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Bounded control of a flapping wing micro drone in three dimensions
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Abstract—This paper presents a bounded control of a
flapping Micro Aerial Vehicle (MAV) in three dimensions.
First, a simplified model of the flapping MAV is presented
aiming to test the control law. The averaging theory shows
that for high frequency systems, only the mean aerodynamic
forces and torques over a period affect the movement of the
body. Therefore, a bounded nonlinear state feedback control,
calculated using the averaged model, is applied to the time
varying system in order to stabilize it at a desired position
in hovering mode. The robustness of the control is tested
with respect to the aerodynamic coefficient and to external
disturbances.

I. INTRODUCTION

The flapping flight has been a large domain of exploration
in the last few years, aiming to understand and mimic the
ingenious strategies developed by animals during the navi-
gation in three dimensions. The big interest in insect flight is
driven by the advantages that it presents relative to the rotary
and fixed airfoils. For example, flapping MAVs should have
a greater maneuverability, develop more lift, produce less
noise and get benefit from their small size and biomimetic
behavior. The major disadvantages of flapping airfoils are,
on one hand, the difficulty to conceive the mechanisms
developed by insects during complex maneuvers [1], and on
the other hand, the necessity of using low computational
embedded systems, tiny sensors and actuators to ensure
the free autonomous flight. The progress in microelectronic
technologies, materials and communication tools, in addition
to the researches held all over the world is helping the
development of such airfoils. MAVs have several applications
like surveillance, seismic and high voltage lines monitoring,
intervening in dangerous environments, searching and rescu-
ing, spying, investigating or just gaming.

The present work lies within the scope of the OVMI
project, which aims to design and develop a flapping wings
micro robot (see Fig. 1) capable of autonomous flight, by
taking into account fluid mechanics and energetic aspects.

The goal of the present paper is to develop control
laws able to ensure the flight in 3D space, i.e. the at-
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titude stabilization and the linear displacements. Few of
previous works have treated this problem. State feedback
controllers are proposed, one acting directly on the po-
sition [2] and the other, bounded, acting on the vertical
force and torques, is based on poles placement using the
linearized dynamics of the system [3]. In [4], a Linear
Quadratic Gaussian (LQG) optimal state feedback controller
is determined. Couplings between the pitch and the for-
ward movements on one hand, the roll and the lateral
movements on the other hand are considered [2], [3].

In the present work,
bounded state feedback
nonlinear control laws of the
flapping body’s position and
orientation are proposed.
In fact, the linear control
laws used in previous works
are not sufficiently robust
with respect to external
disturbances like a drop of
rain, wind, etc. Moreover,
the proposed control is
bounded in order to respect

Fig. 1: Centimetric scale
prototype of the “OVMI”

the maximum limit of ;
the actuators driving the P ect
flapping wings. Besides,

the attitude is determined

by the quaternion [5], which presents more simplicity in
computation and prevents numerical singularities induced
by Euler angles.

The paper is organized as follows. Section II presents a
simplified model of the flapping MAV with limited wings
kinematics. In section III, bounded non linear control laws
of the MAV’s orientation and position are proposed, and the
global stability is proven based on averaging and systems
cascade theories. These control laws are validated by some
simulations and robustness tests in section I'V. Finally, sec-
tion V presents conclusions and introduces future works.

II. INSECT FLIGHT MODELING

A simplified model of a flapping MAV with limited wings
kinematics is proposed in this work in order to validate the
control strategy. Translational and rotational motions of the
body are computed based on the body’s dynamic equations
and the aerodynamic theory.

A. Wings movement parametrization

A wing is considered as a rigid body associated to a frame
R (7, t, 7,1, $,0) (see Fig. 2). The axis 7 is oriented
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Fig. 2: Frames and wings angles

from the wing base to its tip, the axis T s parallel to the
wing chord, oriented from trailing to leading edge and the
axis 7 is perpendicular to the wing plane oriented so that the
three-sided frame (7, ¢, 7) is direct. The angles (1, ¢, 0)
are used to specify the position of the wing through three
rotations about the wings Euler axes (7, ?, ) respectively.
The flapping angle, ¢, defines an up and down movement of
the wing. The rotation angle, ¢, defines a rotation of the wing
about its main axis. The deviation angle, €, defines a forward
and backward movement of the wing parallel to the MAV’s
body. Angles ¢ and 1) are assumed to vary according to
saw tooth and pulse functions respectively, so that the wing
changes its orientation at the end of each half stroke (see
Fig. 3). In order to use actuators for 2 DOF only, the wings
are supposed to beat in the mean stroke plane, therefore angle
0 is taken to zero. Note that the reduction of the vehicle’s
size induces a reduction of its electronic and mechanical
components. For instance, the smallest MAV prototype is
driven by one actuated degree of freedom per wing [6].
The temporal variation of the wings trajectory is given by

do(1— 2%) 0<t<kT
o(t) = { ¢0(2(§:§T —1) KT <t<T |
P(t) = osign(kT —1t) 0<t<T M
ot) = 0 0<t<T

where sign designates the classical sign function, 7" is the
wingbeat period, & is the ratio of downstroke duration to the
wingbeat period, ¢y and 1)y are respectively the amplitudes
of flapping and rotation angles. The last two parameters
considered for both left and right wings, will be taken as
control variables, as explained in the following.
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Fig. 3: Wings angles configuration over two wingbeat pe-
riods: flapping angle ¢ (dashed line) and rotation angle v
(continuous line)

B. Body’s dynamics

The equations of motion of a rigid body subject to external
forces and torques are given by

Pl = v/ 2)
V= R - - 3)
C]p _ 1 _?T m
) - ilata)e
Wwm o= TN — W™ A Jpw™) 6)

Pf € R3 and V/ € R3 are respectively the linear position
and velocity of the body’s center of gravity relative to the
fixed frame RY. w™ is the angular velocity with respect to the
mobile frame R™ attached to the insect’s body on its center
of gravity. c is the viscous damping coefficient and g the
gravity vector. f™ € R3 and 7™ € R? are respectively the
aerodynamic force and torque. J,,, € R3*3 is the inertia ma-
trix of the body relative to R™ and I3 is the identity matrix.
q is the quaternion defining the attitude of the body relative
to R/ [5], ¢ = [cos % (€ sin¥)]T = [g0 ¢7]" consisting
of a rotation of angle v about the Euler axis €. gy € R is
the scalar part and ¢’ = [q1 g2 ¢3]7 € R3 the vector part of
the quaternion. ¢ € H where H= {q | @2+ ¢7¢ = 1
is the Hamilton space. R(q) € SO(3) = {R(q) € R3*3:
RT(q)R(q) = I, detR(q) = 1} is the rotation ma-
trix from the fixed frame RS to the mobile frame R™,
Rlq) = (@@ — T7q) s+ 2(¢¢7 — qog"). G is the
skew symmetric tensor associated to ¢ .

The delayed stall is considered as the unique aerodynamic
force applied on the wing’s aerodynamic center, which
coincides with its center of mass in practical cases. The force
is perpendicular to the wing and has the opposite direction
of the wing’s velocity. The module of the force is considered
proportional to the square of the wing’s velocity relative to
R™. This assumption has to be checked on the prototype
under construction. The module f* of the force is given by

1
f’l,U — _ §pow Sw/U’lU ‘/U’U) ‘ (6)

p is the air density, S,, is the wing’s surface, v is the
wing’s velocity, C,, is a coefficient of the aerodynamic force
applied on a wing. C,, = C(1 + Cy) during downstroke
and C,, = C(1 — Cf) during upstroke, where C' ~ 3.5
is the delayed stall force coefficient derived empirically in
[71, [8] and C'y is a damping coefficient chosen so that the
aerodynamic force is 20% greater during downstroke than
during upstroke. This dissymmetry between the two half-
strokes can be justified based on [1]. During downstroke,
the dorsal side of the wing is opposite to the air flow. The
supination opposes the ventral side of the wing to the flow.
Consequently, the effective area of the wing is reduced and
the orientation of air circulation about the wing reverses,
leading to a wing camber alteration. Therefore, downstroke
lift is likely to be higher than that of upstroke, so that the
averaged force over a single wingbeat period should at least
balance the body’s weight.
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The aerodynamic force relative to R™ is the sum of the
forces developed by the left and right wings

=0 A @)

The aerodynamic force has two components, the thrust that
ensures a forward movement of the MAYV, and the lift that
ensures a vertical movement.

The aerodynamic torque relative to R™ is defined as the
vectorial product of the force f™ and the wing’s aerody-
namic center’s position p™ (p™ is the projection in R of
the position p* = [L 0 0] relative to R™). Angular viscous
torques are negligible with respect to aerodynamic torques.

() = Pt () A ST (@) +p () A ST () ®)

The wing’s velocity is the center of mass position’s derivative
v"™ = p™, v¥ is the projection of v in RY [9].

Note that this simplified model is developed only to test the
control strategy.

C. Averaged model - Control constraints

The averaging theory has been largely studied in [10],
[11], [12] for high frequency systems. Flapping bodies are an
application of it [13]. The aerodynamic forces and torques,
generated by the high frequency beating wings, affect the
body’s dynamics only by their averaged values over a wing-
beat period, since the wingbeat frequency is much higher
than the bandwidth of the body’s dynamics. Moreover, a
stabilizing control law calculated using the averaged model
will stabilize the oscillating model too for sufficiently high
flapping frequency. Therefore, the averaged dynamics of the
time varying model (1-8) were calculated [9]

(Fas Fos T T2) = M(hy, 85,05, 15 9)

The control of the flapping MAV’s position and orientation
is ensured by the aerodynamic force and torque applied to
the body over a wingbeat period.

The attitude stabilization of the MAV is ensured by the roll,
pitch and yaw control torques (7, Ty, 7). The MAV is
supposed to move forward due to a thrust control force f,,
vertically due to a lift control force f, (f, and f, are
expressed in R™), sideway due to a coupling between the
roll and the vertical movements. The thrust and lift forces as
well as the roll and yaw torques are generated by the flapping
wings (9), whereas the pitch control torque 7, is supposed
to be generated by a small mass moving inside the insect
body, and changing its center of gravity. Considering

0 < ¢ < ¢o

Yo < Yo < o

for left and right wings, system (9) defines a convex set 2 in
the mean control variables (f,,, f,, Tz, 7») (see Fig. 4a and
4b, Q2 -, and Q¢  are the projection of €2 on the planes
(T.,7-) and (f,, f,) respectively). Therefore, anywhere in
the set (), there exists a wing configuration (gbf), 6> 1/)6,
%) producing the mean desired forces and torques (f,, f.,
Ty, T). Considering the mean behavior over a wingbeat
period of system (2-5), the MAV is approximated by a rigid

(10)

body subject to external forces and torques. Therefore, the
averaged state of the time varying model 7 is equivalent to
a rigid body state x"°.

In this work, state feedback control laws, stabilizing the rigid
body’s position and orientation, will be proposed.

(far [ Tos =) = U("™) = U(T) (11)
By inverting (9), (11) can be written
(60, 05, 0, ¥6) = A (U(@)) (12)

This control law should respect the saturation set €, ensuring
that the amplitudes of the wings’ angles (@), o5, v, ¥5)
remain within the saturation bounds (10).

III. INSECT FLIGHT CONTROL

Different control laws existing in the literature can be used
for flapping bodies. However, they present some disadvan-
tages. For example, linear control laws are not sufficiently
robust with respect to external disturbances. Thereby, nonlin-
ear control should be used. Two techniques are widely used:
the input output linearization and the backstepping control.
While the first one brings the problem back to the linear
case, the latter requires a knowledge of the system’s inertial
parameters which are difficult to identify.

In this section, a nonlinear bounded control strategy, that
stabilizes system (2-5) and guarantees the wings angles
limits, is proposed. It can be applied on a finer model
of the flapping body; only the relation between the mean
aerodynamic forces and torques over a wingbeat period and
the wings angles amplitudes (9) is needed. The control is
independent of the inertia matrix, robust with respect to
system’s parameters uncertainties, aerodynamic coefficient,
etc.

The attitude stabilization is ensured by applying control
torques for subsystem (4-5), taking the roll, pitch and yaw
angles called (71, 12, n3) to 0. The control of the position
in Rf (2-3) is ensured by the control thrust and lift. The
lateral movement will be created by tilting the aircraft along
the roll axis. Therefore, (2-5) can be considered as cascade
of systems, it is of the form [14]

f(z,y)

=
y =g (ya u)
which means that the translational dynamics depend on the

rotational ones, but the rotational dynamics are independent
of the translational ones.

13)

A. Attitude control

The control law applied in this paragraph is supposed to
drive the body to a desired orientation ¢4, while the angular
velocity should vanishes: ¢ — ¢4, w™ — 0 ast — oc.
The error between the current and desired orientations

of the body is quantified by the quaternion error:
e = q® qgl, where ¢~! is the quaternion conjugate given
by ¢! = [q0 — ¢7]7, ® is the quaternion product defined

— — —
byq® Q= [(90Qo— 7Q) (90Q+ Qud+ ¢AQ)],
and A denotes the vectorial product.
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The proposed attitude stabilizing control torque is a bounded
state feedback based in its formulation on the model of a
rigid body [15] (equivalent to the averaged model of the flap-
ping body) and applied to the time variant model (flapping
MAYV). This control law is extremely simple and therefore
suitable for an embedded implementation. Moreover, the
control law is robust with respect to aerodynamic coefficient
and does not require the knowledge of the body’s inertia. Let
T = [T, Ty T-]7 be the roll, pitch and yaw control torques.

Ti= _aio'M2,i(/\i[Pyiwi + Sign(qeo)aﬂfl,i(qeiﬂ) (14)
where ¢ € {1,2,3}, sign(qo) takes into account the pos-
sibility of 2 rotations to drive the body to its equilibrium
orientation; the one of smaller angle is chosen. w; and
q; are the averaged angular velocities and quaternion over
a single wingbeat period (averaged state of the rotational
subsystem T, = {w;,q;}, i = 1,2, 3) representing the time
varying angular velocities and quaternion of a rigid body.
o, A;, 7; are positive parameters. Differently from [15],
v; has been added in order to slow down the convergence
of the torque relative to the angular velocity. Moreover, the
general case represented by the quaternion error (instead
of the current quaternion) is considered. oy, ; and oy, ,
are saturation functions with M;; and M, the saturation
bounds: My,; > 1, My; > X2M;; +¢;) and ¢; > 1.
The M ;’s are chosen in order to respect input saturations:
wings Euler angles and body’s length. Based on (9,10),
the maximum flapping and rotation amplitudes, ¢, and v,
define a set (2, . of admissible torques (see Fig. 4a). The
saturation bounds M5 ; and M5 3 are adjusted in (14) so that
T, and 7, remain in the limits of €2, - , which guarantees
not to exceed the maximum angles. M» o should respect the
saturation induced by the length of the body, since the pitch
torque is generated by a small mass moving inside it.

The asymptotic stability of the closed loop system has
been shown in [15] for rigid bodies using the following
Lyapunov function (the added parameter ~; and the use of
the quaternion error do not change the proof)

1 .7 ” ) 3T —sp
V= g™ e + (1= q2)* + 70 7)) (5)
Therefore, w — 0 and ¢ — ¢, (based on the rigid body
case). By means of the averaging theory, ||w — @|| < kT

and ||g —q|| < k2T for k12 > 0 and T the wingbeat period.

B. Position control

The subsystem (2-3) can be considered as a chain of
integrators by neglecting the drag force represented by the
term ¢V 7, therefore considering the system at low speeds. It
is considered as a disturbance term in simulations. Supposing
that, after a sufficiently long time, the subsystem (4-5) is
stabilized over the pitch and yaw axis (72 = 0, n3 = 0),
then the normalized translational subsystem described by

equations (2-3) can be written (Pf = [P, P, P,)T)

P = D2
. 16
{ P2 = Vg (16)
P3 = D4
Pe = —vn sin(ny) (17
b5 = Do
ps = wvpcos(m)—1
b= (p17p27p37p45p5;p6) = (F:L7Va:7ﬁyavyaﬁzavz) is
the averaged state of the translational subsystem, T; = p,
Vp = %, vy = /s 71 the roll angle and 1 is the

.mg . mg’
normalized gravity.

As in paragraph III-A, a bounded state feedback control law,
calculated using the averaged model over a wingbeat period
(equivalent to a rigid body model), is tested on the time
variant model. The proposed controller is extremely low cost
for an embedded implementation. Moreover, it is robust to
measurement delays and to system model uncertainty [16].
1) Stabilization of the forward movement: System (16)
define a double integrator, and can be stabilized using the
control developed in [16]. v, can then be chosen as

Vg
Vyp =

= 18
o (18)

(—e20(p2) — 20 (exp1 + p2))
where ¢, is a positive parameter lower than 1 and o(.) is a
twice differentiable function bounded between £1 parame-
terized by 0 < p < 1 [17]

-1 s<—=1—-p
e152 4 €95 + €3 se€[-1—p,—1+p|

o) =3 ¢ s€[-1+pltpy (19
—e18% +egs—e3 s €|l —p, 1+ 4]
1 s>14+u
. -
w1thelz4iw 62:%_0_%7 63:%;&1.

v, should respect the saturation bound represented by the set
Q. 1. (see Fig. 4b) in order to guarantee admissible flapping
and rotation angles. The asymptotic stability of (p1,p2) is
then ensured (cf. proof [16]).

2) Stabilization of the lateral and vertical movements:
System (17) associates the lateral movement of the MAV to a
roll movement, inspired from the works on PVTOLs (Planar
Taking Off and Landing) aircrafts [17]. 77 is considered as
an intermediate input for system (17) and should respect a
desired angle 7 :

—u,
m, = arctan(vz _’_"1) (20)
vy and v, will be determined later on.
The vertical normalized lift v, is given by
vp = /v + (v +1)? (1)

An appropriate control torque as defined in (14) will drive
the roll angle 7; to the desired value 7;, defined by the
corresponding quaternion ¢4, hence system (17) will be
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transformed into the form of two independent second order
integrators [17].

D3 = D4 Ps = De

P = vy Pe = U
Therefore, the stability of the lateral and vertical movements
can be ensured following [16]:

(22)

v

_ Yy 2

Yy T €y + €2 (—eyo(ps) —y0(eyps +pa)) (23)

v = —2 (—e.0(ps) — e20(c2p5 +p6))  (24)
e, +¢e2 z

0 <ey,e, <1, and o(.) is defined as in (19). T, and T, are
chosen such that:

Ty =\/Ts + (V. 4+ 1)?

and vy, should respect the saturation bounds represented by
the set ¢ ¢ (see Fig. 4b). The asymptotic stability of
(ps, pa, D5, D6) is then ensured [16], [17].

3) Stability of the translational movement of the time
varying system: Applying the proposed control law, P o
and V' — 0 (based on the demonstration for rigid bodies).

(25)

By means of the averaging theory, ||Pf — PfH < k3T and
v+ — Vf|| < k4T for ks 4 > 0 and T the wingbeat period.

IV. SIMULATIONS

The numerical values, used in the simulations of the model
proposed in this work, correspond to the Hymenoptera insect
[18]. The wingbeat frequency is 100 Hz and the body mass
500 mg. The wing surface (S, ~ 1.5cm?) is computed so
that a vertical ascendant movement can be achieved with a
flapping angle remaining lower than ¢, = 50° (maximum
flapping amplitude for Hymenoptera). The rotation angle
amplitude is taken to its maximum value 1), = 90 °.

Based on these numerical values, the saturation sets 0 ..

and €)f_ . can be determined explicitly (10).
Q. -, has been approximated to the largest ellipse E, that
fits inside 2., - (see Fig. 4a) for calculus simplification
reasons. Therefore, the control torques 7, and 7, should
respect an ellipsoidal saturation defined by

yI'Py=1 (26)

where y = (7, 7.)T and P is a diagonal definite positive
matrix representing the ellipse’s semi-axes. Practically, if
Ty 2 a1Ms 1, T, could be saturated to ay My 1 and 7, = 0.
To avoid a null yaw control torque in this case, 70% of
a1 Mz will be attributed to 7., 7T, will be calculated by
equation (26) defining a set €2,. (see Fig. 4a). This choice is
justified by the necessity to bring the MAV to its flat position
(horizontal plane) first.

The admissible set of thrust and lift forces {2, ¢, is drawn
on Fig. 4b. Since v} will be decomposed in mgv, and
mgu ., rectangular saturation is chosen inside €2¢_ ¢, in order
to simplify the calculation of the bounds at each iteration.
Saturation bounds are calculated so that more power is given
to the lateral movement since it is associated to the roll

f=(N)

o

AN

(b) Translational saturation set

(a) Rotational saturation set

Fig. 4: Yaw torque versus roll torque (left), defining the
saturation set (), approximated to an ellipse E, then to a
set ),.. Lift versus thrust (right), defining the saturation set
Qg r. approximated to the set ;.

movement: the MAV can be brought to the horizontal plane
rapidly. The final set is then given by €, (see Fig. 4b).

The convergence of the control laws is tested in simu-
lation. The MAV is taken to the equilibrium from an initial
position (2, —1, —3)('m) and orientation (—25, 45, 30) °. The
robustness of the control law is tested with respect to
external disturbances (forces of (1072,0,10~2) and torques
of (1074,1074,107%) in R™) applied at ¢t = 25s. Control
torques and forces act synergetically to overcome the distur-
bances and ensure the MAV’s stability. The roll, pitch and
yaw angles, angular velocities, control torques and position,
linear velocities, thrust and lift control forces are plotted
on Fig. 5, 6, 7 and 8. The robustness of the control has
been successfully tested with respect to a bad estimation of
35 % of the aerodynamic coefficient C,, which is difficult to
identify.
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Fig. 5: The convergence of the roll, pitch and yaw angles
from initial orientation (—25,45,30)° (left) and the corre-
sponding angular velocities (right) in presence of external
disturbances applied at ¢ = 25 s during 5 wingbeats. Angles
and angular velocities zoomed to the first s (bottom).
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Fig. 6: The roll, pitch and yaw control torques in presence of
external disturbances applied at t = 25 s during 5 wingbeats
(left) zoomed to the first s (right).
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Fig. 7: The roll, pitch and yaw angles (left) and control
torques (right) zoomed in presence of the disturbance.
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Fig. 8: The displacement of the MAV along the 3 axes in R/
from initial position (2, —1, —3) (left) and the corresponding
linear velocities (right) in presence of external disturbances
applied at ¢ = 25 s during 5 wingbeats. Thrust and lift control
(in R™) (bottom left) zoomed to the first 5 s (bottom right).

V. CONCLUSIONS AND FUTURE WORKS

The present paper has presented a control law to stabilize
the flapping flight in a hovering position. The proposed
control is based on the theory of cascade, aiming to stabilize
the attitude of the MAV then to drive the body to a desired
position based on the rotational stabilization. Bounded state
feedback control torques and forces were applied. The pro-
posed control laws are low cost in terms of computation,
therefore suitable for an embedded implementation. The
control law was tested with respect to aerodynamic errors and
to external disturbances. The control law will be tested on a
finer model, specifically the simulator “OSCAB” developed
by the ONERA, France. Then, it will be tested on the
prototype under construction.
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