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Corridor 3D Navigation of a Fully-Actuated Multirotor by Means of
Bee-Inspired Optic Flow Regulation

Jose J. Castillo-Zamora'+*, Lucia Bergantin!, Franck Ruffier!

Abstract

This paper deals with the issue of autonomous indoors navigation related to Unmanned Aerial Vehicles. Here, we simulated
two hexarotors: a fully-actuated one that maintains level its attitude, and therefore that of the visual sensors; and an under-actuated
one. Both vehicles were meant to fly forwards in a tunnel while reacting to the irregularities of the terrain, adopting a bee-like
behavior based on a nonlinear optic flow regulation. The dynamic models are provided by means of the Newton-Euler equations,
nonetheless, the unit quaternion representation is used for a suitable treatment of the rotational motion. The attitude stabilization
depends on the knowledge of the quaternion itself, moreover, and due to the non-linearities related to the translational optic flows,
visual guidance relies on the implementation of adaptive integral sliding mode controllers to accomplish a triple direct regulation
(forward, side and lift commands). We compared both vehicles performance using detailed numerical simulations, validating the
concept that a fully actuated hexarotor permits to improve the optic flow based navigation task.

I. INTRODUCTION

Nowadays, it is evident to appreciate the enlargement of the application spectrum of Unmanned Aerial Vehicles (UAVs)
within several scientific, industrial or civil fields. The current technological raise enables these small scale vehicles to be used
in order to accomplish different tasks that include photography, surveillance, monitoring, parcel transport and delivery, and
environmental exploration, among others.

Amidst the aforementioned tasks, indoors autonomous exploration has been under the sight of the scientific community since
it implies overcoming diverse challenges as openings identification [1], intersections and dead-ends detection [2], obstacle
avoidance [3], to mention some.

During these operations, the implementation of visual-servoing techniques and vision-based algorithms becomes a matter of
crucial importance since, in most indoor environments, Global Navigation Satellite Systems (GNSS) are unavailable [4]. In this
regard, one of the most useful visual cues is the so-called Optic Flow (OF). Previous studies have suggested that OF is used by
winged insects, such as honeybees and moths, to perform several complicated tasks as take-off and landing, undesired wind
effects rejection, corridor navigation, etc [5], [6].

The latter has led to the development of bio-inspired vision-based controllers for various robotic systems including aerial
robots [7], [8], [9]. Moreover, the authors of [10] have used OF divergence to asses, via an Extended Kalman Filter (EKF), the
distance from a given surface by means of two OF sensors set on a back-and-forth oscillating chariot. In [11], a model of the
honeybee’s visual odometer is assessed in simulations by scaling of the integration of the translational OF via the estimation of
the flight height.

One may find that OF can be confidently used in conjunction with other control and navigation techniques (e.g. Fuzzy Logic
[12] and real-time way-point-based 3D local path planning [13]) to enhance the navigation capabilities of UAVs. In addition,
the literature also suggests that, even for outdoors applications where GNSS are enable, OF is a powerful data source since it
permits to improve the reliability of flight controllers [14], [15].

It is known that co-planar multirotors need bulky gimbal systems to stabilize their vision. In this sense, we simulated a fully-
actuated hexarotor that maintains level its attitude and that of the OF sensors while flying forwards in a corridor. The novelty
of the paper comprehends (i) the development of Adaptive Integral Sliding Mode Controllers (AI-SMCs) for a Fully-Actuated
Hexarotor and (ii) the merging of the Fully-Actuation advantages with those of the Optic Flow regulation in a 3D environment,
such that a bio-inspired corridor navigation strategy grants the UAV a bee-like behavior.

The detailed description of the vehicle dynamics is available in Section II. The navigation strategy, which comprehends the
optic flow regulation and the attitude stabilization in a corridor, is established in Section III. The simulation conditions and
parameters, as well as the discussion of the results, are given in Section IV. Lastly, the future work and concluding remarks are
comprised in Section V.

II. FULLY-ACTUATED HEXAROTOR (FAH) MODEL

The current section is devoted to provide the equations of motion of the Fully-Actuated Hexarotor (FAH) depicted in Fig. 1.
Full-actuation is achieved by a fixed tilted rotors configuration as explained in [16], [17], [18]. The dynamics of the vehicle is
described w.r.t. two reference frames: (i) the inertial frame O;{x;,ys,z}, and (ii) the body frame O, {xp,yp,z,} Whose origin
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Figure 1. A) FAH geometrical description. B) Angles of the fixed tilted rotors. C) FAH in a corridor.

coincides with the center of gravity (CoG). x, y, and z;, define, correspondingly, the roll, pitch and yaw axis which are aligned
to the reciprocal principal axis of inertia. Thus, the motion of the FAH is described by the Newton Euler formulation [19] as:

m§+mg:‘t§+p§ 1)
IQ+Qx (IQ)=1Tq+Ppg (2)
where m > 0 is the mass of the vehicle, I = diag (I, 1;,I;) € R**3 is the inertia matrix which gathers the moments of inertia
about the roll, pitch and yaw axis, respectively. g=1[0 0 g}T comprises the constant of gravity acceleration and pg, pg € R3
represent parametric/external disturbances.
A. Translational dynamics

The translational motion is described by Eq. (1) where & = [x y Z]T € IR? denotes the position of O}, w.r.t. Oy. Thus, § and §
stand for the velocity and acceleration, respectively. Te € R3 is the vector of external forces, defined by the forces T,y > T, > 0
(with i=1,2,...,6 and T, an upper bound) exerted by the actuators as:

6
te=[t % ) =Rg Y Ry, (007, 3)
i=1

i-
Furthermore, the rotation matrix Ry € R3*3, defined over a given vector v = [v; v V3]T € R? as:

RV = R3,V3R2,V2R1,V1 = (4)
Cy; =Sy, Of|Cy, O Sy, | |1 O 0
Sy; Cy, O 0 1 0 0 Cy, =Sy
0 0 1| [-Sy, 0 Cy,| |0 Sy, Cy,
with Cq = cos(e) and S, = sin(e), provides a vector mapping from a reference frame to another. Ry, provides a vector mapping

from the i —th motor reference frame O, {xmi7 ymi,zmi} to Oy, such that N, = [o; Bi y,-]T eR? comprises the fixed tilted angles
o; and f3;, and ¥, = (i —1)7/3 that is related to the geometry of the FAH (Fig. 1). Ry maps a vector described in Oy to O; and
it depends on the attitude of the vehicle defined by the Euler angles 1 =[¢ 6 w]" € R>.

B. Rotational dynamics

The rotational motion is described in the body frame by Eq. (2). The angular velocity vector Q = [p ¢ r]T € R? is related to
the Euler rates 7 in the sense that:

1 0 —Sg
Q=Wpf ; Wy=1|0 Cy SypCo| R (5)
0 —Sy CyCo

The vector Tg € R? gathers the torques exerted by the propellers over the vehicle and it reads as:



6 . AT
to=[1p To Ty]" = ZTmi{Cani 00 (=0 + ©6)
i=1

¢(Rsx1100]") x (Ry, 1001]7) }

where ¢ > 0 denotes the arm length and { > 0 is a proportionality constant that relates the force T;,, to the corresponding free
moment such that 7,, = {T,,,. The sign of the free moment is determined by the sense of rotation of the propellers (Fig. 1): the
purple blades rotate anticlockwise (positive) and the yellow propellers rotate clockwise (negative).

C. Under-Actuated Hexarotor (UAH) model

Two different hexarotors are included in the study: (i) a FAH (Fig. 1), and (ii) an Under-Actuated Hexarotor (UAH). The
UAH dynamics can be derived from Egs. (1) and (2) while considering o; = §; = 0° [20], [21]. For the UAH, ¢ and 6 are
used to drive the system in the space, thus:

04 = atan Gy — BCy %)
\/TZZ + (TCy+1,8y)°
6, = atan ((7.Cy + 7,Sy) /1) ®)

D. Unit quaternion representation

To avoid any possible singularity, the unit quaternion representation [22], [23], [24] is adopted instead. Consider the orthogonal
right-handed coordinate frames O, and Oy, the rotation of Op w.r.t. Oy can be parameterized in terms of a rotation ¥ € R about
a fixed axis e, € S> C R? by the mapping % : R x S* — SO(3) as:

U(D,e,) =3+ Sple) ]+ (1 —Cy)le]? ©))

such that I33 € R3* stands for the identity matrix and [e] represents the well known skew-symmetric matrix of e,. Hence, a
unit quaternion, q € S? C R4, is defined as

q=[Cyp Sﬂ/zeVT]T = [q0 q:]T (10)

where go € R and q, = [q1 ¢2 qg]T € R3 are known as the scalar and vector parts of the quaternion, respectively. The rotation
matrix in Eq. (4) can be rewritten in terms of q as:

Rq = x3+2 (qola; ] + [a; ) (11)
Notice that q and —q represent the same physical attitude, i.e. Rq = R—q. The latter equally serves to compute 1) from q and
vice-versa. Finally, the quaternion propagation rule establishes the relation between ¢ and Q:

. [qo] _ 1 -q 1
a |:qv] 2 [13x3%+ [qVXJ 21 "

which permits to describe the navigation strategy as follows.

III. OpPTIiC FLOW-BASED NAVIGATION STRATEGY

This section provides a full description of the corridor navigation strategy depicted in Fig. 2. In the case of the FAH, the 4

OF sensors are rigidly attached to the body. In the case of the UAH, the 4 OF sensors are considered perfectly stabilized by
means of a bulky gimbal system, for instance. The strategy proposal is inspired by a vision-based autopilot of a virtual bee that
travels along a tunnel [25].
According to [25], it has been shown that the hymenopterans and the blowflies stabilize their gaze by compensating for any
rotation. Therefore, it is assumed that the vehicle attitude is firstly stabilized at ¢, =[1 0 0 O}T such that no rotational motion is
experienced by the vehicle, thus stabilizing the OF sensors such that both vehicles (FAH and UAH) receive a purely translational
OF defined as:

w;=x/d; with je{rl,ud} (13)

where i is the forward speed if q =~ q,, and d; denotes the distance to the corresponding surface (see Fig. 1). Due to the
non-linear dynamics and the non-linearities related to the OF, a sliding mode technique was applied as follows.
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Figure 2. Control diagram including the triple OF regulation for FAH and UAH (faded elements are necessary for UAH).

A. Attitude stabilization

Consider the general case in which an hexarotor is meant to hold a given constant attitude described by the quaternion
q = [qod q, d} The quaternion error and its derivative are:

—1 q; 1T
9.=4q; ®q= |:E‘T] } a= [0, ay,] (14)
d
A SR O T
.= 59 ®q2[3(r]d EqQ = [qo, y,] (15)

where qgl = [qo ; q’ d] " stands as the conjugate of q; and ® denotes the quaternion multiplication. To achieve q;, AI-SMCs
[24], [26] were implemented. In this vein, the sliding surfaces read as:

T .

6n=1[0y 0o Oy] =Tndw +Anq.+E, (16)
with Yy = diag (g, Vg, Vy) ,Aq = diag (A¢,49,Ay) € R¥*? diagonal matrices containing the control gains v,A > 0, and
€, = [ q,,dt. The control input Uy =uy, +uy, = [U¢ Uy UW]T € R3 shall mitigate the nominal dynamics by means of the
term uy,, i.e. G% 6y <0or

GTI :Yﬂqu+Aane+qu =0 (17)
which yields to
un, = 12§ [54@+ 220, Y, (Aqd, +a,)| + Q% (1€)

The external disturbances pg are mitigated by the influence of the term uy, which is defined as

with Ay = diag (8¢, 89,8y ) a matrix of adjustable control gains & >0 and £ > 0 being a small real constant. The dynamics
of Ay depends on Oy, such that:

Ag =Kp'Ug, (19)
with Ky = diag (K4, K, ky ) € R**® (k > 0) and Ag, = diag (|og|.108],|oy|) € R¥*3. According to [26], a Lyapunov candidate
function Vy € R may be:

1 1
Vg =300n+50 (An—An,)" Kn (8 —Aq,) I3 (20)

2

where I3 € R? is a vector of ones and |Ag,| > |pq| the unknown terminal value reached by Ay, such that Ag — Ay, as t — oo,
Let the derivative of Eq. (20) be:

. . T
Vg =006q+1 (Ag—Ag,)" Ao, 13 1)
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Figure 3. Comparison of the OF-based translational motion of the FAH and the UAH: A) 3D motion. B) Forward velocity. C) Position along y;. D) Position
along z;

It is evident that V > 0. Additionally, V5 < 0 since 0‘5 65 <0 by definition, Ay < Ap,, [Ag,| > \pn| and g, > 0. Thus,
asymptotic local stability is guaranteed. For a detailed analysis, refer to [24], [26] and the corresponding references therein.

B. Triple optic flow regulation

The translational control was divided into: a forward speed control loop and a positioning control loop. The forward speed
control loop regulates x in order to keep the maximum sum of the two diametrically opposed OFs constant and equal to the OF
reference @y > 0, such that the velocity error corresponds to é,, = max (@, + @y, @ + ®,) — @y. The positioning control loop
regulates the distance w.r.t. the walls and the ground or the roof such that max (@, @) — ®, and max (@,, ®;) — ®, where
@y, > 0 are the desired OFs. In this sense, the errors are defined as:

eo, J (max (@, + @y, 0 + ©,) — @,)dt
o, = |€ay | = max (@, ®,) — @y (22)
o, max (@,, ) — 0,

According to [25], @, =4.57 rad/s and ®,; = 2.4 rad/s correspond to what has been registered during experiments on freely
flying bees. Thus, these values were used as reference in the simulations. For instance, the sliding surfaces are:

C: = [or oy O'Z]T =Yeéw, +Ageo, + Eu, (23)

with Yg = diag (Uy, Uy, V), Ag = diag (A, Ay, A;) € R3*3 diagonal matrices containing the control gains v,A > 0, and Eop =
Jewgdt.

Since ®; > 0, an additional step must be considered to define the actual control input Ug = U, Uy UZ]T € R3. In this sense, let
the auxiliary control input ug = [, uy u;]" € R® be:

ug = —YE] (Aééwg +e“’.§) —Aétanh (65/‘@5) (24)

such that @ >0 is a small real constant and Ag = diag (6, 6y,6;) € R3*3 is an adjustable control gain matrix whose dynamics
is defined as:

Ag = Kglmoé (25)



T T T T
5L 28 Art-) FIH X A 3 K Ad 29 24Dt AN ey
) )7 "00“"’0‘t’t‘0‘0’0't‘0‘ 6::0¢¢0:0¢¢t06t0n¢¢¢%&tuuﬂ¢§ 3k *}“‘Q T - ke ol
L)
Al Q‘% 00000000 0000000000000000000000044 *'“9000,”?*( m At Vad ;} 41*' '&1 J’A'“
44 44404
= 3l “ oL RORR] 00'00"""90 600000 0¢::::: ooxo' ‘e
E : Wy + wa Wy + wy . wy w,
£ ol FAH, (1.2:1)| [#FAH, (1.2: 1)} FAH, (1.2:1)| [#FAH, (12:1)
- 4 o FAH, (1:1) | |+ FAH, (1:1) L ’ S FAH, (1:1) | | FAH, (1:1) [
3 1+ * A UAH, (1.1:1)| |AUAH, (L1:1)H £ b AUAH, (1.1:1)] [AUAH, (1.1:1),
* \ \ \ ¢ UAH, (1:1.1)| |+ UAH, (1:1.1) \ \ \ ¢ UAH, (1:1.1)| |+ UAH, (1:1.1),
3 0
e 1 2 3 4 5 1 2 3 4 5
+ z [m] , z [m]
= 550 I T A 3 £ 9g¥= L2 Kt |
% 5.5 7] AT st Jar e W i "‘K’)'""""*{vNWW“‘**"\‘*\'W Aﬂ*“*w}&"*‘(
ER o b el ek % o e S Wi S L A e ot ksl O ol ’)***{awk“m‘”*)wvhw&"“&’ IR A (it
00000 0000000000000000p0000bees®000, 000 t0400000pss0e0ds Coopaesr? “""‘Nuo..ow‘"“""nnuu.,.""""“NH.
""Q 404000 4000
SIS0 404000 0000000000000000000040000000900,44047 ' . 21-Nun‘" "Mwo"n"‘ ’un *0esy XA Nu".

Z

6 10 14 18 22 26 30 34 B 6 10 14 18 22 2(5 3() 34
z [m] z [m]
T -

’ ] .
s ; , 12
: o0 ' i i H =5
3r A AP 4 < 0 e o a1 Jorey Vet s Mt &
WX s L wwvw),** o, e ) W‘-ﬂ i —\‘M{ {o £
(AR lO‘ ‘\””q;”#((-?«' ’”’ QQQV”””A o -15 i‘ ‘\,’5* > P ‘,;\,‘l 2l -
ol X TS et arerreererererttssissssrreone 30 ; Y d 1o
Wy Wi
2] ¥ FAH, (12:1)| [AFAH, (12:1) ol T
< 1F ¢FAH, (1:1) | [¢FAH, (1:1) H i N — ™ o
£ X % UAH, (L1:1)| |#UAH, (L1:1)|| @14} § = e e k! A W s svel N
= ¢ UAH, (1:1.1) [¢ UAH. (1:1.)]| 3. k‘ * AL, % 10 2,
3 0 L L L £ ' B
3 1 2 3 4 5 4-1
3 o [m] ’ 0 T %2 [FAH, +-FAIL # UAIL, +-UARH]
% 4 T : T . .
& T T T .
g 294 - 6
. DA kww“wtvﬂﬂvﬂmv.*)‘Awhw E o . o ———e
“'07‘009'0009000000000"000000600000000,000"099,,“00000t00000t07 . x>
S
21l XX uootowuuuuu“nuuuww .ou‘u., N .wnuunno“
. .

C 1() 14 18 22 26 3'() 54 D 2 3 4 55 10 15 20 25 30 35
2 [m] 2 [m] z [m]

Figure 4. Comparison of the OF regulations and the attitude of the FAH and the UAH: A) Maximum sum of the two diametrically opposed OFs. B) Maximum
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with K = diag (k, Ky, k) € R3*3 (such that ¥ > 0) and A, = diag (|oy|,
performed as in the previous case.
Finally, according to the largest of the OFs, Ug is written as:

,|0z]) € R¥*3. The stability analysis can be

U, = mu,
U, U. — muy, @ > O
Ug= Uy| with 777 \—mu, else (26)
U, 17— mu,+g) @,> 0y
‘ —m(u; — g) else

To compute the force T, that each motor must exert, o; and f3; shall be firstly set. Afterwards, it is sufficient to relate Eqs. (3)
and (6) to Eq. (26) and Uy, respectively, such that T = Ug and Tg = Uy, to provide a system of equations that can be solved
for T, [16], [17], [18].

IV. RESULTS

To validate the navigation strategy, the hexarotors (FAH and UAH) introduced in Section II were considered in simulations.
The geometrical parameters and properties of the hexarotors, alongside the control gains, are presented in Table 1.
Both hexarotors were meant to navigate a straight corridor with irregular surfaces and small time-varying external disturbances. It
was supposed that the vehicles entered the corridor with an initial velocity Xy = 0.2 [m/s] and that the navigation strategy started to
take place at xo = 1 [m]. The initial attitude was set at 1 ~ 5.7296 [—1 1 1]7 [deg] or g, ~ [0.9961 —0.0523 0.0474 0.0523)"
Regarding the initial position on the plane y; — z;, two different points were randomly chosen: (x) (yo,,zo,) = (0.7,0.3) [m]
and () (yo,,z0,) = (0.2,0.75) [m] ( * and ¢ are used as sub-indices and markers to refer to these positions).
From Fig. 3, which shows the translational behavior of the hexarotors, one can observe that the narrower the corridor, the
slower the vehicle travels, as in [25]. Yet, at the initial stage, the positioning of the vehicles differed from the expectations
since the hexarotors were supposed to approach to the closest surfaces and follow them. The latter may occur due to the initial
overshoot which causes them to go beyond the proper position such that the initial furthest surface becomes the closest at this
point, phenomena that may occurs several times during the transient. Nevertheless, during the steady-state phase, the hexarotors
followed correctly the corresponding surfaces, which was reinforced by the successfully regulation of the OFs as depicted in
Fig. 4.
The slight difference between the transient response of the FAH and that of the UAH can be attributed to the UAH under-actuation.
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Figure 5. Comparison of the forces of the FAH and the UAH: A) Rotors 1, 2 and 3. B) Rotors 4, 5 and 6.

The UAH translational dynamics may be slower in comparison with that of the FAH since, in the case of the UAH, the
rotational dynamics must be faster than that of translation. The altitude and forward velocity controls may be equally impacting
due to couplings related to the overall dynamics and the OFs. A proper selection of the control gains could solve these issues.
According to Fig. 4, it is possible for the FAH to converge to the desired attitude q, which ensures the correct orientation of
the OF sensors. The attitude of the UAH may experience an aggressive response in the transient phase which suggests that the
usage of sensors stabilizers is necessary in order to ensure a correct OF sensing to overcome this initial stage. In steady state,
the UAH and the FAH can be considered to act in a quasi-hover state.

The navigation task is a direct result of a proper forces exertion (see Fig. 5). In this sense, it may be obvious that the FAH
tends to consume more energy in comparison with the UAH due to the tilted rotors configuration yet, one shall consider the
additional mass of the gimbal system which may be treated as a greater disturbance implying that more energy is consumed.
Nonetheless, Figs. 3 and 4 suggest that this power consumption issue is compensated by an accuracy gain. One should be able
to find the perfect balance between power consumption and accuracy/reliability according to the requirements of the operation.
However, the simulation results suggest that the strategy can be performed by both hexarotors.

V. CONCLUSION

In this paper, a corridor honeybee-inspired navigation strategy based on OF has been adapted to one of the most common
UAVs structure. The results provided by numerical simulations have shown that the implementation of AI-SMCs permits the
vehicles to navigate through a straight corridor while reacting actively to the irregularities of the surfaces, similar to what has
been observed on bees.

Future works will include the rotational optic flow perturbation while rotating and an accurate tuning of the controllers’ gains

Table T
SIMULATION PARAMETERS

Hexarotor platform
Property/ FAH UAH
Parameter
m [kg] 0.05
I, Iy, I, [kg mm?] 140, 197, 250
£ [m] 0.04
¢ [m] 0.3
o; [deg] (=125 | 0
Bi [deg] 0
T,; (T,y; upper bound) [N] 0.015
g [m/s?] 9.81
Control gains
Gains FAH | UAH
Uy, Ay, Oy, Ki 1.1, 2, 0.15, 1000
Uy, Ay, Oy, Ky 0.5, 0.45, 0.05, 1000
v, A, Oy, K 0.5, 0.25, 2, 1000
Vg, },¢, 5%, Kp 0.002, 0.075,
Vg, Ag, Oy, Ko 0.01, 2, 0.01, 1000
Y 1, 1 0.0005, 0.175,
Vo e e BV 0.01, 1000
P, n 0.1, 0.01




for the vehicle. Different control approaches will be equally considered and other bio-inspired techniques, related but not limited
to data fusion and odometry, may be implemented in order to improve the reliability of the vehicle in operation. Upcoming
work comprehends real experimentation in complex scenarios to validate the concept.
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