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Abstract— A model-based approach for lateral maneuvering
of flapping wing UAVs in closed spaces is presented. Bird-
size ornithopters do not have asymmetric actuation in the
wing due to mechanical complexity, so they rely upon the
tail for lateral maneuvering. The prototype E-Flap can deflect
the vertical tail to make maneuvers out of the longitudinal
plane. This work defines simplified equations for the steady
turning maneuver based on the body roll angle. The relation
between the velocity of the prototype and the turning radius
is also stated. Then, an approach to the attitude is proposed,
defining the relation between the deflection of the vertical tail
and the roll angle. We prove that, even though this deflection
causes a yaw moment, the coupling between yaw and roll
dynamics generates also a roll rate. To validate this simplified
model, a simple control is presented for continuous circular
trajectory tracking inside an indoor flight zone. The objective
is to track circular trajectories of a radius 2 times greater than
the wingspan at a constant height. Results show a very good
agreement between the theoretical and experimental turning
radius. In addition, the direct relation between the vertical
tail deflection and the roll rate of the ornithopter is identified.
Even though the desired radius is not reached, the FWUAV is
capable of maintaining a closed turning maneuver for several
laps. Therefore, the insight provided by the model proves to be
an appropriate approach for aggressive lateral maneuvers of
bird-size ornithopters.

Keywords: Flapping-wing, Circular flight, Ornithopter, Dy-
namics.

I. INTRODUCTION

The complexity of the flapping-wing unmanned systems
has become a challenge for manufacturing robots, dynamics
and actuation, manual/automatic control, and applications.
The action of flapping itself is the source of lift and thrust
power and at the same time, a severe disturbance and source
of uncertainty in the model and real prototypes. This work
focuses on the new emerging flapping-wing unmanned aerial
vehicles (FWUAVs), unmanned systems that were developed
resembling birds. The use of flapping wing technology and
prototypes in robotics research increased significantly around
2010, more concerned with small insect-sized systems [1]–
[3], and continued until recently with more autonomy and
bigger size [4]–[6]. The modeling of the flight for these
new prototypes is the main research challenge. Oscillations
due to flapping movement, together with the use of different
actuation due to the mechanical complexity of the flapping
mechanism, make it difficult to predict the behavior of
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Fig. 1. Trajectory tracking of a circular path; flight of the flapping-wing
robot in the test bed environment.

FWUAVs. Correct modeling is important, as it affects both
the design [7], [8] and the control [9] of the FWUAV.

Most of the works devoted to modeling the dynamics of
ornithopters have been focused on describing the movement
in the longitudinal plane [10]. There are differences in
how those works have integrated the aerodynamic forces
generated by the flapping wings. Some of them use identi-
fied simple aerodynamic models, focusing on the complex
kinematics of the multi-body system [11]. Other models
consider aerodynamic approximations, such as the modi-
fied strip theory, to integrate them in a simple rigid body
approximation [12], [13], or in a more complex kinematic
model [14]. There are also complex models [15] considering
fluid-structure interaction to obtain the thrust, lift, and drag
forces. However, real-time implementation of those models is
difficult for on-board computers. In [16], a new model based
on unsteady aerodynamics was validated and then simplified
for its use in real-time without loss of accuracy.

However, there are very few works about lateral ma-
neuvers. Small flapping wing tailless prototypes, similar
to insects, have proven great lateral maneuverability by
actuating their wings [17]. With this type of prototype,
Fei et al. [18] presented trajectory tracking for a tailless
flapping wing hummingbird in an OptiTrack area. A similar
concept was researched for a flapping-wing micro-robot [19].
Simulation and experiments of the small-scale flapping robot
were presented in the order of a circular flight of radius
1m using learning techniques [20]. There are also small
prototypes with a wing-tail configuration that managed to
track trajectories in small spaces [21], but the lateral control
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was also actuated in their wing. In all those cases, the control
power provided by the wings and their direct effect on the
force distribution makes it possible to control the trajectories
without a further understanding of the dynamics.

When it comes to bird-sized ornithopters, actuating the
wings to get out of the plane maneuvers gets more compli-
cated, as the flapping forces are bigger and mechanisms must
be more robust, so adding actuation there would significantly
increment the weight of the prototype. Therefore those
prototypes rely on the tail for lateral control. The comparison
between different kinds of tails was done in [22], where the
conventional tail (or inverted T) was proven to have better
performance in terms of control power. However, a better
understanding of the dynamics was needed to demonstrate
stability.

For prototypes of this size, most works related to lateral
maneuvers have taken place in large outdoor areas. Xu et al.
investigated the trajectory tracking of a large-scale flapping-
wing bird outdoors, with a circular path of 30m [23]. Other
prototypes have proven outdoor capabilities for 3D Way-
point tracking in large spaces [24]. The GPS and IMU
feedback were used to define the error for way-point tracking
and the application of the flight was vision-based monitoring
of power lines.

The main contribution of this work is a model-based
approach to the lateral maneuvers of a large-scale FWUAV.
The proposed validation method consists of a circular motion
obtained by implementing a simple cascade controller. The
tracking was reported before for small-scale [18], [19],
[21], [25], or large-scale outdoor, diameter of 60m [23].
Understanding the dynamics motivated this work to exercise
it in an indoor space with a relatively small radius of 3m.
Due to the limited indoor space, high-precision feedback is
needed. For that reason, the experiments are conducted in
the indoor area of the GRVC Lab (see Fig. 1), equipped
with the OptiTrack system, which provides accurate position
and attitude estimation by a motion capture system.

For a large-scale bird, with a 1.5m wingspan, tracking a
circular path of a 3m radius in an indoor confined space is a
challenge. Modeling the dynamics becomes very important,
as any control strategy must rely upon a deep understanding
of how the lateral maneuver works. Then, we can obtain
accurate estimations of the necessary pitch and roll angles
for the bird to stay on track. The under-actuation state of
the ornithopter avoids having command on forward and
lateral positioning though the tracking can be done through
a relevant control of the roll angle. The adequate roll angle
deviates the bird towards a lateral maneuver and if it stays
on that, continuously, a circular trajectory will be achieved.
This will be explained more in detail in the dynamics and
control section of this work.

The rest of the paper is structured as follows. Section
II describes the dynamics of the flapping wing robot in
turning and lateral altitude mode. Section III presents the
validation approach with the experimental setup and the
control architecture. The results are shown in Section IV
and the conclusions are summarized in Section V.

II. DYNAMICS OF THE FWUAV

This section presents a theoretical basis for the lateral ma-
neuver. A simplified theoretical approach based on a steady
circular flight of the ornithopter has been studied. Then, an
additional analysis is provided to define the transient attitude
of the ornithopter for the longitudinal and the lateral transient
dynamics, the key to achieving the required maneuverability.

A. Lateral maneuver

For the analysis of the turning dynamics, a horizontal
maneuver with a steady attitude is considered. Then, a
constant velocity roll angle µ is defined, being directly
related to the body roll, causing a projection of the lift force
in the horizontal plane. Then, the equations for the steady
turning dynamics are given by:

T = D, (1)

Lsin(µ)+Qcos(µ) =
mV 2

R
, (2)

Lcos(µ)−Qsin(µ) = mg, (3)

where T , D, and L are the thrust, drag and lift for the
ornithopter, with Q the lateral aerodynamic force; m is the
mass of the ornithopter, g the gravity acceleration, V the
velocity and R the turning ratio. In this case, the flapping
oscillations of the ornithopter are neglected. As it was shown
in [16], those oscillations can affect the steady-state values;
however, neglecting them we can obtain a good initial
approximation of the dynamics, even though the resulting
values will not be completely accurate.

The lateral force Q is an interesting parameter during
transient phases. This force can appear due to asymmetric
behavior, which is usual during lateral maneuvers. Its value
is usually small, and it can be neglected as a good approxi-
mation. Then we have from Eqs. (2) and (3):

Lsin(µ) =
mV 2

R
, (4)

Lcos(µ) = mg, (5)

where the vertical component of the lift is responsible for
opposing the gravity force and its horizontal component is
responsible for the turning maneuver. Note that the turning
ratio can be defined without explicit dependence on the lift
force, by combining both equations:

R =
V 2

g tan(µ)
=

V 2

g tan(φ)
. (6)

However, the definition of the turning radius has a problem,
as it goes to infinite when the ornithopter follows a straight
line. For that reason, using the inverse turning radius, or
curvature (κ) is more appropriate for the experimental com-
parison in Section IV

For a horizontal flight, which is the considered case, the
velocity roll angle is the same as the body roll angle φ , so we
will use this instead as it is easier to compute, even though
during oscillations they may differ slightly. This formulation
serves as a first theoretical approximation, to be later adjusted
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Fig. 2. Yaw moment generated by the deflection of the vertical tail.

by the controller, as flapping oscillations and small lateral
forces can affect the flight state. Additionally, the velocity
of the ornithopter is given by the dynamics. If we consider
that the lift force is derived from a non-dimensional lift
coefficient CL, we have from Eq. (5):

L =
1
2

ρV 2SCL =
mg

cos(φ)
, (7)

where ρ is the air density and S is the area of the wing
surface. Defining the velocity explicitly from Eq. (7), one
obtains

V =

√
2mg

ρSCL cos(φ)
, (8)

where the lift coefficient can be considered as a function
of the angle of attack CL = CL(α) for this particular case
as a good initial approximation, demonstrated also in Ref.
[16] for the first order of the velocity. The angle of attack
is defined by the deflection of the horizontal tail through the
longitudinal attitude of the ornithopter. In this particular case,
it is interesting to reduce the flight velocity to minimize the
turning radio. To get that, the angle of attack should be high,
beyond the limits of the linear potential theory, therefore the
existing explicit formulations for the lift coefficient are not
so precise.

The deflection of the vertical tail is employed to modify
the roll angle through the lateral attitude. Then the flapping
frequency is the last free control variable. In this work, the
flapping frequency modulation is used to maintain leveled
flight through Eq. (1), similar to a fixed-wing aircraft thrust.
In this case, we can write the drag as a function of a drag
coefficient,

T ( f ) =
1
2

ρV 2SCD, (9)

where the drag coefficient is also a function of the angle
of attack, CD = CD(α). Note that, even though the reduced
velocity should produce smaller drag forces, the increment
in the drag coefficient at high angles of attack is far more
important than the decrease in the velocity, So the drag is
actually quite high for these maneuvers. The ornithopters can
fly at such angles of attack thanks to the high thrust provided
by flapping wings.

Fig. 3. Roll moment generated by a sideslip angle.

B. Longitudinal Attitude

As aforementioned, the lift coefficient of the wing is
defined by the angle of attack. The relation is linear and
defined by CL = 2πα for small angles of attack in a flat
plate. For bigger angles of attack (α > 15◦) the aerodynamics
become more complex and precise formulations are difficult
to find. From Ref. [26] the value CL = π sin(2α) can be
used as an approximation. In this case, the close maneuver
demands low velocities, so the angle of attack will be over
this limit. The angle of attack is defined by the distribution
of lift forces between the wing and tail. Each deflection of
the horizontal tail δht leads to a different angle of attack.
Flapping oscillations also affect it; however, as it was stated
before, they are neglected in this work as a first estimation.
The formula that gives the first order of α as a function of
the deflection of the tail is defined in Ref. [16]:

α =
ltΛCLt,α δht

lwCLw,α + ltΛCLt,α
, (10)

where lw and lt are the distances from the wing and the tail
aerodynamic center to the center of mass, Λ is the surface
ratio between wing and tail, CLw,α and CLt,α are the linear
relations between the angle of attack and lift coefficients of
wing and tail. The relations are not linear at the trimmed
angles of attack in this work, but the formula serves also as
an estimation for the operating point. Note that, for the case
of horizontal flight, the angle of attack and the body pitch
angle θ are the same, so this last angle will be used in the
control loop as it is easier to compute.

C. Lateral Attitude

Lateral dynamic is more difficult to estimate for an or-
nithopter, as the aerodynamics lateral forces generated by
flapping wings have not been studied so far. The mechanical
complexity of the flapping mechanism makes it difficult to
add an asymmetric control variable in the wings. Hence the
lateral control in large-scale flapping wing UAVs normally
comes from the tail. In the case of the E-Flap prototype, the
control is obtained by the deflection of the vertical tail δvt .

The deflection of the tail does not create a roll moment by
itself, but it produces a yaw moment as observed in figure 2.
Therefore, the ornithopter rotates itself without changing the
flight direction, generating a sideslip angle β . This sideslip
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angle can be defined as a direct function of the deflection
of the tail, once reaches the steady state. This function is
damped by the opposing lateral force generated by the wing,
and it can be expressed as

β =Cnδvt δvt , (11)

in which the lateral moment parameter is Cnδvt < 1, and that
is difficult to quantify for a flapping-wing aircraft. In Fig. 3,
this sideslip angle is illustrated. Although the deflection of
the tail does not generate a direct roll moment, the sideslip
angle does generate a differential lift between both wings.
The wing on the side of the incoming airstream has an actual
angle of attack bigger than the wing downstream, causing
a lift difference between both wings that generates a roll
moment, as observed in Fig. 3. Then, this rolling moment
can be expressed as a linear function of β ,

φ̇ =Clβ β = bδvt δvt , (12)

and for the sake of simplicity, the roll rate will be defined
directly as a function of the deflection of the vertical tail. The
parameter bδvt is the linear relation between the deflection
of the vertical tail and the roll rate, and it is obtained here
experimentally.

Note that the dynamic inertia effects are neglected here
due to the small inertia of ornithopters. This characteristic
of FWUAVs, caused by the reduced weight of the wings for
mechanical reasons, makes the dynamics so fast that they
can be neglected, considering directly the final state for both
the longitudinal and lateral attitude.

III. VALIDATION

To validate this simplified dynamic modeling for circular
flight, an experimental case study for circular flight is done
for a 1.5 m flapping-wing ornithopter. In particular, the goal
is to fly in a continuous circular orbit of 3 m radius. The
experimental setup is defined taking into account the charac-
teristics of the limited indoor area of the GRVC Laboratory1.
Then, the control architecture is defined to keep the flapping-
wing UAV in a circular orbit.

A. Experimental Setup

The experimental setup targets tracking a circular flight
around a specific center point minimizing transient flight
from the taking-off point. To provide the repeatability condi-
tion, the flights start from an automatic launcher that gener-
ates an initial speed of 4 m/s in a straight direction. To reach
the desired circular trajectory with tangential incorporation,
a transient roll angle was found experimentally.

The ornithopter is actuated by brushless DC motor Hacker
A20-26M to generate flapping through a set of reduction
gears and the driver of the flapping motors is Tmotor F
35A 32bit 3S. The source of power is a 4-cell Lipo battery,
14.8 V. NanoPi NEO is the processor of the ornithopter
for computations and control loop implementation. The tail
actuators are SH-0255MG where the voltage range is [4.8,

1https://grvc.us.es/newweb/infraestructures/

6.0]V and output torque [3.1, 3.9]kg.cm. The flights were
conducted in the indoor experimental test bed of the GRVC
Lab. The feedback to the control loop is given by a Motion
Capture System consisting of 28 cameras that track the
position and the attitude of the ornithopter at a frequency
of 120Hz [7].

B. Control Architecture

The E-Flap prototype presented closed-loop linear control
designs and flight with three PID controllers [27]. In this
current work, only the lateral control is modified, as the
development of more advanced control methods is out of the
scope of this paper and will be addressed in future works.
Previously, the implemented lateral control was adjusted to
keep a straightforward flight [27], but in this work, a new
approach for lateral control is defined to track the generated
circular dynamics and flight. Considering the simplifications
in Eqs. 6 and 12, a cascaded controller is proposed for the lat-
eral dynamics. The inner loop controls the roll angle, instead
of the yaw angle as it was done in previous implementations
[6]. Then, an outer loop is added to modify the roll reference
by controlling the turning radius. The architecture of the
controller is shown in Fig. 4.

This controller has been implemented into the onboard
computer of the ornithopter. The inner loop is directly
responsible for the vertical tail (control signal) depending on
the required roll angle. The outer loop provides a dynamic
roll reference to approach the desired turning radius. The
setup of the two independent linear controllers and their
set points have been developed by combining theoretical
and experimental dynamics knowledge. This work aims to
demonstrate the ease with which a real flapping circular flight
is achieved with the proposed architecture when unsteady
dynamics are present. The controllers also need an adjust-
ment of the operating point. The operating trim point of the
horizontal tail is placed with a specific upward angle. Mean-
while, the vertical tail is centered for the operating point,
as there are no lateral forces actuating on the ornithopter.
For the flapping frequency, the base power is 67%, as the
prototype has no payload in this experiment. For the turning
radius, the reference is a 3 m radius circular path, centered
in the OptiTrack test bed. To get this radio, a pitch angle
of 25◦ is considered, which will result in a flight velocity
around 3.7 m/s resulting in a reference roll angle of 25◦.

IV. RESULTS

A. Comparison of experimental and analytical curvature

To prove the validity of the model, a comparison has been
done between the actual curvature and the theoretical expres-
sion, Eq. (6). The curvature can be computed experimentally
with the heading rate and the horizontal velocity.

To compare the experimental data with theoretical values,
the velocity, and the roll angle are needed, as they appear
explicitly in Eq. (6). The attitude is measured and given
directly by the motion capture system, so the velocity is
the only term for computation via the positions and time
differential terms. However, time results are not very precise
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Fig. 4. Cascaded control diagram for circular flight control.

Fig. 5. Comparison of the experimental and analytical curvature during
flight.

because of the communication between the flapping-wing
UAV and the motion capture system. The computational
delay from the onboard electronics also adds uncertainty,
which causes noise in the measurement. For that reason,
we analyze the curvature in sections where the data is good
enough, and the results can provide a better insight.

The comparison between experimental and analytical re-
sults is presented in Fig. 5. There are oscillations in the
experimental values due to the flapping motion, which has
not been taken into account during the dynamic modeling
and analysis. The analytical results are centered in the same
value as the experimental data, so the error is centered in
0, as we also see in Fig. 5. Considering the average values
during flight, the relative error is less than 5%. However, the
average of the instantaneous error is over 70%, due to the
effect of the oscillations. The trajectory can also be affected,
so oscillations should be taken into account for future works.
The relation between vertical tail deflection and roll rate is
also analyzed. The longer period with a constant deflection is
the approach to the circular trajectory, where the deflection
is saturated and we get the desired roll angle in less than
one second. The defined parameter in Eq. (12) is found,
approximately bδvt ≈ 0.7s−1.

B. Trajectory Tracking

As aforementioned, the goal of the control was to get
a continuous circular trajectory at a fixed height. First, the
height control with the flapping frequency is conducted. In
this work, continuous circular flight at a constant height of
2.7 m was performed successfully inside the confined space.
The root-mean-squared errors (RMSE) are 1.02 m for the
radius and 0.25 m for the height. The trajectory has been
repeated several times obtaining similar results.

For the attitude controllers, we present the results in Fig. 6.
The primary loop is the pitch control, where the reference
is reached in approximately 1 s of flight. Therefore, the
control signal is oscillating around its reference value. Then,
the outer loop of the lateral control is activated. Note that
the reference radius is not reached. There are two causes
for this. a) The actual flying velocity is bigger than the
expected 3.7 m/s. This happens as a side effect of the
oscillations observed in the lateral control: the ornithopter
gets accelerated, going out of the desired circle. b) The other
cause is staying close to the saturation, to 30◦ of roll angle,
to guarantee stability. Due to the physical limit of the flight
zone, the minimum radius of the trajectory was defined as
3 m, and to track this path, the rudder and elevator were
tuned to be close to saturation, which means using maximum
possible inputs. That is a limit for low speeds and could be
increased to achieve the 3m turning radius at higher speeds.
Finally, for the inner loop of the lateral control, the roll
reference is reached in less than 1 s, as expected by the
identified parameter bδvt . Then, the control just actuates to
maintain the angle and follow the changes in the reference
generated by the outer loop control.

There are uncertainties during the flight due to errors in
the tracking from the motion capture system, as seen in
negative peaks of the roll control in Fig. 6. However, these
perturbations happen for a short time, having no effects on
the flight. The resulting trajectory is plotted in Fig. 7. Note
that the trajectory circles around the center position, but it
does not manage to stay in a perfect circle of 3 m of radius.

V. CONCLUSIONS

This work presented an analysis of the turning dynamics
of large-scale ornithopters with tail actuation. The simplified
dynamics show a direct definition of the turning radius from
the velocity and the roll angle. This direct relation is observed
experimentally, showing a very good agreement between
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Fig. 6. The flight data of the trajectory tracking and experimentation.

Fig. 7. The experimental flight trajectory in the XY plane.

theoretical and experimental average values, although the
oscillations due to flapping are not considered. Additionally,
a linear relation is established between the deflection of the
vertical tail and the roll rate. This linear relation is then
quantified experimentally, defining the transient dynamics
from a straight flight to a turning maneuver with a specific
radius.

This method provides the basis for lateral maneuvering of
flapping-wing robots. Even though further analysis is needed
to better quantify the effects of the oscillations, results show
that the high thrust at low speeds of flapping-wing robots
gives them the ability to move in confined spaces, compared
to conventional fixed-wing aircraft. The approach can be
generalized for other prototypes with tuning. As shown in
the analysis, the relative weight and wing surface of the
prototype are important for maneuverability, but also other
parameters such as the actuation forces, the generated thrust
force, and the aerodynamic efficiency.

This insight into the dynamic was tested by a specific

experimental setup with a simple cascade control. The ob-
jective was to perform continuous circular flight in a confined
space which is a challenge for a 1.5m wing-span robot bird
circling a 3m radius. The generated dynamics and trajectories
were fed to the controllers to track the circle. The successful
flight confirms the high maneuverability of the flapping-wing
robots. Even though the actual radius of the circular flight
was a bit higher than the desired value, as the flight velocity
was higher than the estimated one, the ornithopter is capable
of maintaining a continuous circular trajectory. The flight
showed flight at a constant height of 2.7 m and a transient
zone of less than a second from the launching point.

Additionally, the turning radius is adjusted in approx-
imately 1 s, which also measures the maneuverability of
flapping-wing robots (better than fixed-wings which need
high-speed forward flight to provide stability). Short transient
time is important for following more complex trajectories.
Further work should be developed for the tracking of more
complex trajectories in outdoor environments, due to the
limited space of the testbed.

To sum up, the simplified model approach showed great
agreement with the experiments. The resultant closed ma-
neuver shows a higher performance than ever before for a
bird-size ornithopter. The objective was to track a radius 2
times greater than the wingspan at a constant height, which
is ambitious even for small FWUAVs. Results show that this
performance could be obtained by increasing the precision of
the tracking and using more sophisticated control methods.
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