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Abstract

Flapping wing Micro Aerial Vehicles (FMAVs) have recently emerged as a
promising challenge lying on the progress of the avionics technologies. The
present paper deals with the development of simple control laws for an em-
bedded implementation on a biomimetic MAV, aiming to control its attitude
and position. The control laws are bounded, taking into consideration the
amplitude bounds of the control angles characterizing the flapping wings
movement. In order to validate the control laws, a simplified model hav-
ing a simple wing kinematic parametrization and considering only the main
aerodynamic forces and torques is proposed. The stability of the controller
is shown in simulations using a diptera insect model. The robustness of the
proposed controller is emphasized through different robustness tests. They
concern mainly external disturbances, model and aerodynamic parameters
errors, and aim to validate the considered simplifications in the model.
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1. Introduction

Since many decades, the flapping flight mechanisms have been an inves-
tigation field for biologists and aerodynamicists. Their research has come
to fruition; recent results, even if relatively immature, have attracted the
avionics, robotics and control communities allowing to build aerial vehicles
able to mimic the nature’s flight patterns.

Flapping wing Micro Aerial Vehicles (FMAVs) aim to combine the advan-
tages of the rotary and fixed airfoils [1]. They have a great maneuverability,
develop high lift, and theoretically consume low energy. Moreover, they pro-
duce soft noise and get benefit of their biomimetic shape and behavior to
execute discrete missions. The major disadvantages are still the difficulty
to identify the mechanisms developed by insects during complex maneuvers
2] and to reproduce these movements [3]. Moreover, the conventional aero-
dynamic theory, well known for fixed airfoils, fails for flapping airfoils due
to the low Reynolds numbers and the influence of the unsteady airflows on
the wings besides the high degrees of under actuation. Even if autonomous
flight is still far from being achieved, the progress in microelectronic tech-
nology (sensors, actuators, processors, batteries), materials (body and wings
membranes), communication tools, etc. is helping researchers to develop pro-
totypes capable of flapping flight. FMAVs may be used for numerous indoor
and outdoor civil applications (supervision of buildings and forests, inspec-
tion of high monuments, intervention in narrow and dangerous environments
for rescuing, games), military applications (espionage and investigation) or
even for the exploration of other planets.

The objective of this paper is to achieve the control of a FMAV’s position
and orientation, by controlling indirectly the amplitudes of its wing angles.
Note that, within a biological scope, the wing angle amplitudes are bounded.
Moreover, from a technical point of view, the actuators driving the wings
deliver a limited power. These constraints have motivated the development
of bounded force and torque control laws. The wing angle amplitudes are
deduced using the averaged model over a wingbeat period, then are applied
to the time varying system. This strategy is efficient for high-frequency
oscillating systems like flapping-wing MAVs: the aerodynamic forces and
torques, generated by the wings, affect the FMAV’s behavior only by their
mean values since the body’s dynamics are much slower than the flapping
wings ones. The control laws are then applied to a simple model of a FMAV,
representing a diptera insect of 200 mg capable of hovering flight. Different
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robustness tests are achieved to validate the considered simplifications and
to fill in the lack of experimentations on an autonomous and instrumented
prototype.

Attitude stabilization of flapping airfoils has been treated in the litera-
ture using the linearized dynamics of the system to compute a Proportional
Derivative controller [4], state feedback controllers [5, 6] that can be based
on poles placement [7] or based on a dynamic estimation of system’s states
[8] and a Linear Quadratic Gaussian (LQG) optimal control [7]. The control
in three dimensions has been treated in [9] using a state feedback controller
acting directly on the position. A bounded state feedback of the vertical
force and torques has been developed in [7], this control is computed using
the linearized dynamics of the system and is based on poles placement. A
LQG is also designed in [10]. A new strategy consists on passively regulating
the body’s torques using an adaptable mechanical structure of the wings [11].
All these controls act on the wing angle amplitudes and are based on the av-
eraged dynamics of the system. A first study has exploited the control of the
frequency and phase difference of wing angle [12] but the control of the FMAV
in the 3D space has not been achieved yet. One should note that all these
works are tested only by simulations. First prototypes of FMAVs, at micro
scale, are still not capable of autonomous flight [13, 14, 15, 16]. The stabiliza-
tion of the vertical movement has been achieved and tested experimentally in
[17], the FMAV is however attached by wires to avoid any rotational move-
ment. One should also note that in some of the aforementioned works, the
control is built upon output feedback. However, the control laws are linear,
computed around the equilibrium. Therefore, they are only locally stable
and consequently, structurally not sufficiently robust with respect to exter-
nal disturbances like rain drops, system uncertainties (like inertia parameters,
geometry, etc.) or physical bounds of the system. The present work considers
that all states are accessible (measurable or estimated). Future works will
treat the case of controlling the system using directly sensors measurements.
The proposed state feedback control laws have the particularity of almost
globally stabilizing the position and orientation of the flapping aerofoil us-
ing bounded control based on nested saturations with poles placement. This
allows to respect the saturation of the actuators driving the flapping wings
and to accelerate the convergence. The control is also shown to be robust
with respect to external disturbances and system modeling or aerodynamic
errors.

The paper is organized as follows. In section 2, some definitions and



hal-00675527, version 1 - 1 Mar 2012

notations are given. Section 3 details the model of the FMAV: wings degrees
of freedom and body’s dynamics. In section 4, simple bounded control laws
are developed in order to stabilize the position and orientation of the FMAV.
Application to a simplified model is presented in section 5 aiming to validate
the control laws. The robustness of the control with respect to the model
simplifications, disturbances, aerodynamic errors, etc. are emphasized in
section 6. Finally, conclusions are presented in section 7.

2. Notations and preliminary definitions

An integrator chain of order n € N is defined by:

jji = Tjt1 fOf’iE{l,...,n—l}
T, = u
u is the control input.

A classical sign(+) function is defined by:

. 1 if >0
sign(z) = {—1 if 2<0 @)

A classical saturation function saty(-) is defined by:

sat s ()

x if |z <M (3)
Msign(z) if |z| > M

with M the saturation bound.

A twice differentiable saturation function oj/(-) bounded between +M,
M > 0, and parameterized by 0 < p < 1 can be defined as oy () = Mo(+),
with o(-) bounded between +1 and expressed by:

—1 r<—=1—p
e1r? +egxr+e3  x€[—1—p,—1+py
olz)=1 = r e [=14pu,1—yp (4)
—e17% +egr —e3 T €]1 — p, 1+ p
1 x>1+p
with e; = g, e2 =5 + 5., 632—“2_42;“.
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A level function 7(-,-,-) associated to an integrator chain is defined by
[18]:

Yi(Tig1, Lig1, M;) =
M; if |l’i+1’ > Li+1 (5)
M;+ Ly — x| i |ziga]| < Lina
with M; := L;yq fori € {1,...,n—1} and L; := M, for i € {2,...,n}, n
corresponds to the integrator chain order and L, = u.

Z denotes the average of x over a wingbeat period.

3. Flapping flight modeling

A FMAV consists of two main parts: the flapping wings and the body.

3.1. Wing’s degrees of freedom

A flapping wing has four degrees of freedom: feathering, flapping, lagging
and spanning (Figure 1). The feathering is a rotation of the wing along its
span-wise axis, the flapping is an up and down movement of the wing, the
lagging is a forward and backward movement of the wing parallel to the body
and the spanning is an expansion and contraction of the wingspan. This last
degree of freedom is not achievable by most of the insects. Furthermore, the
wing is characterized by other complex phenomena like the flexion and the
torsion [19]. Flexibility allows the wing to be more resistant to turbulence,
provides a gentler flight and increases the aerodynamic force relative to a
same size rigid wing [20]. Torsion allows the wing to twist and provides
aerodynamic stability without the need of a tail. The first three degrees of
freedom can be modeled respectively by three rotations of angles (¢, ¢, 0)
about three axes (7,1,), defining a frame R™ (7, t, 7,1, ¢, ) attached to the
wing at its base (Figure 2). Frames R" are indexed left, R}’, and right,
RY, relative to the left and right wings. (v, ¢, ) are called respectively the
rotation, flapping and deviation angles. The axis 7 is oriented from the wing
base to its tip along the wingspan, the axis t is parallel to the wing chord,
oriented from trailing to leading edge and the axis 77 is perpendicular to the
wing plane oriented so that the three-sided frame (7, t. 1) is direct.
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Figure 1: Degrees of freedom of a flapping wing
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Figure 2: Coordinate frames and wing degrees of freedom
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3.2. Body’s dynamics
Let’s first define a frame R™ (™, y™, 2™) attached to the FMAV’s body

at its center of gravity, and a frame R/ (z/, 7/, z/) fixed in the space (Figure
2). Indexes m and f stand for mobile and fixed frames respectively.

The interaction of the flapping wings with the surrounding air generates
the aerodynamic forces and torques. Besides, the insect’s body is subject
to viscous and gravitational forces. By a simple transformation, these forces
and torques are projected in the mobile frame R™. The FMAV is considered
as a rigid body subject to forces and torques. The latter are responsible of
generating the FMAV’s displacements and maneuvers. The motion of the

body is computed through the dynamic equations:

Pl = v/ (6)
V= LR eV g 7

C]O _ 1 _QZ W™
< q.v ) B 2 ( [3610 - [QU]X ) (8>
W= TN = W™ X ™) (9)

P/ € R? and V7 € R? are respectively the linear position and velocity of the
body’s center of gravity relative to the fixed frame R/. w™ € R? is the angular
velocity with respect to the mobile frame R™. ¢ € R is the viscous coefficient
and g € R? the gravity vector in R/. f™ € R?® and 7 € R? are respectively
the aerodynamic force and torque vectors defined in R™. J,, € R3*3 is the
inertia matrix of the body relative to R™ and I3 is the identity matrix. ¢ is
the quaternion defining the attitude of the body relative to RS [21]:

v 7

q = [cos B (¢ sin 5)] 17

= [q0 g,
consisting of a rotation of angle v about the Euler axis €. ¢y € R is the scalar
part and q, = [¢1 ¢2 ¢3]7 € R® the vector part of the quaternion. ¢ € H
where H= {q | ¢¢ + ¢’ q, = 1} is the Hamilton space. R(q) € SO(3) =
{R(q) € R*3: RT(q)R(q) = I, det R(q) = 1} is the rotation matrix from
the fixed frame R/ to the mobile frame R™. It is defined as:

R(q) = (¢ — ¢"¢)B+ 2(qq” + qola])
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X

[q,]* is the skew symmetric matrix associated to ¢,, given by:
0 qv3 _Q’Ug
@] =] s 0  ay
qu _qm O

4. Flapping flight control

4.1. Control Strategy

Depending on the insects species, the wingbeat frequency ranges from a
few Hertz to a few hundred Hertz [2]. The FMAV considered in this work
is based on a diptera model having a high wingbeat frequency of 100 H z.
The FMAV falls therefore within the category of high frequency oscillating
systems. The averaging theory [22, 23, 24] shows that the averaged dynamics
of high frequency oscillating systems are a good approximation of the sys-
tem’s time varying dynamics. Therefore, the forces and torques, generated
by the wings, affect the insect’s movement only by their averaged values over
a wingbeat period. Note that this strategy is widely use for the control of
FMAVs [10, 25].

In this work, the amplitudes of the wing angles are chosen to be the
control inputs. The wings are supposed to beat in the mean stroke plane,
defined by taking the deviation angle 6 to zero. Only two degrees of freedom
per wing, e.g. the flapping and rotation angles, are considered. Consequently,
only two actuators are needed per wing. This conception allows to simplify
the FMAV’s structure and notably decrease the on-board load. Denoting by
u = (¢!(t),d"(t), ¥ (t), ¥ (t)) the flapping and rotation angles for left and
right wings, v = (4}, g5, ¥, ¥5) the amplitudes of the wing angles (19), then
u=v fo(t).

Let x = (P,V,q,w), the FMAV model detailed in (6-9) can be written in a
compact form as:

= fi(z,u) (10)

Let z = (P,V,q,w) denote the averaged state over a wingbeat period 7.
Averaging the FMAV’s model over a wingbeat period and writing it in a
compact form, one has:

r = fi(z,v) (11)

As mentioned previously, the averaged dynamics described by f; are a good
approximation of the oscillating dynamics given by f;. The FMAV is con-
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trolled indirectly by means of the wing angle amplitudes v that can be com-
puted by a feedback of the system’s averaged states:

v = h(Z) (12)

If z = 0 is an exponentially stable equilibrium point for the averaged
system (11), then there exists k£ > 0 such that ||z(t) — z(t)|| < kT for all
t € [0,00) which is motivating in the present case because the wingbeat
period T is small.

In other words, a stable equilibrium state for the averaged dynamics of a
high frequency oscillating system (11) is also a stable equilibrium state for
the oscillating (time variant) system (10).

Remark 1. One should emphasize that the averaging technique is used only
to compute the control laws that should be applied to the FMAV and prove
their stability; all the simulations and robustness tests are achieved using the
high-frequency FMAV’s model.

As mentioned before, the amplitudes of the wing angles are chosen to
be the control inputs. The relation between the angles defining the wings
kinematics and the mean force and torque, averaged over a wingbeat period,
can be written as:

(f,7) = Ao, vo) (13)

where f and 7 are respectively the averaged force and torque acting on the

body, ¢q,1 are respectively the amplitudes of the flapping and rotation

angles for the left and right wings. This relation can be found theoretically

through mathematical equations (adopted in this work) or experimentally

through some experiments and optimization strategies to define a mapping

between the wing angle amplitudes and the measured aerodynamic forces.
The control strategy can be stated as follows:

1. Relatively to current and desired position and orientation, control
torques and forces are computed using a state feedback U (z) approach
for example.

2. Based on the averaging theory, these forces and torques are considered
equal to the forces and torques that should be developed by the wings,
averaged over a wingbeat period:

(f,7) =U(@)
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3. The wing angle amplitudes that should be applied at the beginning of
a wingbeat period can then be deduced:

(0, tho) = A_l(u(-@))
which satisfies system (12) with A(-) = A= (U(")).

In this paper, simple control laws are proposed in order to stabilize the
position and attitude of the FMAV. The control design takes into consider-
ation the saturation of the actuators. The choice of taking two degrees of
freedom per wing allows to create roll and yaw rotations, besides longitudi-
nal and vertical movements. Therefore, the FMAV belongs to the class of
underactuated systems. In order to achieve a 3D movement in the space, the
pitch and lateral controls should be realized. The pitch rotation will be con-
trolled independently, considering a small mass moving inside the body and
changing its center of gravity. This can be achieved technically using the
ElectroWetting On Dielectric technology (EWOD) [26]. Note that insects
use this technique by moving their legs or abdomen to change their center
of gravity [2]. The rotational subsystem (8-9) becomes then fully actuated,
and can be stabilized by applying control torques driving the roll, pitch and
yaw angles (11, 72,13) to zero. However, the translational subsystem (6-7) is
still underactuated. The stability of this subsystem will be ensured for the
longitudinal and vertical motions by applying control thrust f, and lift f.,
and for the lateral motion by tilting the FMAV sideway using the coupling
between the roll and vertical movements. Note that this maneuver is accom-
plished by most of insects to achieve the lateral movement [2]. Therefore,
system (6-9) will be considered as cascade of systems [27] since it is of the
form:

{s’c = f(z,y)

y = gly,u)

which means that the translational dynamics depend on the rotational ones,
but the rotational dynamics are independent of the translational ones.

The asymptotic stability of the cascaded system’s states (x,y) = (0,0)
arises from the asymptotic stability of the equilibrium state, x = 0, of the
first subsystem, driven by y = 0, and the asymptotic stability of the second
subsystem equilibrium state y = 0 [28].

In the following, control torques and forces will be detailed.

10
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4.2. Attitude control

A bounded state feedback control torque is proposed in order to stabilize
the attitude of the FMAV. This control is based in its formulation on the
model of a rigid body [29] (equivalent to the averaged model of the FMAV)
and applied to the time varying model (FMAV). The control law is extremely
simple, therefore suitable for an embedded implementation and consequently
for an autonomous flight. Moreover, this control is robust with respect to
aerodynamic errors and does not require the knowledge of the body’s inertia.
Let 7 = [71, 7, 73)7 be the roll, pitch and yaw control torques.

T, = —SatMQ,i(AZ' [57,5)1 + Sign(qu)satMlyi (pz@)]) (14)

with ¢ € {1,2,3}, sat and sign are defined respectively by (3, 2). sign(go)
takes into account the possibility of 2 rotations (of angles v and 27w — v)
to drive the body to its equilibrium orientation; the one of smaller angle is
chosen. w; and §; are the averaged angular velocities and quaternion over a
single wingbeat period representing the time varying angular velocities and
quaternion of a rigid body. \;, d;, p; are positive parameters. Differently
from [29], 6; has been added in order to slow down the convergence of the
torque compared to the angular velocity such that it becomes physically
achievable.

The asymptotic stability of the closed loop averaged system is proved in
[29] (the added parameter ¢; does not change the proof).

Therefore, w — 0 and § — 0 (based on the rigid body case). By means
of the averaging theory, ||w — @|| < k1T and ||¢ — q|| < k2T for k12 > 0 and
T the wingbeat period.

An integrator can be added in the control law in order to eliminate any
possible static error and to ensure more robustness of the system.

4.3. Position control

Neglecting the viscous force ¢V / acting on the FMAV’s body by assuming
that it is moving at low speeds, the translational subsystem (6-7) can be
transformed into a chain of integrators (1). ¢V/ will be considered as a
disturbance term in simulations. Supposing that after a sufficiently long
time, the FMAV is stabilized over the pitch and yaw axes (7o = 73 = 0)
thanks to the control law (14), thereby the rotation matrix defines solely a
rotation about the roll axis #™. The normalized translational subsystem,

11
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augmented of a state representing the integral of the position, can be written
(Pf =[P,, P,, P,]" is the current position):

D1o= D2
D2 = D3 (15)
p3 = U
(s = s
Ds = De
]'76 = U Sln(nl) (16)
b7 = Ds
P8 = Do
[ D9 = wvpcos(m) —1

p = X[ PLPLVL TP PILVS TP PLVI) = (pr,....po) is the aver-
aged state of the translational subsystem, v, = %, vy, = fTZ with f, and f,
are respectively the control thrust and lift, n; is the roll angle and 1 is the
normalized gravity.

The averaged normalized system (15-16) will be used to compute the nor-
malized control thrust v, and lift v,. As for (14), the proposed controls are

bounded and are very simple to implement.

4.8.1. Stabilization of the forward movement (py,ps)

System (15) defines a triple integrator. It can be stabilized using the
control developed in [30] combining the amelioration proposed by [18, 31] in
order to define variable bounds of the control laws and to accelerate their
convergence by means of a pole placement at {—by, —by, —b3}. Define the
matrix II:

bibabs  bs(by 4 ba) b3
IT= 0 b1 b2 by
0 0 by

with IT; ; the element at i line and j™ column of II.

Denote by a and k one of the three axes in the fixed frame R/, a € {z,vy, 2}
and k € {0, 1,2} refer respectively to the longitudinal, lateral and vertical
dimensions.

12
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The control can then be chosen as:

Ua = _O-Na <Ha313p3k+3 + 0-'72(Ha373p3k+37La37Ma2)
(Ha2,3p3k+3Ha2,2p3kz+2 + ...
Oy (May 3P3k+3+1ay o P3k+2,Lag, May)

a%ﬂMw+H%WMw+EmmmﬂD

(17)

For the longitudinal movement, the subscript a defines the x axis and k = 0.

N, (a = z) is the saturation bound of the control along the 7/ axis, o and ~y

are respectively the saturation and level functions defined by (4) and (5).
The asymptotic stability of (p1, p2, p3) is proved using [18, 31].

4.83.2. Stabilization of the lateral and vertical movements (ps, pe, Ps, Po)

System (16) associates the lateral movement to the vertical and roll move-
ments of the FMAV as for PVTOLSs (Planar Vertical Taking Off and Landing)
aircrafts [32, 33]. 7, is considered as an intermediate input for system (16)
and should track a desired angle 7;,:

v
t y
M, = arc an(vz 1)

vy and v, will be determined later on.
The vertical normalized lift v, is given by:

vp = /U2 + (v +1)2

When the roll angle 7, tends towards the desired value 7, system (16) will
be transformed into the form of two independent third order integrators [33]:

Ps = DPs pr = P
Ps = De Ps = Dy
Pe = Uy Dy = U,

Therefore, the stability of the lateral and vertical movements can be ensured
using the control law (17) with @ = y and k = 1 for the y axis, a = z and
k = 2 for the z axis.

N, and N, are the saturation bounds of the control laws, they are chosen
such that:

Ni = /N2 + (N, + 1) (18)

13
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with N, the saturation bound of vy,.
The asymptotic stability of (py, ..., pg) is then ensured using [18, 31, 33].
Finally, the desired roll angle 7;, defines a desired orientation of the
body (the desired pitch and yaw angles are 0): g4 = [cos ¢ sin 2 0 0]. The
quaternion error is defined by:

¢e=9q ® q;'
where ¢! is the quaternion conjugate of ¢ given by
! = [0 — ¢f]f, ® is the quaternion product defined by
q ® Q - [(QOQO - QZQU) (CIOQU + QOQU + ¢ X QU)T]Ta and X

denotes the cross product. The desired angular velocity can then be
computed:
[0,wd] =244 @ q' = wa = [, 0 0]
with
—0y (v, + 1) + v,0,
v2 + (v, +1)2

ﬁld =

v, and v, are defined by (17), ¥, and v, can be obtained by deriving analyt-
ically v, and v,. The analytical expression of v, and v, are omitted in the
present paper for sake of simplicity; interested readers can refer to [34] for
more details.

The angular velocity error is given by: w. = w — wy. Applying the control
law defined in (14) on the error dynamics, the convergence of the attitude,
lateral and vertical movements is ensured.

4.3.3. Stability of the translational movement of the time varying system

Applying the proposed control law, (P — P;) — 0 and (V/ — V) — 0.
By means of the averaging theory, ||Pf — P/|| < ksT and |V/ - V/|| < k,T
for ks34 > 0 and 7' the wingbeat period.

5. Application

5.1. Closed loop block diagram

In spite of the progress in technology, no prototype has executed so far an
autonomous flight. The smallest prototype that exists [15] is still not capable
of autonomous flight but only of vertical movement while guided by wires
[17, 35], the energy is supplied using an external cable. On the other hand,

14
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scientists are not able to explain and quantify all unsteady aerodynamic ef-
fects present at low Reynolds numbers characterizing flapping insects. Con-
sequently, an evolutionary simulator of flapping flight is not quite achieved
yet. Moreover, the constricting weight of FMAVs necessitates, among other
constraints, that embedded control laws be very simple. Therefore, a sim-
plified model is proposed in the present work in order to compute the three
dimensional control laws. The simplification will be validated through some
robustness tests in the next section.

The block diagram representing the flapping flight is shown in Figure 3
where each block is detailed thereafter.

Py, Vg ( \ F
#@ » Control Jiw

vy

(¢)071/)0)l,7” (¢>1/))l,r
(

A e > forces f z Wings -
— angles Wings ‘
qd> Wd ! parametrization
AL -

Control | 75 amplitudes

torques

vy

T

Averaging Body’s

ol
€l

dynamics

Aerodynamics i{—

Figure 3: Block diagram of the flapping flight

oo

Pf,Vf fm77'm

Wings parametrization. In the present model, each wing is considered as a
rigid body beating in the mean stroke plane in order to use actuators for
two degrees of freedom only, as mentioned previously. Flapping and rotation
angles, ¢ and 1, are assumed to vary according to saw tooth and pulse
functions respectively, such that the wing changes its orientation at the end
of each half stroke. This should not be understood as the real movement of
the wings but as the objective for a local control law of the wings.

Remark 2. [t should be emphasized here that, with most of the actuators
developed in microelectronics (which all have fast dynamics) and in partic-
ular with piezoelectric actuators, the time response can reach the microsec-
ond range. The actuator’s influence on the overall dynamics of the wings is

15
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Figure 4: Wings angles over two wingbeat periods: flapping angle ¢ (dashed line) and
rotation angle 9 (continuous line).

therefore of minor effect. Moreover, since the aerodynamic force affects the
movements of FMAV only by its average over a wingbeat period, the influ-
ence of the actuator will be rather rendered minor. Consequently, the peculiar
influence of the actuator is not visible on the FMAV’s motion. This will be
emphasized with some simulations in the next section.

The temporal variation of the wings trajectory is given by:

do(1 — 2L) 0<t<kT
ot) = {mz%—n WT <t <T o
W(t) = osign(kT —t) 0<t<T (19)
o(t) = 0 0<t<T

where sign designates the classical sign function (2), T'= 0.01 s is the wing-
beat period, ¢y and 1)y are respectively the amplitudes of flapping and rota-
tion angles and x = 0.25 is the ratio of downstroke duration to the wingbeat
period chosen arbitrarily such that 0 < k < 0.5 in order to accelerate the
wing during downstroke and create an aerodynamic lift that balances the
FMAV’s weight. ¢ and 1)y, considered for both left and right wings, will be
taken as control inputs as explained before.

Aerodynamics. Different mechanisms act cooperatively to produce the aero-
dynamic force in flapping flight [36, 37]: quasi-steady aerodynamics, rota-
tional circulation, added mass, wake capture, delayed stall, etc. The first
one is developed during the translational movement of the wing (the flap-
ping movement), while the others are generated due to the rotation of the
wing. The aerodynamic forces are considered perpendicular to the wing sur-
face through its center which is located at the quarter distance of the wing’s
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center chord Cj, from the leading edge (I; = 1C}) and at 0.6 — 0.7 of the
wing’s length L measured from the base (I, = 0.65L) [38, 14] (the indexes
(r,t) refer respectively to the radial (spanwise) and tangential directions of
the wing).

The quasi-steady force has the opposite direction of the wing’s velocity.
Its module is considered proportional to the square of the wing’s velocity
relative to R™. The wings inertial forces have an indirect effect on the
aerodynamic forces. This effect is small because the mass of the insect’s
wings is less than 5% of the body’s mass [38] and is admittedly beyond the
scope of this paper. The module f,, of the quasi-steady aerodynamic force
is given by: .

Jos = _éprSwa|Uw| (20)
p is the air density, 5, is the wing’s surface, v" is the wing’s velocity, C,, is
a coefficient of the acrodynamic force applied on a wing. C,, = C(1 + Cy)
during downstroke and C,, = C(1 — C) during upstroke, where C' ~ 3.5 is
the force coefficient derived empirically in [36], [38] and Cf is a 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 [2]. 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 the 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.

The wing rotating about its span-wise axis, during pronation or supina-
tion, causes the air around to deviate. As a reaction to this phenomenon,
the wing generates additional rotational circulation [37]. This force can be
modeled as [25]:

3 L
4 C
with ¢ is the first derivative of the rotation angle.

The added mass phenomenon is due to the additional fluid mass acceler-
ation developed around the wing when it accelerates and rotates. It can be
modeled by [25]:

fr = mplCy( Joe) (21)

™

L PLLCRo (22)

fm
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with ¢ is the second derivative of the flapping angle.
The aerodynamic force developed by a wing and expressed in the wing’s
frame R" is given by:

fw:qu+fr+fm (23>

Projecting the left and right wings aerodynamic forces into frame R™
(R], are the rotation matrices from R}, to R™) and summing them, the
global aerodynamic force is obtained:

= RS RS

Within the chosen wings parametrization, the aerodynamic force has two
components: the thrust that ensures a longitudinal forward movement of the
FMAV, and the lift that ensures a vertical one.

In the sequel, the radial axis of a wing frame is taken at the quarter
distance from the leading edge, i.e. the radial axis passes through the wing’s
aerodynamic center. The position of the wing’s center, relative to R" and
R™ respectively, is:

pv = [l 00T
pro= Rgp®
[, is as defined before. The wing’s velocity relative to R™ is obtained by
deriving the position p™, and is expressed in R" by applying an appropriate
rotation (RY = R™~* = R™T):
v = "
v = Rpo™

Remark 3. Note that the relative velocity due to vortices is not considered
in this work. A work on fish modeling shows that the effect, on the overall
motion, of this phenomenon as well as the nonlinear dynamic phenomenon,
characteristic of small Reynolds numbers, can be shrewdly taken into account
with a modification of the masses and parameters of the system [39].

Finally, the aerodynamic torque relative to R™ is defined as the cross
product of the force f™ and the wing’s aerodynamic center position. Angular
viscous torques are negligible with respect to aerodynamic torques [38].

T7(t) = " () X S () + p () X [ () (24)
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Body’s dynamics. The block “Body’s dynamics” computes the linear and
angular positions and velocities of the FMAV given the forces and torques
applied to the body. Equations and computational details are given in §3.2.

Aweraging. In this block, the average states over a wingbeat period are com-
puted.

Control torques. The control torque (14) is computed based on the rotational
error dynamics in order to stabilize the orientation and angular velocity of
the FMAV (cf. §4.2).

Control forces. The control forces (17), with a € {z,y, 2} and k € {0, 1, 2},
are computed based on coupling between the vertical and roll movements
aiming to stabilize the position and linear velocity of the FMAV (cf. §4.3).

Wing angle amplitudes. As explained before, the wings are parameterized
using only the flapping and rotation angles. The thrust and lift, besides the
roll and yaw torques are generated due to the flapping and rotating wings.
Therefore, computing the averaged dynamics of the system, “A” in (13) is
defined by a trigonometric function of its arguments, it has the following
explicit form:

fx = —« [qbg sin @, sin ¥ + qbf) sin qbf) sin @Dé}
f. = B [gbg sin ¢ cos 1 + ¢ sin ¢ cos 1/16}

) : . (25)
T = Bl |¢y cosy — Py cos g
T3 = al,|d sinyh — @l siny}
with 1+(1-2k)C
_ lad 2
o = TQW CS l
_ 2 K+ 2
6 — T2 k(1-k) f CS l
Consequentlya <¢é7 67 ’l/}é)a w0> =N (f.’m fZ7 7_—17 7_-3) with f_xa f_27 7_—17 7_—3 are the

control forces and torques respectively (cf. §4.3, 4.2).

Note that within the wings parametrization (19), only the quasi-steady
aerodynamic force (20) is taken into account in the averaged forces and
torques computation; the forces generated by the rotational circulation (21)
and added masses (22) are null because ¢ = 1) = 0.
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5.2. Control constraints

The control forces and torques should be bounded in order to avoid the
saturation of the actuators driving the flapping wings. Considering that:

0 < o0 < o,
0 < Yo < Yo,0,

for left and right wings, system (25) defines a convex set € in the control
variables (fy, f., 71, 73) (Figures 6(a) and 6(b), Q7 and Qj 7 are the
projection of €2 on the planes (71,73) and (f,, f.) respectively). Therefore,
anywhere in the set Q, there exists a wing configuration (¢}, @5, i, ¥p)
producing the mean desired forces and torques (f,, f., 71, 7).

(26)

6. Simulations and robustness tests

“Diptera” insect [2] is the model adopted for simulations. It has a mass
of 200 mg and a wingbeat frequency of 100 Hz. Its maximum flapping angle
amplitude is ¢y, = 60°. The wing is supposed to rotate up to vy, = 90°
about its span-wise axis. The wingspan and wings surface are assumed re-
spectively to 2L = 3cm and 2S5, = 1.14cm?, so that a vertical ascendant
movement can be achieved using flapping angle amplitudes lower than the
maximum value. Note that the progress in micro technology affords nowa-
days components having very low size and weight. For example, the structure
of the OVMI prototype, developed by the project’s partners, is about 40 mg
including an actuator (Figure 5). Concerning the on-board electronics, one
can mention the circuit developed within the project weighing 100 mg and
composed of a microprocessor, inertial and optic flow sensors. Low weight
and size sensors exist also on the market as the MPU-6000 of InvenSense
which is composed of three rate gyros, tri-axis accelerometer and a micro-
processor weighing less than 100 mg in a package of 4 x 4 x 0.9 mm. The only
equipment that can not be embarked currently is the battery, the system’s
power is considered ensured through a cable.

Using these numerical values, admissible sets for control forces 2f 7 and
torques 27 7, can be determined (25).

(27 7, has been approximated to the largest ellipse E, that fits inside Q7 =
(Figure 6(a)) for computation simplification reasons. Therefore, the control
torques 7; and 73 should respect an ellipsoidal admissible set defined by:

[ 75]Qu[m 73] <1 (27)

20



hal-00675527, version 1 - 1 Mar 2012

Magnet

SU-8 Cranefly
wing,

SU-8Thdr
CLubensn s RRREAEEEEEEEERERRARAS

Figure 5: The OVMI prototype developed by the project partners.

where (Q; is a diagonal definite positive matrix representing the ellipse’s
semi-axes. Practically, if 77 > My, (14), 7y could be saturated to Ms;,
consequently 73 will be equal to zero. To avoid a null yaw control torque in
this case, 70% of M, will be attributed to 7y, 75 will be calculated by (27)
defining then a set €2, (Figure 6(a)). This choice is justified by the necessity
to bring the FMAV to the horizontal plane first.

The admissible set of thrust and lift forces Qf 7 is drawn in Figure 6(b).
It is approximated to the largest semi-ellipse F; that fits inside (E; almost
coincides with Qg 7). It is defined by:

S 0 (28)

where (), is a diagonal definite positive matrix representing the semi-ellipse’s
semi-axes. A fixed saturation level mgN,, inside E; is attributed to f. since it
will be decomposed in mgN,, and mgN, (18) (for computation simplification
reasons). The saturation bound is calculated such that more power is given
to the lateral movement because it is associated to the roll movement (99%
of E}’s vertical semi-axis is attributed to mgNy): the FMAV can then be
brought to the horizontal plane rapidly. The saturation bound mgNN, of the
thrust f, satisfies the semi-ellipse’s equation (28).

The proposed control law is tested through some simulations and robust-
ness tests.

The control is supposed to drive the FMAV from an initial position
of (1,1, —1) meters and orientation of (—40,—25,50) degrees to the equi-
librium defined by (0,0,0) meters and (0,0,0) degrees. The initial linear
and angular velocities are null. The FMAV is stabilized in hovering mode
at the desired position. The parameters of the control torques are set to
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Figure 6: Yaw torque versus roll torque (left), defining the saturation set Q7 7, approxi-
mated to an ellipse F, then to a set Q.. Lift versus thrust (right), defining the saturation
set 17 7 approximated to an ellipse F¢, that almost coincides with Q7 7, then to the
set Qt-

p= (0.2,2,0.2), 6 = (0.01,0.1,0.01) and \; = J\gi’i. The poles placements
are set to (=3, —3, —3), (—3.5, —=3.5, —=3.5) and (—2.5, —2.5, —2.5) for the
longitudinal, lateral and vertical movements respectively.

Figures 7 and 8 show respectively the convergence of the body’s position
and orientation. The position presents a high overshoot due to the choice
of the control parameters. This choice has been done such that the control
law ensures stability despite rude conditions of disturbances and errors in
modeling and aerodynamic parameters as shown in the following. Note that
once the prototype is ready for use, the model parameters will be determined
accurately based on measurements or estimation strategies. Consequently,
the control parameters will be set such that the control ensures an optimal
movement (without high overshoot). The corresponding control forces and
torques are plotted in Figures 7 and 9 respectively. Although the angular
velocities seem very high, they are comparable to those observed in true in-
sects and to the simulation results of [10]. This is due to the low inertia and
the high beating frequency of insects. The desired attitude is reached in a
suitable time for practical implementation and is comparable to the nature.
One should also notice the saturation of the control forces, which means that
the system get maximal benefit of the admissible set of control forces. This
ensures a boundedness of the wing angle amplitudes (Figure 10) avoiding the
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actuators saturation and consequently, the nonlinearities that can be engen-
dered. At stability, the rotation angles are null stopping any longitudinal
movement, the flapping angles reach a value that generates an aerodynamic
force which, averaged over a wingbeat period, balances the FMAV’s weight.
Note also that the overshoot is not detectable during trajectory tracking,
except in the beginning of the trajectory as shown in Figure 11.

The simplifications considered in the model, relative to the presence of
actuators at the wings bases besides the unsteady aerodynamic forces, are
validated through simulations.

Regarding the absence of prototype, some robustness tests are proposed
allowing to be projected into real conditions. Such situations can reflect
some imperfections of construction, identification errors, varying aerody-
namic properties, disturbances due to wind, etc. Concerning the last case,
when a disturbance is applied to the FMAV taking it away from the equilib-
rium state, the control will act to get it back to stability because the control
laws proposed in this work ensure the almost global stability of the body. On
the other hand, the robustness tests presented thereafter can be proved based
on the perturbation theory [22]. Depending on the perturbation ¢’ affecting
the aerodynamic coefficient, the force or the aerodynamic center, the aero-
dynamic force varies with respect to {¢’,&’, £} and the aerodynamic torque
with respect to {¢’,¢’,e”} respectively. The system (6-9) can be written as:

= f(x,t,e") = f(x,t,¢) (29)

with n € {1,2,3} and ¢ = &™ is the perturbation that affects a certain
parameter, principally the force and consequently the torque in the simulated
examples.

The following conditions are ensured:

1. f as defined in (29) and its partial derivatives with respect to (z,¢) up
to order N are continuous in (t,z,¢) for (t,x,e) € [to,to + T] X D X
[—¢€0, €0, with D = [R?, R® H, R3], and T the wingbeat period;

2. the Taylor series development of (29) at the initial state n(e) = x(t)
and its derivatives up to order N are continuous for € € [—eq, g¢l;

3. the nominal system obtained by setting € to zero has a unique solution
xo(t) € D on the interval [to,to + T

Then, there exists €* > 0 such that V |¢| < €*, (29) has a unique solu-
tion (¢, €) defined on [to, to+T1, which satisfies z(t,e) =S n o zxe® = O(eN).
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Figure 7: The linear movement of the FMAV along the 3 axes in R/ from initial position
(1,1,—1) (left) and the corresponding linear velocities (right). The thrust and lift control
forces (in R™) (bottom) with the saturation bounds (dashed lines): the saturation bound
of f, depends on the value of f..
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5 s for the roll movement since it is linked to the linear displacement and to the 1°¢ s for
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Figure 11: Trajectory tracking: The 3D trajectory of the FMAV, the desired trajectory is
plotted in red and the current one in blue.
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Considering the case where N = 1, then ||x(t,e) — zo(t)]| < ke, V]e| <
e*, Vt € [to,to + T,k > 0. ke can be interpreted as a static error between
the perturbed and nominal systems solutions. The presence of the integrator
in the control law (cf. §4) helps eliminating this static error and ensures
stability at the equilibrium point consequently. Note that the quantification
of €* depends on the perturbed variable and is not evident to compute ana-
lytically specially for such complex systems. Therefore, some simulations are
presented thereafter to approve the theory.

6.1. Robustness with respect to actuator influence and unsteady aerodynamic
forces

The theoretical control of the wings amplitudes, computed in §5, should
be transmitted through actuators. For example, piezoelectric actuators, op-
erating in resonant mode, can ensure the flapping movement of the wings.
The alternative voltage applied to the actuators is delivered by a power elec-
tronic converter. This one should be conceived especially for piezoelectric
actuators, which are reactive loads [40, 41] and present a nonlinear behav-
ior (hysteresis, creep). The aerodynamic forces represent another impor-
tant source of non linearity. Whence arises the necessity of adding a low
level wing controller [13, 42], which reference signal is provided by the high
level flapping flight control (Figure 4). So, in the block diagram (Figure
3), an additional block called “Actuators” (including “Piezoelectric device”,
“Power electronics” and “Non linear control”) may be added between “Wing
parametrization” and “Aerodynamics”. Taking into consideration the local
control of the piezoelectric actuator, the whole entity (actuator and local
controller), defining the“Actuators” block, behaves as a first order filter with
a response time of 0.1ms (acceptable value since a wingbeat period is of
10ms and the ratio of the downstroke duration to the wingbeat period is
taken to 0.25). Note that different types of piezoceramic actuators available
on the market (PZT for example) have response time ranging from millisec-
onds to microseconds. Figure 12 presents the input signals (reference wing
angles) and output signals (real wing angles) of the “Actuators” block. Once
the actuator is introduced, the first derivative of the rotation angle and the
second derivative of the flapping angles are non null. Therefore, the forces,
due to the rotational circulation and added mass effects, cooperate with the
quasi-steady aerodynamic force to ensure the flight (23). The robustness of
the computed control laws with respect to the actuator and consequently to
the additional generated forces is showed in Figures 13, 14, 15, 16.
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Figure 13: The convergence of the FMAV’s position (left), velocity (right) and control
forces (bottom) in presence of the actuator and the unsteady aerodynamic forces.
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Figure 14: The convergence of the roll, pitch and yaw angles (left) and the corresponding
angular velocities (right), zoomed to the 1%¢ s for pitch and yaw, in presence of the actuator
and the unsteady aerodynamic forces.
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Figure 16: The wings angles amplitudes for left and right wings in presence of the actuator
and the unsteady aerodynamic forces.
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6.2. Robustness with respect to external disturbances

The external disturbances are assimilated to external forces and torques
applied to the body. The FMAV has been perturbed at ¢ = 7s during 10
wingbeat periods. The magnitude of the disturbances, over the three axes,
is (5.1073,5.1073,3.1073) N for the forces and 3.107° N.m for the torques,
values considered in R™. Note that a rain drop weighs about 5.107% N. Such
high values of the disturbances are simulated only to show the importance of
the saturations in regaining stability. One can notice the saturation of the roll
and pitch torques (Figure 19) as well as the flapping angles (Figure 20). The
control torques and forces cooperate in order to overcome the disturbances
and ensure stability. The results of simulations are shown in Figures 17, 18,
19 and 20. The FMAV reaches very high angular velocities that risk to break
the prototype under such constraints. One should emphasize that real insects
can not resist to this kind of circumstances, principally because of their low
inertia.
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Figure 17: The linear movement of the FMAV in presence of disturbances applied at
t = 7 s for the duration of 10 wingbeat periods (left) and the corresponding linear velocities
(right). The thrust and lift control forces (bottom).
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Figure 18: The convergence of the roll, pitch and yaw angles in presence of disturbances
(left) and the corresponding angular velocities (right).

35



hal-00675527, version 1 - 1 Mar 2012

2
A e
Z 0
R 0l
0 5 10 15
x 107
1

T2 (N.m)
——

0 5 10 15
x10~*

1
S e
é 0
e F--—=--- B

0 5 10 15

time (s) time (s)

Figure 19: The roll, pitch and yaw control torques in presence of disturbances (left) zoomed
to show the effect of the disturbances (right). The saturation bound of 73 depends on the
value of 71.
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Figure 20: The wings angles amplitudes for left and right wings in presence of disturbances.
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Note that the duration of the disturbance does not affect the convergence
of the system; increasing the duration will take the FMAV much farther
from the equilibrium position, while executing many rotations about its axes,
which will increase the time to reach back the stability.

6.3. Robustness with respect to aerodynamic errors

The robustness of the control laws is tested for a bad estimation of the
aerodynamic coefficient C', known to be difficult to identify. This property is
essential for real time implementation where the aerodynamic coefficient may
be poorly measured and/or the FMAV may execute missions in areas having
different aerodynamic characteristics. A subtractive error is introduced to C'
in order to reduce its value:

Caist = C — AC

where AC' is a stochastic parameter subject to a uniform distribution, such
that Cy;s varies within the interval [2,3.5]. A different value of AC, within
the uniform distribution, is applied at the beginning of each wingbeat pe-
riod. Such a quick variation of C' is not realistic; it is simulated only to
emphasize the control law robustness shown in Figures 21, 22, 23 and 24.
The aerodynamic error mainly affects the vertical movement. The stochastic
aspect is detectable on the vertical linear velocity and control lift, besides
the amplitudes of the flapping angles. Notice that the FMAV needs a longer
time to reach stability, relative to the nominal case (Figure 7). Note also
that the control lift and flapping angles are stabilized at values greater than
that corresponding to FMAV’s weight balance (Figure 10). This increase
of the control inputs (lift, wing angles) aims to balance the decrease of the
aerodynamic lift caused by the drop of the aerodynamic coefficient.

6.4. Robustness with respect to errors in the positions of the wings aerody-
namsic centers

The manufacture of the wings may result in some dissymmetry between
the left and right wings. This imperfection in fabrication can be modeled
by locating the wings centers of pressure asymmetrically. The simulations
presented in this paragraph are realized with an error of [5,50,0] % for the
position of the right wing center of pressure relative to the nominal position
defined in §5. The considered asymmetry generates aerodynamic roll and
pitch torques. Figure 25 shows the convergence of the position, linear velocity
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Figure 21: The convergence of the FMAV’s position (left), velocity (right) and control
forces (bottom) in presence of aerodynamic coefficient uncertainty.
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Figure 22: The convergence of the roll, pitch and yaw angles (left) and the correspond-
ing angular velocities (right), zoomed to the first s for pitch and yaw, in presence of
aerodynamic coefficient uncertainty.
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Figure 23: The roll, pitch and yaw control torques zoomed to the first s in presence of
aerodynamic coefficient uncertainty.
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Figure 24: The wings angles amplitudes for left and right wings in presence of aerodynamic
coefficient uncertainty.
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and control forces. Figures 26 and 27 show respectively the convergence of
the body’s orientation, angular velocity and control torques. The roll and
pitch control torques besides the control lift do not converge to zero but to a
constant value in order to balance the torque generated by the dissymmetry
in the wings centers of pressure. The asymmetry is also revealed at the
flapping angle amplitudes for the left and right wings (Figure 28).
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Figure 25: The convergence of the FMAV’s position (left), velocity (right) and control
forces (bottom) in presence of a dissymmetry in the position of the left and right wings
aerodynamic centers.
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Figure 26: The convergence of the roll, pitch and yaw angles (left), and the angular
velocities (right), in presence of a dissymmetry in the position of the left and right wings
aerodynamic centers.
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Figure 27: The roll, pitch and yaw control torques, in presence of a dissymmetry in the

position of the left and right wings aerodynamic centers.
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Figure 28: The wings angles amplitudes for left and right wings in presence of a dissym-
metry in the position of the left and right wings aerodynamic centers.
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6.5. Robustness with respect to a dissymmetry in the aerodynamic forces

The dissymmetry in the fabrication of the two wings may induce also
a difference in the magnitude of the left and right aerodynamic forces. A
ratio of 0.9 can be reached without deteriorating the FMAV’s stability. The
convergence of the linear and angular positions and velocities, the control
forces and torques, and the wing angles are plotted in Figures 29, 30, 31
and 32. The FMAYV falls at the beginning of the flight trajectory because
the total aerodynamic force is reduced and can not balance the weight. The
control law acts to compensate this and ensure the ascendant flight. This
asymmetry creates also a roll aerodynamic torque. It follows that the roll
control torque and the control lift force don’t converge to zero and to the
FMAV’s weight respectively. Moreover, the amplitudes of the flapping angles
for left and right wings are not equal (Figure 32).

7. Conclusions

A new strategy for controlling FMAVs has been presented. It is based
on a bounded state feedback control of the forces and torques and takes into
account the saturation of the actuators driving the flapping wings. The pro-
posed strategy is based on the theory of cascade consisting on stabilizing
the FMAV’s position based on a coupling with the orientation. The con-
trols are very simple, therefore suitable for embedded implementations. A
simplified model of a FMAV | having simple wing kinematic parametrization,
has been developed. The averaged model has been computed thereafter in
order to determine the values of the control (wing angle amplitude) to be
applied at the beginning of each wingbeat period. Different robustness tests
are performed, especially with respect to model simplifications, external dis-
turbances, modeling errors, parameters uncertainties, aiming to validate the
control laws efficiency, the simplifications adopted in the model and fill in
the lack of experimentations.

Future works intend to implement the proposed control laws on the pro-
totype that is being developed in the scope of “EVA” project. The controller
tuning parameters will be regulated, specifically for the prototype, such that
a better performance can be guaranteed.

Being aware of the difficulty to implement estimators and/or observers in the
FMAV’s processor, allowing to have access to the body’s states, the control
laws will be managed to take directly inputs from on-board sensors measure-
ments. These controls will also be tested on the prototype. Studies are also
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Figure 29: The convergence of the FMAV’s position (left), velocity (right) and control
forces (bottom) in presence of asymmetric left and right aerodynamic forces.
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Figure 30: The convergence of the roll, pitch and yaw angles (left) and the corresponding
angular velocities (right) in presence of asymmetric left and right aerodynamic forces.
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Figure 31: The roll, pitch and yaw control torques in presence of asymmetric left and right

aerodynamic forces.

49



hal-00675527, version 1 - 1 Mar 2012

S—m - - -] f~— -~ - —=----]
E B
= 0 = 0
~O LO
< =
SO T o - - SQeermr— - - - - ]
0 2 4 6 8 10 12 0 2 4 6 8 10 12
40 40
< 20 = 20
QO QO
= 0 = o0
~O 50
= o -2
-4 : : : : : -4 : : : : :
0 2 4 6 8 10 12 0 2 4 6 8 10 12
time (s) time (s)

Figure 32: The wings angles amplitudes for left and right wings in presence of asymmetric
left and right aerodynamic forces.

conducted to consider a passive rotation of the wings in order to reduce the
number of on-board actuators and simplify the control laws.
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