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Abstract—In this paper, we present the design of the flight
control algorithms for flapping wing micromechanical flying
insects (MFIs). Inspired by the sensory feedback and neuromotor
structure of insects, we propose a similar top-down hierarchical
architecture to achieve high performance despite the MFIs’ lim-
ited on-board computational resources. The flight stabilization
problem is formulated as high-frequency periodic control of an
underactuated system. In particular, we provide a methodology
to approximate the time-varying dynamics caused by the aerody-
namic forces with a time-invariant model using averaging theory
and a biomimetic parametrization of the wing trajectories. This
approximation leads to a simpler dynamical model that can be
identified using experimental data from the on-board sensors and
the voltage inputs to the wing actuators. The overall control law is
a periodic proportional output feedback. Simulations, including
sensor and actuator models, demonstrate stable flight in hovering
mode.

Index Terms—Averaging, biomimetic, flapping flight, micro-
aerial vehicles (MAVs), periodic control.

I. INTRODUCTION

HE recent interest in micro-aerial vehicles (MAVs) [1],
which is largely motivated by the need for aerial re-
connaissance robots inside buildings and con ned spaces,
has galvanized the development of inch-size apping-wing
MAVs that could mimic insect ight. This is a challenging
endeavor for several reasons. First, aerodynamics for inch-size
apping robots differ substantially from manmade xed or
rotary-winged vehicles [2]. Second, size constraints forbid the
use of rotary electric motors and commercial inertial naviga-
tion systems (INSs), global positioning systems (GPSs), and
current cameras. Finally, a apping frequency beyond 100 Hz
requires sensors and processing algorithms with bandwidth and
sensitivity at least one order of magnitude higher than those
usually found in today s aircrafts. Nonetheless, recent techno-
logical advances, together with a better understanding of insect
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aerodynamics and mechanisms, have promoted projects aimed
at the design of micromechanical ying insects (MFIs) [3].

The goal of this paper is to develop a general framework to
design a control unit for MFIs which would enable them to ac-
complish complex autonomous tasks such as searching, surveil-
lance, and monitoring. This paper builds upon a companion
paper [4], in which comprehensive modeling of MFI aerody-
namics, body dynamics, sensors, and electromechanical actua-
tion is presented together with a list of references to relevant
research. In this paper, we focus on the control aspects of ap-
ping ight. In particular, we propose a hierarchical architecture
for the control unit that mimics the sensory feedback and neu-
romotor structure of insects to achieve high performance while
satisfying MFIs physical and computational limitations. One of
the main contributions of this paper is to approximate the time-
varying (TV) dynamics of insect ight caused by the apping
wings with a time-invariant (T1) system based on which feed-
back controllers can be designed. This approximation relies on
two ideas that can be formalized within the framework of high-
frequency control theory. The rst idea is that the frequency of
the aerodynamic forces acting on the insect is much higher than
the bandwidth of the body dynamics, therefore, only the mean
aerodynamic forces and torques over one wingbeat affect the in-
sect dynamics. The second idea is to parameterize the wing tra-
jectory using biologically inspired wing kinematic parameters
which affect the distribution of aerodynamic forces within one
wingbeat, thus modulating the total forces and torques acting
on the insect. These parameters appear as virtual inputs in the
TI approximation of ight dynamics. Finally, we show how the
parameters of the TI approximation can be identi ed directly
from sensors measurements and actuators input voltages ob-
tained from experiments from the original TV system. This ap-
proach is particularly suitable for apping ightsince it does not
require the knowledge of exact aerodynamics models, which are
particularly complex. Also, it provides a model for uncertainty
caused by sensor and actuator nonlinearities and external distur-
bances that can be used to design robust controllers.

The paper is organized as follows. In Section II, we brie y
review biological literature about insect ight control mecha-
nisms, focusing on the interaction between the sensory system
and the neuromotor architecture. In Section I11, the hierarchical
architecture of ight control observed in insects and the heli-
copter attitude-based navigation are used as a model for the de-
sign of an equivalent control system for MFls. In Section IV, we
highlight analogies and differences between apping ight and
helicopter ight. In Section V, we propose a formal approach to
approximate the TV insect dynamics with Tl invariant dynamics
based on averaging theory and wing trajectory parametrization.
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Section VI presents the design of the input voltage to the ac-
tuators that is required to track a desired wing trajectory. In
Section VII, we model insect dynamics as a discrete-time (DT)
dynamical system where the inputs are the kinematic parame-
ters de ned in the previous section. Closed-loop identi cation
is then implemented to estimate the DT system. The identi ed
model is then used to design linear-quadratic regulator (LQR)-
based feedback laws for hovering. Finally, in Section V111, con-
clusions and future research directions are presented.

Il. INSECT FLIGHT SENSORS AND CONTROL MECHANISMS

Flies have inhabited our planet for over 300 million years,
and today they account for more than 125 000 different species,
so that, by now, roughly every tenth known species is a y
[5]. This evolutionary success might spring from their insuper-
able maneuverability and agility to survive, which enable them,
for example, to chase mates at turning velocities of more than
3000° s~ with delay times of less than 30 ms.

The extraordinary maneuverability exhibited by ying insects
is the result of a sophisticated neuromotor control system com-
bined with highly specialized sensors. These sensors comprise
the pressure sensilla, the halteres, the ocelli, and the compound
eyes.

Pressure force sensilla are present along the wing surface, the
wing base, the halteres, and other parts of the body. Although
their functionality in ight control is not clear, they might play
an important role in estimating the instantaneous air ow around
the wing and in controlling the wing trajectory [6].

The halteres, which are two oscillating club-shaped appen-
dices, are the biological equivalence of a gyroscope, and they
are used to estimate the body angular velocities [7].

The ocelli, which is a sensor system composed of three wide-
angle photoreceptors oriented in a tetrahedron con guration,
can estimate insect orientation relative to the horizon by com-
paring the light intensity from different regions of the sky [8].

The compound eyes serve the purpose of estimating large-

eld optical ow, small- eld object xation, and object recog-
nition [9] [11]. The large- eld optical ow estimated from the
compound eyes can provide information about the orientation,
the angular velocity, and the linear velocity. The compound eyes
combined with ocelli and halteres play the role of the INS in in-
sect ight and can guarantee good performance [12], [13]. Fur-
thermore, compound eyes can also perform specialized visual
processing for object xation and landmark recognition, which
is used to navigate the environment and estimate proximity of
obstacles and targets.

A more detailed description for these sensors from a ight
control perspective can be found in [4] and [13] and in the ref-
erences therein.

Atpresent, little is known about the ight control mechanisms
and neuromotor physiology in insects [5], [14] [16]. Experi-
mental evidence suggests the existence of at least two levels
of control, as shown in Fig. 1. At the lower level, the halteres
and the ocelli control the wing muscles directly in order to keep
stable ight orientation. This level of control seems to be re-
active, since it mediates corrective re exes to compensate for
external disturbances and to maintain a stable ight posture.
At the higher level, the brain, stimulated by visual and physi-

IEEE TRANSACTIONS ON ROBOTICS, VOL. 22, NO. 4, AUGUST 2006

Fig. 1. Neuromotor control physiology in ying insect.

ological stimuli, plays the role of a navigation planner, which
plans the ight trajectory based on its ultimate goal, such as
foraging or chasing a mate. Different from the haltere ocelli
system, the visual system is not directly connected to the wing
muscles. Instead, it provides excitatory input to the haltere mus-
cles [14]. Therefore, this level of control indirectly affects the
ight behavior by biasing the motion of the halteres, thus cre-
ating an external disturbance for which the lower level of con-
trol would try to compensate. This hierarchical architecture in
insects might re ect the evolution of the halteres from the hind-
wings; neurons from the visual system were connected to the
muscles of both the forewings and hindwings and continued to
do so when the latter evolved into halteres; neurons intercon-
nected the forewing and hindwing pairs so as to permit their syn-
chronization and continued to do so when the hindwings were
reduced to halteres. Therefore, a hierarchical architecture ap-
pears to be an ef cient solution to resolve the con ict between
ight stability re exes and goal-orientated maneuvers. In fact,
a similar structure is also present between the vestibular-ocular
re exes and active head rotation in vertebrates [17]. This typical
biological neuromotor control architecture is shown in the left
side of Fig. 2. Without some appropriate inhibiting mechanism,
the haltere-mediated equilibrium re exes would always counter
goal-oriented motions. To resolve this potential con ict, the ner-
vous system must contain the means of attenuating equilibrium
re exes during the generation of controlled maneuvers.
Another sublevel, as part of the reactive control system,
might be present and associated with the pressure sensors
which innervate the wings and the haltere. This bottom-level
reactive control can adjust wing motion within a single wing-
beat to improve aerodynamic ef ciency and compensate for
local turbulence [18].
The hierarchical structure of neuromotor control in true in-
sects has been adopted as a guiding model for the design of the
control unit for MFls, as described in Section IlI.

I11. HIERARCHICAL CONTROL ARCHITECTURE

The hierarchical architecture, which is partially inspired by
insects and autonomous aerial robots research [19], decomposes
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Fig. 2. Design architecture for the control unit of the MFI compared with the neuromotor control architecture present in most animals.

the original ight control problem into a set of hierarchical mod-
ules, each responsible for a speci ¢ task. This way, the con-
trollers in each module can be designed independently of those
on higher levels, thus allowing the possibility to incrementally
build more and more articulated control structures. Fig. 2 shows
the architecture proposed for the MFI control unit. It is possible
to identify three main levels: the navigation planner, the flight
mode stabilizer, and the wing trajectory controller. The top level
is a voluntary one, since planning is determined by the MFI s
goal, and the two lower levels are more reactive since the pur-
pose of the ight mode stabilizers and the wing kinematic gener-
ator is to maintain the desired ight posture and the desired wing
trajectory in the presence of external disturbances, respectively.
Each of these three levels in the control unit receives speci ¢
sensory information from different sensors.

At the top level of the control unit, there is the navigation
planner. Besides sensory input from the visual system, this unit
can receive commands from a communication link and informa-
tion from application-speci c¢ sensors such as chemical or tem-
perature sensors. The purpose of this module is to choose a se-
quence of appropriate ight modes for the ight-mode stabilizer
level, which enables the MFI to safely navigate the environment
and achieve the desired task such as territory exploration, target
localization, and tracking.

The middle level is the flight mode stabilizer, which is re-
sponsible for stabilizing different ight modes available to the
MFI, such as takeoff, hovering, cruising, steer left, steer right,
climb, dive, and land. Each ight mode is achieved by a dedi-
cated controller that uses as inputs the signals from the halteres,
the ocelli, the large- eld optical ow estimates, and a magnetic
compass. Based on this information, the controller chooses the
appropriate values for the desired torques and forces that must
be applied to MFI body to compensate for possible disturbances
and to maintain the desired ight mode. The desired torques and
forces are then mapped directly into the corresponding wing tra-
jectory for the next wingbeat, as shown in Section V-C.

The bottom level is the wing trajectory controller, which
is responsible for generating the electrical signals for the
actuators in order to track the desired wing motion generated
by the ight-mode stabilizer module. The set of possible wing
trajectories is parameterized according to some biokinematic
parameters, as described in Section V-C. These parameters are
chosen based on biomimetic principles, i.e., by changing them,
it is possible to replicate most of the wing trajectories observed
in insects. The most important biokinematic parameters are
the stroke angle amplitude and offset, timing of rotation, mean
angle of attack, and upstroke-to-downstroke wing speed ratio.
The active change of these parameters by insects have been
observed to be directly correlated to speci ¢ maneuvers and

ight modes [20]. Then, every wing trajectory is mapped to the
corresponding actuator voltages via another map, as described
in Section VI. The wing trajectory controller receives input
information from force sensors placed at the wing s base.
This sensory information can be directly used to estimate the
instantaneous position and velocity of the wing, thus improving
wing motion control through feedback.

IV. INSECT VERSUS HELICOPTER FLIGHT

Similar to aerial vehicles that are based on rotary wings such
as helicopters, ying insects control their ight by controlling
their attitude and the magnitude of the vertical thrust [20]. Posi-
tion and velocity control is achieved via attitude control; in fact;
forces acting on a plane parallel to the ground can be generated
by tilting and banking the body. For example, pitching down
would result in a forward thrust, while rolling sideward would
result in a lateral acceleration. Altitude control is achieved via
mean lift modulation, for example, by increasing the vertical
force it would result in an upward acceleration and vice versa.

However, there are some particular differences that prevent
one from directly applying successful ight control techniques
developed for helicopters to insect ight [21]. The rst differ-
ence is the lateral asymmetry of helicopter ight. For example,
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the spinning of the rotor blade induces a reaction yaw torque
on the helicopter body that would make the body rotate in the
opposite direction if not compensated by the tail rotor. On the
other hand, the tail rotor generates a lateral thrust that needs to
be compensated by tilting the helicopter body sideways. This
problem is not present in insect ight since the wings oscillate
almost symmetrically on the opposite side of the insect body,
therefore, lateral inertial forces cancel out over the course of a
wingbeat. Moreover, when the helicopter moves forward, the
blade is advancing on one side and retreating on the opposite
side; the blade on the advancing side experiences a larger ow,
while the one on the retreating side experiences a smaller or
even reverse ow, thus causing lateral imbalance and instability,
called dynamic stall, which needs to be actively compensated
[22]. Ininsect ight, however, the mation of two wings is very
symmetric, and coupling between lateral and longitudinal dy-
namics is probably less pronounced.

Another difference is the highly TV nature of the aerody-
namic forces in insect ight. As shown in Fig. 5, the aerody-
namic forces and torques generated by the wings can change
substantially during a wingbeat. However, the wing motions
cannot change dramatically from one wingbeat to the next, since
the wings need to oscillate to maintain suf cient lift to sustain
the insect weight. Moreover, in insect ight, the two wings can
be actively controlled to follow asymmetric trajectories. This
allows the insects to generate large angular accelerations by
modulating the distribution of the aerodynamic forces within
a wingbeat without substantially affecting the mean lift gener-
ation. The dependence of torque generation on wing motion in
insects has also recently been considered in [23] and [24].

Finally, it is not clear whether the insect forward ight and
hovering ight dynamics are intrinsically stable. Recent theoret-
ical [25] and experimental [26] research by Taylor et al. on for-
ward ightin desert locusts and numerical analysis by Sun et al.
[27] onhovering ightin bumblebees suggest that the insect lon-
gitudinal ight dynamics possess some unstable modes. How-
ever, these modes have a timescale much slower than the wing-
beat frequency, therefore it is reasonable to propose that they
can be actively compensated for by the ight control system.

These similarities and differences lead us to consider the
following strategy when designing a robust stabilizing hovering
controller. First, we will model the insect dynamics as a DT
linear TI (DTLTI) system based on the average forces and
torques over a wingbeat. This approach is based on high-fre-
quency control theory that guarantees good approximation
error between the original TV system and averaged system,
assuming that the wingbeat frequency is suf ciently high [28].
Moreover, the design for the controller is based on an MFI
dynamics model obtained through an identi cation procedure
that includes the approximation errors due to the TV nature of
the dynamics.

Second, we parameterize the wing kinematics with four pa-
rameters such that they can be mapped uniquely into the three
mean torques (i.e., roll, pitch, and yaw) and mean lift. This ap-
proach allows direct control of the torques and lift generation,
thus simplifying the control design for the attitude and altitude
of the MFI. The dynamics of the insect is then linearized about
the hovering condition and the original multiple-input multiple-
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output (MIMO) system were decoupled into four single-input
single-output (SISO) subsystems. Finally, the controller is based
on robust output feedback using LQR design.

V. HIGH-FREQUENCY INSECT FLIGHT CONTROL

A. Insect Dynamics
As shown in [4], the insect dynamics can be written as

6 = (IW)~! [Tf; () — WO x TWE — IW@}

b= Cp-gt R0 )

where 72 € R3 and f° € R? are the torque and force vectors
generated by wing aerodynamics applied to the insect center of
mass. The vector © = [ 0 ¢)]T represents the ZY X Euler an-
gles (i.e., roll, pitch, and yaw) relative to the inertia coordinates,
W = W(©) is the transformation matrix from body angular
velocity w® to Euler angular velocity in inertia frame ©, i.e.
© = Wuw?, T is the insect moment of inertia relative to the
body frame, p is the position of the center of mass relative to
the inertia frame, g = [0 0 — g]7 is the gravity vector, b is the
linear damping coef cient, and R = e*¥¢e¥%¢®" is the rotation
matrix. This notation is commonly found in spacecraft and he-
licopter dynamics literature [21], [29].

The wrench, i.e., the forces and torques applied to the center
of mass, is based on a quasi-steady-state model for the insect
aerodynamics. It is a nonlinear function of the instantaneous po-
sition and velocity of the wing stroke ( apping) angle ¢ and the
angle of attack « of both wings, but it does not depend explicitly
on time. The aerodynamic forces and torques can be written as

f(lz)(t) :.f2(¢r7¢l7<pr7<pl7¢r7¢l7¢r7¢l) = f(i)(uW’U’)

T:(t) = T(lz)((/)ﬂ b1 Prs Ly Gry DLy Presy ‘Pl) = T:(“: u) 2
where u = (¢, ¢, @r, 1), and the lower scripts ~ and [ stand
for right and left wing, respectively. The stroke angle ¢ is the
angle between the wing radial axis and the y-axis of the stroke
plane. The rotation angle ¢ is de ned as the angle between
the vertical plane and the wing pro le, which corresponds to
the complement of the angle of attack «, i.e., @ = 90° — ||
(see Fig. 3). The explicit expression of aerodynamics forces and
torques as a function of wing kinematics can be found in [4]. The
aerodynamic forces and torque are the only TV element in (1);
otherwise, the insect dynamics would be very similar to the Tl
nonlinear dynamics of a helicopter. On the other hand, the wing-
beat period is much smaller than the responsiveness of the in-
sect body, therefore, intuitively speaking, only mean forces and
torques are relevant. In fact, this approximation has been for-
malized by averaging theory [28] and has been widely used in
different applications including helicopter aerodynamics [22],
[30]. Recently, averaging theory and high-frequency periodic
control has been successfully paired with tools from geometric
control theory [31], [32] for trajectory tracking and approxi-
mate stabilization of sh and snake-like vehicles [33] [39]. In
particular, these tools model the system dynamics as an af ne
systemof the form & = fo(x)+ Y"1~ fi(z)u;, where u; are the
control inputs. Moreover, these systems are underactuated, i.e.,
the number of available inputs w; is smaller than the DOFs. A
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Fig. 3. De nition of wing kinematic parameters. Left: 3-D view of insect body and left wing. Right: Top view of the insect stroke plane.

classical example of an underactuated system is a car-like ve-
hicle; in fact, even if only steering and forward velocity can
be controlled, the car can be steered to any desired con gura-
tion, i.e., x y position and orientation. One of the goals of geo-
metric control theory is to design suitable stabilizing TV inputs
u; = g;(x,t) directly from the structure of the ow of the dy-
namics, i.e., from the vectors f;(z). For driftless systems, i.e.,
for fo(x) = 0, such conditions have been found, and a number
of stabilizing algorithms exists [31], [40], [41]. However, the
dynamics of most biological locomotion such as sh and eel
swimming include a drift term. The drift term greatly compli-
cates the controllability analysis and controller design. Only a
few tools are available to systematically synthesize the control
laws for such systems, and they are mainly limited to mechan-
ical systems with speci ¢ geometric properties [42], [43]. This
is a very active research area, but it is beyond the scope of this
paper to review it. We refer the interested reader to the text-
books [31] and [32] for a general discussion on geometric con-
trol theory and to the review paper [44] for its applicationto sh
swimming.

Although insect ight belongs to the class of underactuated
control systems, we do not directly apply these tools because
of the complexity of the aerodynamic forces and torques and,
thus, the complexity of the vector ow described as a function
of the wing angles and velocities . In principle, the geometrical
properties of insect ight could be analyzed numerically and
then control algorithms could be designed by applying the afore-
mentioned tools. However, this is not a straightforward method
since insect aerodynamics are highly nonlinear. Moreover, this
purely mathematical approach gives rise to a very complex de-
scription of controllers which is hard to relate to the ight con-
trol mechanisms adopted by insects. Therefore, this direction is
not pursued further here. Instead, we propose to parameterize
the wing motion based on biomimetic principles to design our
periodic inputs, i.e., we propose u = g( ,t). Then, by applying
averaging theory to approximate the complex TV dynamics with
the average T1 dynamics, we show that there is a direct map be-
tween the proposed kinematic parameters and the mean forces
and torques. The kinematic parameters appear as virtual inputs
in the averaged dynamics. The averaged dynamics is then suit-
able to standard controller design, similarly to those found in
helicopter control.

B. Averaging

Averaging theory and high-frequency control encompass sev-
eral results, and they have been applied in different scienti ¢
areas. Recently, these results have been applied speci cally to
insect ight [45]. Here, we report only some of the results that
we will use for the ight controller design.

Theorem 1: ([45]) Let us consider the following systems:

(:v—f((:v.u,u)

u=g( ,t

= (@) ©
g( ,t)=g( ,t+ )

(z=f(z,)

f(a, <)T% o fz.g( ,1),9( 1) t @)

where z, 2 € R ,u € R™,and € R , and all functions and
their partial derivatives are continuous up to second order.

If = 0 is an exponentially stable equilibrium point for the
averaged system (4), then there exists 0 such that x(¢) —
x(t) forall ¢ € [0, ). Moreover, the original system
(3) has a unique, exponentially stable, -periodic orbit z7 (%)
with the property zr(t)

In our setting, is the wingbeat period, and the
system f(z,u) is given by (1) and (2), where the vector
uw = (¢r, d1,0r, 1) represents the right and left wing an-
gles. The theorem is an application of singular perturbation
theory [28], [46], which studies the behavior of the dy-
namical system ¢ = f(x,t, ), where the vector ow f
is -periodic in ¢t and is a small parameter. In fact, after
the change of timescale = = ¢ , (3) can be written as

r T = f(x,9( (%), 7),9( (v), 7)) = f(z, ),
where f is 1-periodic in its second argument. Therefore, the
period  plays the role of the perturbation parameter and
should not be confused with the period

As will be shown in Section V-C, the wing trajectories are
chosen to be -periodic functions and are parameterized by a
parameter vector , i.e., u = g( ,t). The parameter vector
can be interpreted as a vector of virtual inputs. Therefore, as sug-
gested by the theorem, we will focus on the averaged dynamics
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