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Abstract

This paper addresses the attitude controllability problem for a multirotor un-
manned aerial vehicle (UAV) in case of one or several actuators failures. The
small time local controllability (STLC) of the system attitude dynamics is
analysed using the nonlinear controllability theory with unilateral control in-
puts. This analysis considers different actuators configurations and compares
their fault tolerance capabilities regarding actuators failures. Analytical re-
sults are then validated experimentally on a coaxial octorotor. A stabilization
control law is applied on the coaxial configuration under one, two, three and
four motors failures, when the system is controllable. Real-time experimental
results demonstrate the effectiveness of the applied strategy.

Keywords: Fault Tolerant Control, Nonlinear Controllability, Unmanned
aerial vehicles, Octorotor.

1. Introduction

Nowadays, a significant interest appears in the attitude control problem
of multirotor unmanned aerial vehicles (UAV) under actuators failures. A de-
sirable outcome consists in keeping a controllable attitude after one or more
actuators failures, preventing the UAV from flipping over and crashing. For
quadrotors, the attitude control problem after partial propellers failures has
been investigated in several works and a wide class of Fault Tolerant Con-
trol methods has been proposed to stabilize the vehicle (Zhang et al.| (2013),
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Chamseddine et al.| (2012)), Ranjbaran & Khorasani (2010), etc.). However,
a complete propeller’s failure in a quadrotor results unavoidably in the loss of
the system full controllability. The authors in (Mueller & D’Andreal (2014)))
demonstrated and validated the controllability of the reduced attitude in case
of one, two and three failures where the control of the yaw state is neglected.
Multirotors with redundant actuators have been proposed as a solution to
this controllability loss.

Different octorotors configurations exist, among them we list the coaxial
counter-rotating (Saied et al.|(2015)), the PNPNPNPN (P:positive, N:negative)
star-shaped or the PPNNPPNN star-shaped (Alwi & Edwards (2013))) config-
urations, each with different fault tolerant capabilities. The investigation of
dynamics stabilization of these different configurations begin with the theo-
retical establishment of the necessary and sufficient conditions for the system
controllability and the control reconfigurability. A multirotor is a nonlinear
system having positive control inputs since the rotors only provide a unidirec-
tional thrust (we consider only in this study fixed-pitch rotors contributing
to the total vertical produced thrust). Thus classical controllability theory
of linear systems will have a major limitation if applied to a multirotor: the
unilateral constraints do not pass the Kalman Rank Test (Sontag (1991)).
This limitation is particularly problematic when dealing with multiple fail-
ures since we are working on an over-actuated system. In this paper, we pro-
pose the use of the non linear control theory with unilateral control inputs
to assess the controllability of different configurations of octorotors. Based
on this study, an experimental work is used to confirm the controllability of
a coaxial counter-rotating octorotor under some actuators failures, using a
control mixing and a feedback controller based on saturation functions.

2. Methodology

The controllability problem for linear systems has been actively developed
in the literature. The existing methodologies are based on the Kalman rank
criteria (Sontag (1991)). However, studying the controllability of a nonlin-
ear system is more complex. A nonlinear system is said to be controllable
if there exist admissible control inputs that will bring the system between
two arbitrary states in a finite time. A general set of necessary and suffi-
cient conditions for controllability of these systems does not currently exist.
Instead, the controllability is studied by investigating the local behaviour of
the system near equilibrium points. The simplest approach is to linearise



the system around an equilibrium point and then to apply the Kalman Rank
Test. However, this is not a necessary proof since a nonlinear system can be
controllable even if though its linearisation is not.

A necessary condition for controllability from an initial state is given by
computing the accessibility algebra A constructed by Lie Brackets. However,
this is not a sufficient condition since it only infers conclusions on the dimen-
sion of the reachable space from the initial one. Small Time Local Control-
lability is a stronger property than controllability. It means that the system
can be steered in any direction in a small amount of time. For second-order
systems, STLC is only possible from equilibrium states (Sussmann| (1987)).
Sussmann presented sufficient conditions for STLC in (Sussmann| (1987))) and
they will be summarized later.

However, having constraints on the inputs renders these conditions invalid
for testing the controllability and other tools are then necessary for this
purpose. Goodwine proposed in (Goodwine & Burdick| (1996))) a method for
the controllability of systems with unilateral control inputs. We use these
results in our paper to investigate the possibility of stabilizing the octorotor
after multiple successive failures. Few works studied the controllability of
multirotors. In (Schneider et al.| (2012)), the Attainable Control Set method
is used for the study of static controllability. It is based on the definition
of the limits in thrust and torque that can be allocated while satisfying the
speed constraints of the motors. In (Du et al. (2014)), the authors proposed
the use of a simplified test based on Brammer works (Brammer| (1972)) to
prove the controllability of linear systems with positive inputs. For this
purpose, the linear dynamical model of their multirotor helicopter is derived
and used around hover conditions.

The main contribution of this paper resides in the application of a gener-
alized controllability analysis for the different configurations of multirotor un-
manned aerial vehicles using small-time local controllability theory (STLC),
in addition to the experimental validation of the obtained results of this
study on a coaxial counter-rotating octorotor, by proposing and applying a
system recovery strategy when the attitude of the octorotor was shown to be
completely controllable, even after four motors failures.

The paper is organised as follows: in section 2, the dynamic model of
a multirotor UAV is presented. In section 3, the controllability analysis is
detailed then applied on different octorotor configurations, after multiple
actuators failures, in order to compare their fault tolerance capabilities. In
section 4, a control mixing and state feedback controller are applied to the



coaxial octorotor in case of failures when the system is still proved to be
controllable. The experimental validation is shown in section 5.

3. Dynamics Modelling

Different configurations of octorotors exist. According to the arrangement
and distribution of rotors, the most widely used layouts are:

e (Coaxial octorotor: actuators aligned vertically but stacked in pairs so
as to resemble a quadrotor as in Figure [I}

e Star-shaped octorotor: actuators aligned vertically and equally spaced
around the vehicle. The rotor-turn directions can also be modified to
obtain different configurations: PNPNPNPN octorotor or PPNNPPNN
octorotor as in Figure [2|

Despite the difference in type and configurations, octorotor dynamics in
a hybrid coordinate system are given below where the vehicle’s mass center
translational dynamics are expressed in the inertial frame R {Oy, x, ys, 21}
and its angular dynamics are expressed in the body frame Rp{Op, x5, y5, 25}

Z = (cos ¢ sin f cos ) + sin g sin ) * Ef

i = (cos ¢sinfsin ) — sin ¢ cos 1)) * “Ef

Z = (cosgcost) x =L —g

il ET S S o YN B (1)
ey el U ot R

q'_ zz xmpr+1yy _7_9

P Im IyyquL_Tw

x, y and z are the coordinates of the UAV center of mass in the inertial
frame R;. m is the system mass and I,,, I, and I., are the moments of
inertia along xg, yg and zp directions respectively. ¢, 8 and 1 are the roll,
pitch and yaw Euler angles in the inertial frame R; and p, ¢ and r are the
angular velocities in the body-fixed frame Rp. 74, 79 and 7 are the torques
inputs around the xp, yg and zp axes respectively. .J, is the moment of
inertia for each propeller and 2 is the overall residual propeller speed from
the unbalanced rotor rotation.

Q=) w (2)

i=1



where w;, the " propeller speed, is considered as positive or negative de-
pending on the sense of rotation of the motor i. The standard definition of
a positive rotation is used: this is defined as a counter-clockwise rotation
around the axis as seen from directly in front of the axis line.

The rotating speed relation between the body coordinates and the inertial
coordinates can be written as follows:

¢:5 1 singtanf cos¢tanf D
0 1=10 cos ¢ —sin¢ q (3)
¥ 0 sing/cos@ cos@/ cosb r

In case of small angles, this matrix is identical to the identity matrix I3,
and the following approximations can be used: dp=p, 0=qgand ¢ =r.

According to the geometry of the octorotor system, the mapping between
the rotor lift and the total thrust and torques inputs is given by the effec-
tiveness matrix B:

u Fl
A
W | = Bx | . (4)
Ty 1_;,8

where Fj is the lift produced by the motor 7.
For any p-rotor UAV, the control effectiveness matrix in parametrised
form is given as:

m T2 Tlp
B [1my sin vy, lomasiny, ... lyn,siny,
b= (5)
—limycosyy  —lamacosyy ... —lyn,cos7y,
mdy Nads . npdp

The parameters n; € [0, 1] are used to account for rotor failure. The sign

of d; depends on the direction of rotor rotation and [; is the length of the *

arm. ; is the angle subtended by the i** arm with the z-axis as shown in

Figure [3l The rotor lift F; and torque 7; produced by each motor in the Z;
direction are given as:

E =K fwiz

T = Ktwf

(6)

K and K, are the thrust and reaction torques coefficients respectively.



Figure 1: (a) The coaxial counter-rotating octorotor and (b) the coaxial co-rotating
octorotor schematic representations



Figure 2: (a) The PPNNPPNN star-shaped octorotor and (b) the PNPNPNPN
star-shaped octorotor schematic representations



Figure 3: General p-rotor vehicle

For a coaxial octorotor, the combined thrust produced by two coaxial
motors is given as:

Fjj =i (Fi+ Fj) « (1+ g2) (7)

Sprop

a;j is the coefficient of loss of aerodynamic efficiency due to the aerodynamic
interference between the upper and lower rotors of each pair of coaxial rotors.
S=1+ Sf:;p represents the shape factor of the propellers, with S, denoting
the propellers surface and S,,,, the surface of the circle that the propeller

would make when rotating.

4. Controllability Analysis

Before analysing the STLC of the multirotor attitude dynamics, some
formal definitions and useful criteria need to be outlined. Let M be an n-
dimensional analytic manifold, U the set of admissible controls, and consider
a general nonlinear control system written in control affine form as follows:

b= flau) = f(2) + S0 gila)u (x € M) (®)

where f(x) is the drift vector field, and g1, ga, ..., g are the control vector
fields. The admissible control inputs u; are constrained to be non negative.
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Let R(zo,T) be the set of states x such that there exists w;: [0,7] — U
that steers the control system from x(0) to z(7") = xy. We define R(xy, <
T) = Up<t<rR(z0,T) to be the set of states reachable up to time 7.

Definition 1. [Goodwine & Burdick (1990)] A system is said to be accessible
from xq if there exists T > 0 such that the interior of R(xo, < T) is not an
empty set fort €]0, 7.

Definition 2. [Goodwine & Burdick (1996)] A system is said to be small-
time locally controllable (STLC) from xq if there exists T > 0 such that xg
lies in the interior of R(xo, <T) for all t €]0, 7]

Let L(A) be the distribution of all independent vector fields that can be
obtained by applying subsequent Lie bracket operations to the system vector
fields f,g1,...,9m, and let £ be the accessibility distribution generated by
L(A):

L(x)=span{X(z): X €L}, xe M 9)

if dim L£(z)=dim M, then the system satisfies the Lie Algebra Rank Con-
dition (LARC) at o (J. M. Coron| (2007))). If the control-affine system is
driftless, the system is STLC if it verifies the LARC. However, with drift,
this condition is not sufficient and the combinations of the vectors used to
compose the Lie brackets of the Lie Algebra should be examined.

For a given Lie bracket X, consider the degree of a bracket with respect
to a vector field f or g;, denoted by §/(X) and 6% (X) respectively, to be the
number of times that the superscripted vector field appears in the bracket X.
We call a bracket X bad if 6/(X) + >, 69%(X) is odd and > ;" 6% (X) #
1. Otherwise, the bracket is called good. Sussmann’s General Theorem on
Controllability (Sussmann| (1987)) is reported below:

Theorem 1. [Sussmann (1987)] A system that satisfies the LARC by good
Lie bracket terms up to degree i is STLC if all bad Lie brackets of degree
7 <1 are neutralized.

A bad Lie bracket can be neutralized if it can be written as a linear combi-
nation of good Lie brackets of lower degree.

In the Sussmann’s theorem, no constraints were considered on the control
inputs and the control vector fields can be followed in both directions. The
conditions for STLC for unilateral control inputs have been presented and



generalized by Goodwine and Burdick in (Goodwine & Burdick! (1996)). The
authors proposition, formally stated, is reported below:

Proposition 1. |Goodwine & Burdick (1996)] Assume that the system sat-
isfies the LARC' (condition 1) and that there exist coefficients \; such that

S Nigi(x) =0 Vo € neighborhood of (x) (10)

where A\; € (0,1) (condition 2). Assume further that any bad bracket can be
written as a linear combination of brackets of lower total degree (condition
3). Then the system is STLC at xy.

The authors explained the intuition behind the restriction expressed in ([10)).
None of the control inputs can be negative, however can be solved for
one —g; in terms of the other ¢;’s with positive coefficients and thus the
corresponding u; acts as negative input.

4.1. Controllability of an Octorotor

The attitude dynamics of an octorotor can be expressed in control-affine
form as in (8)), where z = [¢ ¢ 0 6 1 1)]T € M = RS is the state. The control
inputs u; are the thrusts F; provided by each motor. The drift field f is
written as:

¢ . .
(Iyy—lzz)&b

Iww,

0
f=| Bl (11)

Iyy

w . .
(Imac]:zlyy) ¢0

4.1.1. Coazial Counter-Rotating Octorotor
The control vector fields of a coaxial octorotor are:
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a=10 —7%- 0 —7- 0 —-g |7

p=[0 —£- 0 —7- 0 g

gs=[0 —7- 0 £- 0 ;g |7

gi=[0 =7, 0 7. 0 g 12)
=0 A0 ATy R <
g=[0 7 0 £ 0 ;317

gr=[0 £ 0 —F- 0 57

gs=[0 72 0 —74- 0 —7gt |7

with A = l‘/Ti. When applying the controllability test with unilateral control
inputs, the Lie Algebra evaluates to:

E:Span{gl7927g3’[f7gl]7[f792]7[f7g3]} (1?))

with det(ﬁ):% # 0, so that its dimension is equal to 6. The Lie
Algebra is constructed using the Philip Hall basis, which is a sequence ob-
tained through a breadth-first search that prunes all redundant vector fields
arising from the skew symmetry and Jacobi identity properties. It is shown
that three actuators are sufficient to ensure accessibility from equilibrium
position provided that there is no duality between any two failed motors
(two motors are called dual if they generate opposite torques in the three
directions). However, intuitively, this will not imply that the system will be
STLC with three actuators only. To prove that the system is STLC from
zero-velocity states, we have to verify the three conditions of proposition

1. The LARC was verified with good Lie brackets of maximum degree 2,
see Eq.;

2. We have from Zle gi(r) = 0;

3. The only bad bracket with degree lower than or equal to 2 is f. However
if we postulate that the octorotor is moving from an initial condition
with velocity close to zero, then f is neutralized;

Thus, the system is STLC from zero-velocity state. In this case, the LARC
can be used directly to prove STLC since the control vectors are symmetric

11



and then the system can move forward and backward.

a- One motor failure:

For one motor failure, the LARC can be verified as in by any three
control vectors corresponding to any three actuators, from the seven healthy
ones, such that no duality exist between two of them. Again, the only bad
Lie bracket that should be neutralized is f. Without loss of generality, we
consider for example that motor 1 failed. Condition 2 is then verified by
the fOHOWiIlg )\i’SI )\2 = )\4 = )\8 = Q, )\3 = )\5 = >\7 = %Oé, )‘6 = %Oé with
a € (0,1).

b- Two motors failures:

The results of the controllability evaluation for two motors failures are
shown in Table I. Due to the system symmetry, and without loss of generality,
the calculations are developed only for 5 cases, where motors 1 and ¢ fail,
with i = 2,3, ..6 (the following combinations are symmetric: 1&3 and 1&7 on
one hand, 1&4 and 1&8 on the other hand). Conditions 1 and 3 are validated
as demonstrated in the previous subsection. Condition 2 is verified for the
different combinations using these \;s:

C1: Motors 1 & 2: A5 =X =0, A3 = \y = A\ = A\ = a with a € (0, 1);
C2: Motors 1 & 3: Mg =X s =a, A\s =g = A\y = \g = %Oz with o € (0, 1);
C3: Motors 1 & 4: \g = A7 =0, Ao = A3 = A5 = \s = a with a € (0, 1);
C4: Motors 1 & 5: My =Ag=a, g = A3 = N\g = \; = %a with a € (0, 1);
C5: Motors 1 & 6: \; =ai=2,...,8 with a € (0,1);

Two special cases should be considered (C1 and C3), where some coeffi-
cients A are null, and so the system will be studied without considering the
actuators corresponding to the zeros coefficients.

Case 3 (same procedure for case 1): Consider the system with only four
actuators (2, 3, 5 and 8). The L(A) is formed by considering the following
Lie Brackets:

{92,937 [fu 92]7 [f? 93], [92, [f? 95“7 [f7 [f7 92]]} (14)

12



8d3 K3 (Lyy—1I.2) (12, KtO+12, AK p3p—Tyy L. K@ —Tyy L. AK e/
det(L) = L Ry ey t(; 71 145;%) e 1) #0if 6 # 0 or

@'b # 0. The system is found to be accessible for all conditions except when
0 =0 or ¢ =0. The LARC is not verified at the equilibrium position and
the system is not STLC from zero velocities states.

zriyy'z

Motors failures Controllability Motors failures Controllability
1&2 Inaccessible from zero velocities 1&3 STLC
1&4 Inaccessible from zero velocities 1&5 STLC
1&6 STLC 1&7 STLC
1&8 Inaccessible from zero velocities 2&3 Inaccessible from zero velocities
2 &4 STLC 2&5 STLC
2& 6 STLC 2&7 Inaccessible from zero velocities
2& 8 STLC 3&4 Inaccessible from zero velocities
3&5 STLC 3&6 Inaccessible from zero velocities
3&7 STLC 3&8 STLC
4 &5 Inaccessible from zero velocities 4 &6 STLC
4 &7 STLC 4 & 8 STLC
5& 6 Inaccessible from zero velocities 5& 7 STLC
5& 8 Inaccessible from zero velocities 6 &7 Inaccessible from zero velocities
6 & 8 STLC 7 & 8 Inaccessible from zero velocities

Table 1: STLC analysis for the coaxial counter-rotating octorotor after two motors
failures

Note that, in this table, acessibility is not equivalent to small time local

controllability. However, the inaccessibility from zero velocity states imply
that the system is not small time locally controllable at the equilibrium given
the set of sufficient conditions used.
In 12 from the 28 combinations, the octorotor is not STLC from zero-velocity
states. The results are extended for a higher number of rotors failures (three
and four). It can be deduced that the octorotor is STLC just for 16 from
56 combinations of three motors failures (any three upper motors failures or
any three lower motors failures) and for just 2 combinations of four motors
failures: the four upper or the four lower motors.

The results obtained above representing the controllability status from
the equilibrium positions are the same of those obtained from the applica-
tion of the Attainable Control Set method as in (Schneider et al. (2012)).
However, the latter method is used for the study of static controllability,
which is based on the computation of the control authority and the attain-
able control, while neglecting the nonlinear dynamics of the multirotor.

c- Stabilizability analysis
We show that the system is not even stabilizable by a continuous state-
feedback control law in the cases where it is not small-time local controllable.
A necessary condition (Brockett 1983) for the existence of a continuous state

13



feedback law that asymptotically stabilizes this system is that the image of
the mapping R°xR™ — RS defined by:

(T, U1, Ug, .oy ) — f2) + Zgz(x)u, (15)

contains a neighbourhood of zero. This condition is satisfied if and only if
the system

€1 ¢ 0 0 0
M9¢ _A A A
€3 (G 0 0 0
€ = Loo—Ips ¢77Z) + _A ul_l_ A u2++ A
4 Tyy éyy 6yy éyy
€5 ,¢
Tow—1Iyy 55 1 K 1 K _ 1 K
6 Izzyy¢0 I.. Ky I.. Ky 1., Ky
(16)

is solvable for any e = (€1 € €3 €4 €5 €5) near 0. Let €; = e3 = ¢5 = 0. Thls

implies ¢ = 0 = ¢ = 0, 2=l=0g) = Lazlagyy = L2-lngh — 0 and

becomes:

_A A _A _A A A A A
€2 I I I 1. I 1 1. T
. S S G G i A A A A
4 = I I I I I I I
¢ Uk 8 Uk ke ke 1R 1K
6 I..K; L.EK; L.K; I.. Ky I..K; L.K; L.K; ~L.K;
(17)

For failures of motors 1 & 2, no points of the form ¢ = (0,0,0,0,0,0), § <0,
are in the image of the mapping. Thus, the condition is violated. Same
calculations and conclusions are conducted for the cases where the system
was shown not to be controllable.

d- Controllability without yaw angle and angular velocity
Considering that we forsake control of the yaw angle and the angular velocity
in critical cases, we study in this section the controllability of the system
attitude including roll and pitch states. We will consider only the two cases

Cy and Cs.
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Consider = [p ¢ 0 0]" € R* as the attitude state vector. f and g; are
then written as:

b
yy  Lzz 0
f=| (19
(Izz_[zr) 10
Iyy QMD
g=[0 - 0 —Aﬁ T g2=1[0 —f 0 5, 1
m=l0 he O G ft o w=l0 Ch 0 R )
=10 7. 0 ;1"  9s=[0 7, 0 ¢ ]
i o, T " N T
gr=10 7> 0 —7- 1" g=[0 7, 0 —7-]
In case of failures of motors 1&4, the Lie Algebra evaluates to:
L= SpCLTL{QQ, gs, [f7 92]7 [fv 93]} (20)
with det(L) = A4 £ 0 for Lie brackets of maximum degree of 2. Having

12, xI2
f =0 at zero velocities states, and > g;(x)u; =0, ¢ = 2,3,5,8, the LARC
guarantees that the system is STLC from the equilibrium when sacrificing
the yaw control.
In case of failures of motors 1&2, consider the reduced system composed
of the roll, pitch and yaw rates only. The Lie Algebra is:

L = span{gs, [f, g3, [f, [f, gsl]} (21)

det(L) #0if ) #0or ) #0 & ¢ # 0 or ¢ # 0 & 6 # 0. Thus, the reduced
attitude can be controlled if the system rotates around the z axis in a single
direction since ¢ can not be null. The difference between these two cases is
that the yaw state is not controlled when the motors 1&4 fail but the yaw
rate can be null. However, the octorotor must rotate continuously around
the z axis in the other case.

4.1.2. Coazial Co-Rotating Octorotor
The configuration of the coaxial co-rotating octorotor is shown in Fig.

[dlb.

The attitude system is also written as:

8

&= file)+ > o (@)u (22)

i=1
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where fi(x)

f(z) and ¢, are as follows:

p=10 -2 0 —A 0
g, =[0 —% 0 i 0
1
913:[0 T.. 0 T,y 0 ?
g =[0 A& 0 A 0 L
_ A A _1
915_[0 Izz 0 Iyy 0 Izz
916:[0 Tew 0 ﬁ 0 _Iiz
gr.=1[0 o 0 —é 0 +
1
ngZ[OEO_Iyy Z

NNHNN|
N N
<

-

[

=
=

SRRt

N

N 890N

[N S R S —

S

Ky

The same procedure as in section is followed for this configuration.
Calculations details are omitted due to the lack in space. The small time local
controllability results after two, three and four motors failures are shown in

Tables [2] [3] and [4 respectively.

Motors failures Controllability Motors failures Controllability
1&2 Inaccessible from zero velocities 1&3 STLC
1&4 STLC 1&5 STLC
1&6 STLC 1&7 STLC
1&38 STLC 2& 3 STLC
2& 4 STLC 2&5 STLC
2&6 STLC 2& 7 STLC
2& 8 STLC 3&4 Inaccessible from zero velocities
3&5 STLC 3&6 STLC
3&7 STLC 3&8 STLC
4 &5 STLC 4 &6 STLC
4 &7 STLC 4 &8 STLC
5& 6 Inaccessible from zero velocities 5& 7 STLC
5& 8 STLC 6 &7 STLC
6 & 8 STLC 7& 8 Inaccessible from zero velocities

Table 2: STLC

analysis of the coaxial co-rotating octorotor after two motors failures.

Motors failures Controllability Motors failures Controllability
1&2&3 Inaccessible from zero velocities 1&2&4 Inaccessible from zero velocities
1&2&5 Inaccessible from zero velocities 1&2&6 Inaccessible from zero velocities
1&2&7 Inaccessible from zero velocities 1&2&7 Inaccessible from zero velocities
1&3&4 Inaccessible from zero velocities 1&3&5 STLC
1&3&6 STLC 1&3&7 STLC
1&3&38 STLC 1&4&5 STLC
1&4&6 STLC 1&4&7 STLC
1&4&8 STLC 1&5&6 STLC
1&5&7 STLC 1&5&8 STLC
1&6&7 STLC 1&6 &8 STLC
1&7&8 Inaccessible from zero velocities

Table 3: STLC analysis of the coaxial co-rotating octorotor after three motors failures.

Motors failures

Controllability

Motors failures

Controllability

1&2& & -
1

prrrrree
GO B R W W W
preerrer
Noouuo oK
prererree
00 ~1 0000?00 D

Inaccessible from zero velocities
Inaccessible from zero velocities
STLC
STLC
Inaccessible from zero velocities
STLC
STLC
STLC
Inaccessible from zero velocities

1

&
w
&
N
&

e e e
prreeeee
O Ul A A WWW
pererrer
NN GO W;
prrerreer
00 00 00 ~1 =1 00 ~I ~1

Inaccessible from zero velocities
STLC
STLC

Inaccessible from zero velocities
STLC
STLC
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Table 4: STLC analysis of the coaxial co-rotating octorotor after four motors failures.

4.1.3. PPNNPPNN Star-Shaped Octorotor
For this configuration (see Fig. [2a
the star-shaped octorotor dynamics are the same of those for coaxial octoro-

tor.

rotors is not the same.
Thus f, = f and g, are written as:

92, =

g2,
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, the differential equations describing

However, the effectiveness matrix differs since the distribution of the

(24)

denotes the angle between the arms of the vehicle and the major
shown previously in Fig. [3|

The controllability results are also presented after two, three and four
motors failures in Tables [5] [6] and [7] respectively, and will be discussed later.

Motors failures

Controllability

Motors failures

Controllability

O UTUU R R WWN NN

Fpreprrrrrrrererr
0000 3~ UL~T U1 00O N

Inaccessible from zero velocities

Inaccessible from zero velocities

STLC
STLC
STLC
STLC
STLC
STLC
STLC
STLC
STLC
STLC

STLC
STLC

O A AW WWN NN e
ErRrrrrrrrrrRrRR
000D D RN UTW N T W

STLC
STLC
STLC
STLC
STLC
STLC

Inaccessible from zero velocities

STLC
STLC
STLC
STLC
STLC
STLC

Inaccessible from zero velocities

Table 5: STLC analysis of the PPNNPPNN star-shaped octorotor after two motors

failures.

Motors failures Controllability Motors failures Controllability
1&2&3 Inaccessible from zero velocities 1&2&4 Inaccessible from zero velocities
1&2&5 Inaccessible from zero velocities 1&2&6 Inaccessible from zero velocities
1&2&7 Inaccessible from zero velocities 1&2&7 Inaccessible from zero velocities
1&3&4 Inaccessible from zero velocities 1&3&5 STLC
1&3&6 STLC 1&3&7 STLC
1&3&8 STLC 1&4&5 STLC
1&4&6 STLC 1&4&7 STLC
1&4&38 STLC 1&5&6 STLC
1&5&7 STLC 1&5&8 STLC
1&6&7 STLC 1&6 &8 STLC
1&7 &8 Inaccessible from zero velocities
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Table 6: STLC analysis of the PPNNPPNN star-shaped octorotor after three motors

failures.

Motors failures Controllability Motors failures Controllability
1&2& & — Inaccessible from zero velocities 1&3&4 & - Inaccessible from zero velocities
1&3&5&6 Inaccessible from zero velocities 1&3&5&7 STLC
1&3&5&8 STLC 1&3&6&7 STLC
1&3&6&8 STLC 1&3&7&8 Inaccessible from zero velocities
1&4&5&6 Inaccessible from zero velocities 1&4&5&7 STLC
1&4&5&8 STLC 1&4&6&7 STLC
1&4&6&8 STLC 1&4&7&8 Inaccessible from zero velocities
1&5&6&7 Inaccessible from zero velocities 1&5&6&8 Inaccessible from zero velocities
1&5&7&8 Inaccessible from zero velocities 1&6&7&8 Inaccessible from zero velocities

Table 7: STLC analysis of the PPNNPPNN star-shaped octorotor after four motors
failures.

4.1.4. PNPNPNPN Star-Shaped Octorotor

The control vector inputs of this configuration (see Fig. b) are written

— — — — — — — —

92,
g2,
923
924
925
926
927
925

S O O O o o o o

This

o O O O O o o O

o O O O O o o o

(25)

analysis shows that the attitude of the PNPNPNPN star-shaped

octorotor is STLC for all two-motors failures. For three and four motors fail-
ures, the results are stored in Tables [§ and [9] respectively. The experimental
applicability of these results will be discussed later.

Motors failures Controllability Motors failures Controllability

1&2&3 Inaccessible from zero velocities 1&2&4 STLC

1&2&5 STLC 1&2&6 STLC

1&2&7 STLC 1&2&38 Inaccessible from zero velocities
1&3&4 STLC 1&3&5 Inaccessible from zero velocities
1&3&6 STLC 1&3&7 Inaccessible from zero velocities
1&3&8 STLC 1&4&5 STLC

1&4&6 STLC 1&4&7 STLC

1&4&8 STLC 1&5&6 STLC

1&5&7 Inaccessible from zero velocities 1&5& 8 STLC

1&6&7 STLC 1&6&8 STLC

1&7 &8 Inaccessible from zero velocities

Table 8: STLC analysis of the PNPNPNPN star-shaped octorotor after three motors
failures.
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Motors failures Controllability Motors failures Controllability
1&2&3&4 Inaccessible from zero velocities 1&2&3&5 Inaccessible from zero velocities
1&2&3&6 Inaccessible from zero velocities 1&2&3&7 Inaccessible from zero velocities
1&2&3&8 Inaccessible from zero velocities 1&2&4&5 STLC
1&2&4&6 Inaccessible from zero velocities 1&2&4&7 STLC
1&2&4&8 Inaccessible from zero velocities 1&2&5&6 STLC
1&2&5&7 Inaccessible from zero velocities 1&2&5&7 Inaccessible from zero velocities
1&2&6&7 STLC 1&2&6&8 Inaccessible from zero velocities
1&2&7&8 Inaccessible from zero velocities 1&3&4&5 Inaccessible from zero velocities
1&3&4&6 STLC 1&3&4&7 Inaccessible from zero velocities
1&3&4&8 STLC 1&3&5&6 Inaccessible from zero velocities
1&3&5&7 Inaccessible from zero velocities 1&3&5&8 Inaccessible from zero velocities
1&3&6&7 Inaccessible from zero velocities 1&3&6&8 STLC
1&3&7&8 Inaccessible from zero velocities 1&4&5&6 Inaccessible from zero velocities
1&4&5&T7 Inaccessible from zero velocities 1&4&5&8 STLC
1&4&6&T7 STLC 1&4&6&8 Inaccessible from zero velocities
1&4&7&8 Inaccessible from zero velocities 1&5&6&7 Inaccessible from zero velocities
1&5&6&8 STLC 1&5&7&8 Inaccessible from zero velocities
1&6&7&8 Inaccessible from zero velocities

Table 9: STLC analysis of the PNPNPNPN star-shaped octorotor after four motors
failures.

4.2. Discussion

The analysis presented above considers only the attitude controllability
problem. However, the multirotor should also maintain constant altitude
after failures occurrence. When trying to guarantee these two conditions,
motors limits can be violated. Equilibrium thrusts should be calculated for
each multirotor in each failure case in order to study this effect.

Without taking into consideration actuators limits, Table presents a
comparison between the different octorotor configurations in terms of con-
trollability after two motors failures.

Arrangement %Controllability
Coaxial Counter-rotating 571 %
Coaxial Co-rotating 85.71 %
PPNNPPNN star-shaped 85.71 %
PNPNPNPN star-shaped 100 %

Table 10: Controllability comparison for different multirotor arrangements with two
rotor failures.

The results show that the PNPNPNPN arrangement is theoretically the best
in terms of fault tolerance since the octorotor can maintain stable attitude
after all combinations of two motors failures. However, the experimental
applicability of these results should also be studied in terms of the used
motors and the maximum thrust they can provide. For example, in case of
failures of motors 2 and 4 in a PNPNPNPN configuration, the equilibrium
states are: f; = 0.58F, f3 = 2.82F, f5 = 0.58F, fo = 2F, f =0, fs = 2F,
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where f; denotes the commanded thrust of motor ¢, and F' is the thrust
provided by each motor in nominal flight. It is possible that f3 exceeds the
thrust limit of the actuator and the equilibrium could not be implemented
on the octorotor.

On the other hand, the controllability analysis has shown that the three
presented octorotor configurations are better than the coaxial counter-rotating
octorotor in terms of fault tolerance capabilities. However when designing
a multirotor vehicle, there are other criteria to be taken into consideration.
For example, compared to the second configuration, the coaxial octorotor
has better thrust since two coaxial rotors spinning in the same direction
interfere with each other (Rinaldi | (2014)). Compared to the star-shaped
configurations, a coaxial octorotor has advantages in terms of the UAV size.
A classical star octorotor needs more arms, and each arm needs to be longer
to guarantee adequate spacing among the rotors.

5. Control Mixing and State Feedback Control

The state feedback control law used in both normal and degraded sit-
uations for the attitude stabilization is the PD controller with saturations
for the roll and pitch control and the PID controller for the yaw control.
Both make use of information obtained from the Inertial Measurement Unit
(IMU).

To = %{Upy( Kpy(y — va)) + qdy(kdyy)_
. Opo(kpp®) — Tap(kas®)]
5Hope (kpe (= 24)) + 0o (Kaa) = (26)
opo(kpot) — 040 (Kag?))]
Ty = Kpe + Kgé + K f; e(t)dr
All the terms k., and Kj are the controller’s positive gains. o,,, 04y, 0pe,
Odgs Opa, Odzs Opg, ad 049 are saturation functions defined as follows:

To — —

O-bi<5) =b; if s> b;
op(s)=s if —b<s< (27)
op,(s) = =b; if s<—b

After a failure occurrence, the attitude is stabilized via a state feedback
control law and a reconfiguration of the control mixing. A set of control
mixing laws, each matching a fault situation, are computed offline by resolv-
ing a constrained non linear optimization problem, see (Saied et al. (2015))).
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Figure 4: The experimental Octorotor

Based on the output of a Fault Detection and Isolation (FDI) module, the
corresponding law is applied.

6. Experimental Validation

The control mixing and the feedback control law introduced above were
coded in C++ and downloaded on the IGEP microcontroller to be run on-
board. Different experimental tests are presented to demonstrate the effec-
tiveness of the designed control system and to validate the controllability
analysis.

6.1. Experimental System

The Robotex coaxial octorotor UAV of the Heudiasyc laboratory is shown
in Figure 4} It uses BI2827 — 35 brushless motors driven with BLCT RLV 2
controllers (Mikrokopter) giving motors speeds measurements. It is equipped
with a Microstrain 3DMGX3 — 25 Inertial Measurement Unit (IMU) com-
posed of accelerometer, gyroscope, and magnetometer sensors giving Euler
angles and rotation speed measurements at 100 Hz, and an ultrasonic sen-
sor SRF08 giving altitude measurements. The control law is executed in
real time onboard the vehicle. The UAV program is connected to a ground
station where the parameters (control laws, filters...) are tuned during the
system development.

The octorotor inertia was extracted from the software Catia and was
found to be as follows: I, = [, = 4.2x 10 2Kg.m? I,, = 7.5x 102K g.m?>.
The propeller inertia was neglected. The vehicle mass was measured to be
1.6kg, and the distance from the center of mass to the center of the propellers
is [ = 0.23m. The propellers were characterized using a force/torque sensor.
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The thrust and reaction torque coefficients were estimated as K; = 3 *
107°Ns?/rad? and K; = 7+ 107" Nm/rad>.

6.2. Activity and Fault Injection

Different experiments were conducted where one, two, three and four
motors failures are considered:

1. Failure of motor 6;

Failures of motors 6 and 2;
Failures of motors 6 and 4;
Failures of motors 6 and 1;
Failures of motors 6, 2 and 4;

SRR AN

Failures of motors 6, 2, 4 and §;

These scenarios represent all the non symmetric cases where the octorotor
was shown to be STLC.

To illustrate a total failure in the propeller system, a motor is turned off
by setting its power to zero from the ground station or by remote control.

6.3. Results

In these scenarios, the octorotor is brought to a hovering stable flight,
then the failures are injected. Due to the lack in space, only the results
of the experiment 6 will be presented where four failures are injected suc-
cessively. The other experiments are shown in the video accompanying the
paper |[https : / /youtu.be/ P6o_RFQGpps].

The motors 6, 2, 4 and 8 are turned off successively from the ground
station, at times tg = 33.37s, to = 41.05s, t4 = 49.2s, and tg = 57.6s. An FDI
module was also implemented, so that the control mixing was reconfigured
after 0.23s and 0.84s for motors 6 and 2 respectively and automatically after
1s without diagnosis for motors 4 and 8. The position in z and y of the
octorotor is controlled using a motion capture system.

The motors speeds are shown in Fig. 2. The altitude and angular speeds
are presented in Fig. 3 and 4. The results validate the controllability results
deduced above from the analysis, and the possibility to stabilize the octorotor
by a continuous state feedback law after one or more motors failures. This is
a motivation for using multirotors with redundant actuators instead of using
quadrotors.
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Figure 5: Motors speeds after four motors failures [rpm]; Faults are injected respectively
on motors 6, 2, 4 and 8 at times tg = 33.73 s, to = 41.05 s, t4 = 49.2 s and tg = 57.6 s.
The dashed lines indicate the fault injections times
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Figure 6: Altitude after four motors failure [m]; The octorotor takes off at time t = 15 s,
then faults are injected respectively on motors 6, 2, 4 and 8 at times tg = 33.73 s, to =
41.05 s, t4 = 49.2 s and tg = 57.6 s. The octorotor lands at time t = 68 s. The dashed

lines indicate the fault injections times
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Figure 7: Euler angles after four motors failure [deg]. Faults are injected respectively on
motors 6, 2, 4 and 8 at times tg = 33.73 s, to = 41.05 s, t4 = 49.2 s and tg = 57.6 s. The
dashed lines indicate the fault injections times.
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7. Conclusions

A method has been applied to assess the controllability of multirotor

systems under actuators failures, based on the small time local controllabil-
ity theory with unilateral control inputs. This study is useful to establish
the existence of continuous control laws that can asymptotically stabilize
the system around the equilibrium. Analysis results have shown that octoro-
tors with different rotor configurations (coaxial or star-shaped) have different
fault tolerant capabilities. For example, a coaxial counter-rotating octorotor
can maintain roll, pitch and yaw control for 55.5% of all fault configurations
up to two random rotor failures and for 23.4% of fault configurations up to
any four rotor failures. The control of the reduced attitude (without yaw
control, see section is possible for all the 162 possible fault combina-
tions considering that at least four motors are healthy.
An actuator failure recovery technique has been applied to this coaxial oc-
torotor for scenarios representing all the non symmetric cases where the oc-
torotor was shown to be STLC. Although the design and the study in this
paper are specifically aimed at the octorotor application, they can be applied
to any multirotor with actuator redundancy.

The controllability study presented in this paper was applied to the non-
linear model of the octorotor attitude, however, a comparative study shows
that the results obtained in this paper, are equivalent to those obtained from
the application of the linear theories (Heemels and Camlibel (2007)), on the
linearized model around the equilibrium, that consider the constraints on the
inputs. This can be explained by the fact that, in this paper, the controlla-
bility was studied near zero velocity states, and that the control vectors g;
are constant and independent of the variable states. In future works, we in-
tend to apply this theory for the controllability of the octorotor under motors
failures when following trajectories.
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