550 hexarotor main
structure is used for all vehicles, which is designed for co-
planar distributions but may be adapted for coaxial designs,
and presents a rotor-to-rotor distance of 0.55m. The actuator
sets used are standard kits from DJI, composed of 920KV,
2212-size rotors, 9443 plastic self-tightening propellers and
E300 electronic speed controllers, which on a 4S LiPo battery
(14.8V) can exert up to 1 kg of force. The k̃t factor of this
set has been experimentally found to be 0.05, (usually this
value ranges around [0.02-0.1], depending on the propeller size
and material). In general, in commercial systems, the actuator
groups are selected so that the maximum total thrust exerted
doubles the weight of the vehicle. This is because in practice,
generally, the STD structure is used, and this selection of
actuators allows for the maximum maneuverability of the
vehicle, while also considering a possible payload of 0.5 kg
or less. Then, it is a reasonable consideration that the vehicles
weight 3 kg. A summary of the features of the vehicles, along
with a range of typical values, are shown in Table I.

III. PERFORMANCE METRICS

To analyze and compare the different vehicles, several
performance markers that define the maneuverability of a
vehicle are taken into account:
• Maximum torque achievable in any direction (qmax):

Considering the vehicle is in hovering state, qmax ≥ 0 is
the modulus of the maximum torque that can be exerted in
any direction. If ‖q‖ ≤ qmax then (qT ,−mg)T ∈ L ∩ C.
Usually the torque exertion in the Z axis is more restric-
tive.

• Maximum torque achievable in the XY plane (qmaxXY ):
Again considering the hovering state, qmaxXY > 0 is
the modulus of the maximum torque that may be exerted
considering the XY plane. In a standard flight mission,
maneuvers over these axes are more common than those
on the Z axis, as they are needed for position control.

• Maximum vertical force (fz max): This is the vehicle’s
maximum vertical climbing force, that is, the maximum
force exceeding the vehicle’s weight that can be exerted.

• Current consumption (Cons.): The consumption of the
vehicle provides an estimate of the energy needed to
maintain the vehicle in hovering state, and is related to the
maximum flight time for a given vehicle. The values will
be analyzed based on measurements on real actuators.
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Fig. 3. qmax in a failure case (continuous line, left axis) and maximum
relative thrust in the nominal case w.r.t. the STD vehicle (dashed line, right
axis), for a variable inwards tilt angle γ in a INW vehicle.

To construct the attainable torque set for each of the
structures considered, a numerical analysis is carried out.
As Algorithm 1 shows, for every vehicle considered, the
attainable maximum torque in every direction q̂ is evaluated
(with a granularity in θ and α of 0.5 degrees). For each
direction, a torque is considered achievable if the solution of
the pseudoinverse is feasible, that is, if u ∈ U ′.

Algorithm 1 Attainable Torque Set search
Require: rank(Ai)==4, qinit, limit

for θ ∈ [0, 2π), α ∈ [0, π)
q̂ = [sin(α)cos(θ), sin(α)sin(θ), cos(α)]
qmod = qinit, step = qinit/2
while step > limit
u = A†[qmodq̂,−mg]T
if any(ui) < 0 or any(ui) > 100%

then qmod− = step else qmod+ = step
step = step/2

IV. DESIGN CONSIDERATIONS

While the STD, PPNN, and COAX vehicles are completely
defined by the aforementioned rotors’ positions and vehicle’s
characteristics, the INW, SIDE, and DUAL models depend
on design considerations to choose the inwards and sideways
tilting angles. For the COAX vehicle, the loss of efficiency
due to the shared airflow of the coaxial rotors is taken into
account.

The INW model, as proposed in [11], improves the qmax in
a failure case as the tilt angle increases, however, this leads to
a loss of maximum vertical thrust, both in the nominal and in
the failure case, which also leads to a higher working point of
the actuators, nearer saturation. In Fig. 3, the qmax in a failure
case and the maximum relative thrust in the nominal case
(considering γ = 90o as reference for the latter) are shown, for
a variable inwards tilt angle between 90o and 135o (the same
for all the rotors). It should be noted that increasing the tilt
angle indiscriminately does not guarantee an increasing value
of qmax, as the loss of vertical thrust leads to a saturation of
one of the rotors at around γ = 128o. For this work, it is
considered that the maximum allowable vertical thrust loss in
the nominal case is 10% with respect to the STD case, which
leads to an inwards tilt angle of γ = 115o.
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Fig. 4. qmax (continuous line, left axis) and maximum relative thrust w.r.t.
the STD vehicle (dashed line, right axis), both in the nominal case, for a
variable side tilt angle δ in a SIDE vehicle.

Fig. 5. Left figure shows qmax in the failure case, for a variable side tilt
angle δ and inwards tilt angle γ in a DUAL vehicle. Right figure presents a
top view, with a dashed white line showing the dual tilting limit for a thrust
loss of 10% in the nominal case.

For the SIDE vehicle, the purpose of tilting the rotors
sideways is to increase the maximum achievable torque in the
Z axis in the nominal case, which in turn also increases qmax.
In Fig. 4 it is shown both the qmax and the maximum relative
thrust in a nominal case, for a variable side tilt angle between
0o and 45o (the same for all the rotors). It should be noted
that there is, in a sense, an optimal point at δ = 25o, where
qmax is maximized, and where the vertical thrust loss is 10%,
which will be the chosen configuration to analyze.

Finally, for the DUAL vehicle, tilting the rotors increases
the qmax in a failure case, similarly as in the INW vehicle.
However, it should be mentioned that the improvement in the
qmax due to the inwards tilt is not the same to that due to
the sideways tilt. A similar analysis to the one of the INW is
shown in Fig. 5, where qmax is shown for a failure case, and
it is found that, for a maximum 10% thrust loss, the optimal
tilt angles are γ = 110o and δ = 16o.

V. NOMINAL OPERATION

To provide a compact and understandable comparison of
the different vehicles, Table II presents the magnitudes of the
performance markers in nominal conditions (without failure)
while hovering, for all the vehicles, where the best features
are marked in dark gray, and the second best in light gray.

As expected, in the nominal case, the SIDE vehicle shows
the best performance with respect to qmax. Generally, the Z
axis is the one in which it is most difficult to exert torque
in, then, tilting the rotors sideways to increase the torque in
that axis greatly improves qmax. In terms of this performance



TABLE II
NOMINAL CHARACTERISTICS OF THE VEHICLES

Vehicle qmax qmax XY fz max Cons.
[kgm] [kgm] [kg] [A]

STD 0.0411 0.412 3 27.1

PPNN 0.0240 0.299 3 27.1

COAX 0.0287 0.289 2.1 27.1

INW 115o 0.0334 0.335 2.44 31.2

SIDE 25o 0.2380 0.327 2.44 31.8

DUAL 110o+ 16o 0.1850 0.328 2.44 31.4

TABLE III
STANDARD DEVIATION OF TORQUES IN A NOMINAL CASE

Type of flight σxy σz

[kgm] [kgm]

Near hovering 0.016 0.00171

Average 0.0223 0.003

Aggresive 0.0315 0.00367

marker, it is followed by the DUAL design, whose side tilt
component results in the same kind of improvement.

Regarding the maximum torque in the XY plane, the STD
vehicle performs best, as the rotors are not tilted, so their full
thrust range may be used to produce torque in said plane.

Considering the fz max and the current consumption in
hovering, it is expected for the STD and PPNN vehicles to
behave better, as the rotor tilt in the INW, SIDE and DUAL
vehicles give up performance in this aspect to improve the
other features. The COAX vehicle sees its maximum vertical
force severely degraded due to the loss of efficiency caused
by the coaxial mounting of the rotors.

The poor performance of the PPNN regarding the maximum
torques is caused by the asymmetry in the placement of the
spinning direction of the propellers, that favours torque exerted
in particular directions, but at the cost of a reduction in the
overall performance.

While the vehicles present very different characteristics and
performance, it is important to state that all of them may
be able to fly normally under given conditions. Take for
example the STD vehicle, which is a configuration widely
used in commercial applications. To provide an estimate of the
torques exerted by this vehicle during a regular flight, several
experiments were performed under different conditions. Three
types of flight were considered. First, for a near hovering state
with mild correcting maneuvers, then, for standard maneuver-
ing conditions, and finally for a very aggressive maneuvering
situation, all of them while maintaining the vertical force
equal to the weight of the vehicle. Table III presents the
standard deviation of the torques exerted during each of these
types of flights, discriminating between the X and Y axes
and the Z axis, as they showed to be ten times lower in the
latter. Considering the magnitude of the torques exerted in
99.7% of the cases (±3σ), it is reasonable to assume that
all the vehicles are able to perform satisfactorily even under
aggressive maneuvering (or strong wind perturbations).

TABLE IV
CAPABILITIES OF THE VEHICLES IN A FAILURE CASE

Vehicle qmax qmax XY fz max Cons.
[kgm] [kgm] [kg] [A]

PPNN (M1 or M4) 0.00684 0.0661 0.333 31.2

PPNN (M2 or M3) 0.00195 0.0182 0.091 31.9

INW 115o 22.3e-6 224e-6 0.531 38.3

DUAL 110o+ 16o 84.8e-6 150e-6 0.536 38.5

VI. ROTOR FAILURE CASE

In case of a rotor failure, it is well known that neither the
STD nor the SIDE designs are able to maintain independent
attitude and altitude control, while the INW, DUAL and
PPNN are (the last one, only in cases of failures in rotors
1 to 4) [10], [14]. The COAX hexarotor structure has been
proved to not be fault tolerant considering the characteristics
stated above [15], as, in case of a failure of one rotor, the
remaining rotor in the same arm has to exert a force equal to
one third of the weight of the vehicle, working at its upper
saturation limit. It is still feasible that a lighter vehicle, or one
with oversized actuators, is fault tolerant, but this is out of the
scope of this work.

In Table IV, the performance markers for each of the fault
tolerant vehicles are shown for a case of failure in hovering
conditions. For the PPNN vehicle, two cases are presented
for failures in M1 or M4, and in M2 or M3 as they show
very different performance, while for the INW and DUAL
vehicles, all possible failures present the same characteristics
due to symmetry. Comparing these values with the data shown
in Table III, it can be inferred that both the INW and DUAL
vehicles are extremely limited for maneuvering, and will only
be capable of flying in very controlled indoor conditions, as
shown in [12], [13]. The behavior of the PPNN vehicle will
heavily depend on where the failure appears, as for a failure
in M1 or M4, it may be able to fly outdoors in a mildly windy
weather, with soft maneuvers, as shown in [19], while a failure
in M2 or M3 will only allow for a near hovering situation.

VII. PROPOSED RECONFIGURABLE HEXAROTORS

For all the configurations presented before, in case of a
failure, the maneuverability of the vehicle is severely degraded,
or even null. As the maximum torques and vertical forces that
can be exerted are limited by the saturation of one of the
remaining functioning rotors, it can be deduced that, either
one of the rotors is working too close to its operation limits,
or the maneuver in the worst case demands a large variation
of the force it exerts. For example, in the STD and the SIDE
vehicles, when one of the rotors fails, the only feasible solution
to exert zero torque and hold the hovering state (in ideal
conditions, no perturbations and perfect symmetry) is that in
which the opposite rotor, which generates exactly the opposite
torque, exerts zero force. Then, there is a direction in which
the vehicle cannot exert torque, that which would require a
negative force exerted from the latter rotor, which is why the
STD and SIDE vehicles are not fault tolerant.



The main idea proposed in this work is to transform the 
fixed hexarotor s tructures into reconfigurable ones in  order to 
increase the maneuverability in case of any failure, through 
the addition of servomotors to tilt the rotors. The additional 
actuators are limited to the minimum number necessary, as 
they increase the weight of the vehicle, and may be an 
additional cause of failure. To this end, the rotors may be tilted 
in any direction. However, tilting them inwards or outwards 
results in projecting the small torque generated in the Z axis 
onto the XY plane, while doing it sideways allows to project 
the much greater torque in the XY plane onto the Z axis. Then, 
it is chosen to use the servomotors to tilt the rotors along the 
arms’ axis.

For example in [20], an INW vehicle is modified by adding 
two servomotors to tilt sideways rotors 1 and 2. It is shown 
that adding one servomotor is not enough to increase the 
maneuverability in any failure case, as the failure may occur 
in the reconfigurable r otor, o btaining a gain t he b ase INW 
vehicle; and that the optimal place to put the servomotors is 
in two adjacent rotors. In that work, an experimental proof 
of the increased maneuverability is also presented in case of a 
failure, as well as in [21] where the proposed vehicle follows a 
trajectory under nominal and failure circumstances. The same 
principle of adding two servomotors can be applied directly to 
the STD and the SIDE vehicle, turning them into fault tolerant 
systems, and to the DUAL vehicle to improve the performance 
in a failure situation.

The case of the PPNN vehicle is slightly different. In the 
other vehicles, if only one servomotor is used, a failure in the 
tilting motor would leave the original, poor-performance (or 
not fault tolerant) design. However, for the PPNN vehicle, 
there are two motors, M1 and M4 according to Table IV, 
that leave a vehicle with acceptable performance in case of 
failure. Hence, it is possible to use only one servomotor in, 
for example, M1, to compensate failures in M5 and M6, and 
to improve the performance in cases of failures in M2, M3 
and M4, as will be shown below.

For the COAX vehicle, no significant i mprovement is 
noticed by adding either one or two servomotors, as the 
remaining rotor in the arm where the failure appears is still 
forced to work in saturation to hold the weight of the vehicle.

Consider now that, in case of a failure, rotor 1 is tilted 
sideways for all the considered structures except for the 
COAX. In Fig. 6, the qmax magnitude is shown for each of the 
vehicles, for every possible salvageable failure, with respect 
to a given side tilt of rotor 1. Similar curves are obtained 
by analyzing the same scenario but tilting rotor 2 instead 
of rotor 1. In the STD, INW, SIDE, and DUAL vehicles, 
servomotors have to be placed in both rotors 1 and 2 to tilt 
them sideways in order to have a fault tolerant vehicle with 
increased maneuverability. If rotor 4 fails, the pseudoinverse 
solution forces rotor 1 to a near-zero speed, then, modifying 
the orientation of rotor 1 has no significant e ffect o n the 
maneuverability. However, this can still be achieved by tilting 
rotor 2; the same case applies if rotor 5 fails, as rotor 2 tends 
to shut down but rotor 1 can be tilted to compensate. For 
each failure, there exists an optimal point to tilt either M1 or 
M2, in order to obtain the maximum maneuverability for the
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Fig. 6. qmax for a variable sideways tilt of rotor 1, for each of the salvageable
failures, for each of the vehicles considered.

vehicle in failure. For the STD and INW vehicles, in a case
of a failure in rotor 3 or 5, it is better to use a positive tilt
of rotor 1, while in case of failure of rotor 2, the only option
is to use a negative tilt of rotor 1. Symmetrically, it is better
to tilt rotor 2 in case of failures in rotors 1, 4 or 6. For the
SIDE vehicle, the opposite holds, as it is shown to be better
to decrease the tilting angle of rotor 1 in case of failures of
rotor 2 or 6, and increase it in case of a failure in rotor 5
(as rotor 2 cannot compensate a failure in its opposite rotor);
analogously, rotor 2 is tilted for failures in rotors 1, 3 or 4. In
the case of the DUAL vehicle, rotor 1 is tilted to compensate
a failure in rotors 2, 5 or 6, and rotor 2 for a failure in rotors
1, 3 or 4. By tilting rotor 1, the PPNN vehicle is now fault
tolerant in case of failures in rotors 5 or 6, and also improves
maneuverability in case of failures in rotors 2, 3 and 4, while
a failure in the latter leaves the original fault tolerant design.

In Table V, a summary of the characteristics of the re-
configurable vehicles is shown, for the failures that result in
the best and worst values of qmax. While, again, the vehicles
that present a nominal side tilt angle different from zero are
the ones that prove to be better in terms of qmax, in both



TABLE V
CAPABILITIES OF THE RECONFIGURABLE VEHICLES IN A FAILURE CASE

Vehicle qmax qmax XY fz max Cons.
[kgm] [kgm] [kg] [A]

Best case — — — —

STD 0.0223 0.0956 0.597 31

PPNN 0.0172 0.0790 0.469 31.2

INW 0.0150 0.0365 0.231 36.1

SIDE 0.0750 0.0755 0.493 34.6

DUAL 0.0544 0.0601 0.393 37.9

Worst case — — — —

STD 0.0136 0.0948 0.601 31

PPNN 0.0068 0.0661 0.333 31.2

INW 0.0094 0.0559 0.352 36.2

SIDE 0.0487 0.0515 0.318 38.8

DUAL 0.0458 0.0526 0.326 37.9

Fig. 7. Experimental model of the STD vehicle, with a tiltable rotor 1.

best and worst cases the STD vehicle appears to be better
in all the other fields. Moreover, looking back at Table III,
and considering again a torque range of ±3σ, this vehicle
seems to be the most adequate to perform a flight under all
conditions described, as both the qmax and qmax XY are
high enough to withstand aggressive maneuvering. While the
performance through this work is evaluated in terms of the
feasible solutions given by the Moore-Penrose pseudoinverse
of Ai, i.e., Ai(U ′) ⊆ C, a similar analysis was carried
out considering the full torque space C, which showed an
increased value of qmax in all vehicles of around 10%. To
obtain the performance markers for the torque space in C
it is enough to modify Algorithm 1 as proposed in [22].
However, implementing this or other similar solutions ([14],
[23]), also comes with an increased computational cost. In
some cases, where the flight computer is limited in processing
power, it may be not possible to run an optimization algorithm
for the torque-force problem, while also considering a fault
detection and identification algorithm, which is the case in the
experimental test carried out in the following section.

As the STD vehicle shows a very good theoretical perfor-
mance, it is of interest to evaluate this design in a real flight,
in a situation where a failure in one of the rotors occurs.

VIII. EXPERIMENTAL CASE FOR THE STD VEHICLE

To provide an experimental test of the capabilities of the
reconfigurable STD vehicle, a hexarotor was built as shown
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Fig. 8. Attitude of the STD vehicle during an outdoor flight with average
winds of 30 kmh−1, where a failure occurs in rotor 3 at t=6.26 s.

in Fig. 7 (left), with a servomotor to tilt rotor 1 as in Fig. 7
(right), with the characteristics described in Table I, except for
its weight which was around 2.1 kg. The flight computer used
is a custom made board [24], that acquires sensor data and
runs three PID control loops for pitch, roll and yaw angles at
200Hz. To detect a failure, a bank of observers based on the
work in [6] is used, that allows for detection times of less than
400ms.

The vehicle was used in an outdoor environment, manually
controlled by a pilot, with winds of around 30 kmh−1. The
attitude during the full flight is shown in Fig. 8, and the force
exerted by each rotor in Fig. 9. The vehicle takes off, is driven
to a near hovering state, and a failure is injected in rotor 3 at
t=6.26 s. After 355ms, the failure is detected and the vehicle
reconfigured by tilting rotor 1 from 0◦ to 6◦ according to Fig.
6 (which is done in around 13ms), state in which remains
while performing maneuvers till it lands at t=18 s. The vehicle
is able to follow satisfactorily the references in attitude, while
the forces exerted by the rotors are well inside the operation
limits, even in failure state. A full video of this particular
experiment, together with several others, can be found at [25].
Another experimental proof can be found at [21] for position
tracking in indoor environments in case of failure.

IX. DISCUSSION AND CONCLUSIONS

Given the fact that a minimum of 6 unidirectional actuators
are needed in a multirotor vehicle in order to achieve fault
tolerance in the sense of maintaining 4DOF independent
control in case of a total failure of one of the rotors, this
work has analyzed the maneuvering capability of six fixed-
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Fig. 9. Force commanded to each of the rotors of the STD vehicle during
an outdoor flight with average winds of 30 kmh−1, where a failure occurs
in rotor 3 at t=6.26 s. The maximum force a rotor can exert is 1 kg.

structure hexarotors, with commercial characteristics, both in
the nominal and in a failure case.

It was shown that all the vehicles analyzed have good
maneuverability in the nominal case, and are feasible for use
on real outdoors applications. However, for the vehicles which
are fully fault tolerant (INW, DUAL), the maneuverability is
severely degraded in case of a failure in any rotor, rendering
them unusable for standard flight missions, but still flight-
capable in controlled environments. For the PPNN vehicle,
which is fault tolerant for four of the six possible failures, the
maneuverability is considerably better than the previous cases,
but not enough for a flight with high perturbations.

By adding servomotors to tilt one or two rotors sideways
in case of a failure, the maneuverability of all the vehicles
is greatly enhanced, and the STD and SIDE vehicles are
converted into fault tolerant ones. As the rotors generate
torque in two directions, one parallel to its axis, and other
in a direction perpendicular to both its axis and its arm, and
the servomotor exerts torque in the direction parallel to the
arm, the latter is under very light working conditions. Also,
considering all the failures are equally probable, tilting only
one of the rotors in case of a failure lowers the wear of the
servomotors, extending their lifespan.
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