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_ Abstract— The autonomous capabilities of light-weight Flap- the system. It dampens out the oscillations induced by the
ping Wing Micro Air Vehicles (FWMAVs) have much to gain  mpotion of the flapping wings. During forward flight the air
from onboard state estimation and attitude control. In this flow over the control surface consists of two components:

article, we present the first FWMAV with robust onboard state the airfl due t fial t of th ithoot d
estimation and attitude control. The tailed FWMAV DelFly II € airfiow due to spatial movement of the ornithopter an

was used, with the main goal to achieve active stabilization the airflow induced by the flapping of the wings. During
in the (passively unstable) hover condition. The attitude is hovering the former airflow is not present and the system
estimated using an Inertial Measurement Unit with a gyroscope, is no longer passively stabilized by the tail section. It is
accelerometer and magnetometer and the altitude is estimated unclear if the control surfaces are sufficiently fast andrejr

using a barometer. A major challenge lies in the disturbance of
the accelerometer measurements by the flapping motion of the to autonomously control the FWMAV near hover.

Wings_ We propose a mechanical dampmg mechanism and f|ap_ In Order to aChieVe aCtiVe attitude Stab”ization, Sena'ng
cycle based filtering to resolve this issue. The pitch estimates control of the state is required. Although this can be aadev

have a mean error of 1.5 with respect to the ground-truth  with external systems [6], [7], for real-world operationist
measurement from a motion capture system. Using the onboard ¢, referaple to have an onboard solution. The first attempt

pitch estimate we can control the attitude of the FWMAV in . L .
the forward flight regime with a 30% lower standard deviation to increase the stability of an FWMAV with onboard sensors

than in a trimmed flight. With a different set of gains, the [1] featured a gyroscope for feedback rotation rate stabi-
FWMAYV is able to perform a hovering flight - showing that a  lization of a further manually controlled tailless FWMAV.

tailed FWMAV has enough control authority for this task. Ina  Alternatively, the gyroscope has been integrated for state

fully ﬁuton?naous ho"eé.e"pe“me“t' the DelFly Il stays within - egtimation and attitude control for relatively short tinpass

a sphere of 0.75 m radius. [3], [9]. Due to the inherent bias of a gyroscope it cannot be
. INTRODUCTION robustly and solely used for attitude estimation and céntro

The field of Flapping Wing Micro Air Vehicles (FW- The first attempt to perform absolute attitude estimation
MAVSs) presents many technological challenges, exacedbat@nd control for an FWMAV featured a magnetometer [10].
by the small sizes of the vehicles, which impose constrainfshe selection of the magnetometer is advantageous as it
on the onboard components. It is already challenging #§ undisturbed by the mechanical vibrations, in contrast
achieve flight with an FWMAV, so the focus is typically still to an accelerometer. However, the measurements from a
more on design, rather than on autonomous flight capabilitiénagnetometer may vary due to environmental disturbances.
such as onboard state estimation and control. A major subdi-!n order to achieve long term attitude control, robust state
vision of FWMAVs can be made according to the presenc@stimation is required. This may be achieved by fusion of
or absence of a stabilizing tail. Tailless designs, suchjs [ Multiple sensors such as gyros and accelerometers. However
[2], control their attitude by varying wing stroke paramste the flapping wing movements heavily perturb the accelerom-
These designs are inherently unstable and require actigter measurements. For instance, on the tiny Robobee [9]
attitude stabilization for achieving stable flight (manwal it was observed that the flapping caused accelerations in
autonomous). the range+5 g. The accelerometer measurements had a

Tailed designs such as [3], [4] are passively stable givedistortion of—2m/s?, which was larger than the accelerations
a minimal forward velocity. However, this has an influencef interest, in the order ofm/s’.
on the maneuverability as it induces a minimum turn radius. In this article, we present the first robust onboard state
In small confined spaces this is a problem as it limits the s€stimation and control on board of a light-weight FW-
of possible trajectories which can be safely undertaken addAV. Our main contributions are: (1) methods to filter
complicates the required obstacle avoidance strategfes (#1€ accelerometer measurements for use in onboard attitude
[5]). If an FWMAV has the ability to minimize the forward estimation, (2) an efficient onboard state estimator anc (3)
velocity or even hover, the navigation in small confinegontrol scheme which improves the autonomous capabilities
spaces would be significantly improved. of an FWMAV platform. In Section Il, we explain the

The passive stabilization of a tailed FWMAV is achievedP€lFly Il — the platform used for the experiments. In
by the tail section, which behaves as a natural damper &gction Il we explain the onboard sensors. Then, in Section

. o IV and V we present the efficient state estimation and control
~ Delft Center for Systems and Control, Faculty of MechaniazjiBieer- algorithms running on board of the ATmega328P micro-
ing and Systems, Delft University of Technology . . .

2 Micro Air Vehicle laboratory, Faculty of Aerospace Engirieg, Delft processor. In Section VI, results of fllght experiments are
University of Technologyi cr ouav@mai | . com presented. Finally, conclusions are drawn in Section VII.



1. THE DELFLY II

The DelFly has been under continuous development and
has improved in a variety of aspects, including lift genierat
the onboard hardware and its autonomous capabilities [4].
Only recently, the newest version of the DelFly was pre-
sented, the DelFly Explorer [8], which achieved autonomous
flight and obstacle avoidance using a stereo vision camera
module. All computations are performed on board the DelFly
Explorer. The autonomous flight was achieved in a trimmed
slow forward flight condition. In principle there is no re-
quirement to do onboard state estimation and control, as the
DelFly is an intrinsically stable platform in this slow foand
flight regime ¢ 1m/s). However, the hover capability would
significantly simplify and improve the DelFly’s obstacle
avoidance performance, as obstacles then would not have to
be detected as far away as it currently is the case (ardund
ahead). During hovering, the DelFly is no longer passively
stabilized by the tail section and thus becomes unstable.
Additionally, the position of the center of mass is impottan
as it balances the forces and moments between the wings
and the tail section.

The current configuration of the DelFly is shown in Fig-
ure 1a and the definition of the body-frame axes in Figure 1b.
The DelFly has four actuators: a brushless DC motor for
controlling the flapping frequency of the double wing pairs
and three servos. The DC motor runs at a frequency of
around 320 Hz, and after a transmission (21.3 : 1) this result
in a flap frequency of about 15 Hz. One servo is used to
actuate the ailerons that are positioned close behind thgswi
(roll control), and two servos actuate the rudder and ebevat
surfaces on the tail (yaw and pitch control).

The DelFly hosts an autopilot board of 0.9gram. The
autopilot board contains the ATmega328P micro-processdy; Inertial Measurement Unit
the BMP-180 barometric pressure sensor and the MPU9150The accelerometer and gyroscope both have 3
9-axis IMU with an accelerometers, gyroscopes and mages/channels that provide a 16-bit digital output. The
netometers. Additionally, a transceiver is present foram measurements are stored in a FIFO buffer which is part
controlled flight and telemetry. An extra magnetometer wagf the sensor; by using the FIFO buffer, the sensor can
added because the magnetometer on the IMU chip did ngdmple at a higher frequencgl6H z) relative to the loop
work robustly during tests. The extra sensor, the HMC5883lfrequency of the attitude loop on the CPY {00H 2).
has the benefit that it is more accurate and that it can The magnetometer is able to measure the magnetic field
sample at a higher frequency, while adding only 0.1 graralong the three principal axes of the sensor. The magnetome-
extra weight. All the components and the sensors used ae is calibrated for the hard-iron offset and correctedtiier
discussed in further detail in the next section. Furtheemoronboard induced magnetic field which is dominated by the
in order to validate the onboard estimates of the attitude inmotor.
motion tracking arena, small reflective markers are atghche
to various surfaces on the DelFly. B. Barometer

The digital barometric pressure sensor is the BMP-180
I1I. ONBOARD SENSORS sensor and it features a static pressure sensor and teomperat

An overview of all the onboard sensors with their keysensor. The measured pressure is internally correctedhdor t
specifications is given in Table I. ambient temperature. The characteristic RMS of the noise of
the sensor is 0.03 hPa, which is equivalent to 0.25 m at sea
level.

(b) The DelFly Il body-frame axes defi-
nition

Fig. 1: The DelFly Il platform

TABLE |: Characteristics of the onboard sensors

[ Characteristic | Frequency[ Output range | Sensitivity | C. Sensor Attachment
Accelerometer 1 kHz +16 g 2,048 LSB/g . . . .
Gyroscope S KAz 2000° /s 16.4 LSB("/s) In order to cope wnh h_lgh frequency vibrations, the au-
Magnetometer | 75 Hz +4.7Ga 2.56 mGa/LSB topilot board is placed inside a foamy substructure as shown
Barometer 128 Hz | 300 - 1100 hPa] 0.01 hPa/LSB in Figure 2. This method of attachment of the autopilot board



] II {’ ‘ l\ [’ H: llw

Acceleration (g)
o

5 =

\\ . d > . ¥
‘ ol 4
!

|
-

Fig. 2: The autopilot board placement with the battery. Th -3f __ _gzﬂzed o
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can be observed in the front where the wires exit the foan..
Fig. 3: The effect of mechanically damping the autopilot

board. The results show the X-axis accelerometer measure-

was chosen such that any high frequency disturbances frqbnis for the undamped and the damped system at a large
the motor are mechanically damped. As can be seen in tBﬁch angle { 80°)

figure, the battery is firmly attached to the isolated autipil
board. By including the mass of the battery (at leasy),

the natural frequency of the autopilot/battery combimai®  occur during hover. This is a benefit when compared to the
low enough & 100H z) to be measured and filtered. more generall — 2 — 3 rotation sequence (roll-pitch-yaw).
The effect of the foamy substructure on the measuremenig thermore, the chosen rotation sequence also leads ® mor
of the accelerometer was evaluated by performing two tesi§aple estimations of the roll and pitch angle. The reason
one test where the autopilot board is directly attached i s is that the DelFly (normally) flies with small roll
the airframe (undamped - red line) and one test where the,gjes which means that the gravitational force is expecte
autopilot is placed inside the foamy substructure (damp&g pe predominately present on the X and Z body axes (and
- blue dotted line) as in the figure. The accelerometgfie same accelerometer axes). From Equation 1 it can be

measurements were conducted during flight at a large pitdaen that the roll and pitch angle can therefore be robustly
angle ¢~ 80°) and at a sampling frequency of 1 kHz. Figure 3,easured.

shows th_at the undqmped measure.men.ts of the accellerometqh order to compute the Euler angles correctly: then,

are dominated by high fre.quer)cy vibrations that are inducegl, and cos functions are required on board. A library is
by the DC motor. The vibrations produced by the motop eferaply not included, because of memory constraints of
(which runs at~ 300H ) and its harmonics turned out 10 the mjcro-controller; therefore the CORDIC algorithm [11]

be higher than the Nyquist frequency. The measurements sed on board to calculate all the necessary trigonametri
obtained from the damped system show much smoother apgctions.

repetitve. vibrations Wh_ich are caused.by the peripdic mmotio  The implicit assumption from Equation 1 is that the

of the wings. These vibrations contain frequencies that calycelerometer measurements are only influenced by the

be filtered as is discussed in the next section. gravitational force. From the measurements in Figure 3, thi
IV. STATE ESTIMATION is known to be untrue; additional filtering and fusion steps

The attitude is represented by the three Euler angles: r(5T1 € rqulIJ'l;ed d!n orde:jt_o prf riorm for|1|bo§rd Sti’te e;tlmanon.
(¢), pitch @) and yaw /). The accelerometer measurement is will be discussed In the two following subsections.
a= [az,ay,a.]" is used to estimate the roll and pitch anglesa. Accelerometer data filtering

T -
the magnetometer measurement= [in.;, my, m.|" is used  pg 5ccelerometer measurements are disturbed by a con-
to estimate the yaw angle. For the definition of the Eulegi,t periodic motion: the flapping of the wings. The mea-
angles, thez — 1 — 3 rotation sequence (pitch-roll-yaw) is g, rements are therefore filtered using a moving average filte
used. The angles are defined as: The moving average filter can be implemented and adopted
efficiently on board and the output of the filter will be an

6= atan(_a‘if) unbiased component of the gravitational force. The length
5 = atan( ’;‘y =) 1) of the moving average filter is based on the measured motor
as+taz

7 = atan (3@ sn0)metcos(o)my tin(@) cos(oym: frequency. Filtering the measurements of the acceleramete

= cos(0)m,+sin(0)m. with such a moving average filter serves two purposes:
This definition of the Euler angles ensures that the pitch « The output of the moving average filter - based on

angle is defined also for high pitch angles (00°) that the flap cycle - is an unbiased measurement of the




gravitational force,

« The previous statement is valid for all flapping frequen-

cies and all pitch angles.

hiy = b1 4 (h — hi—1)G 3

The stability of the accelerometer measurements for aln this equationl&kjs the current estimate of the atmo-
series of different lengths of the moving average filter ispheric pressure and is the new measurement from the
shown in Figure 4. The figure shows the signal-to-noise ratibarometerG is a gain factor which is set at 0.1 such that the
for different lengths of the moving average filter.
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noisy barometer measurements are significantly smoothed.

V. CONTROL DESIGN

For the control strategy of the DelFly a distinction is
made between forward flight and hovering flight. In order
to stabilize the DelFly in forward flight the longitudinal
controller is used; while in the hovering flight regime the
lateral, longitudinal and altitude controllers are used. |
hovering flight the DelFly is unstable and all these control
loops are required in order to stabilize the attitude and
altitude. All controllers are PID controllers.

The gains of the forward flight controller have been tuned

using the Ziegler-Nichols method [12] and all the gains for
the hovering flight controller are experimentally tuned.

10°

0 02 04 06 05 1 A. Forward flight controller

Filter length [wing beat]

A closed-loop controller is used to improve the stability

Fig. 4: The signal-to-noise ratio of the accelerometer meand control accuracy of the forward flight regime of the
surements as a function of the filter length expressed as upjeIFly. Longitudinal control is achieved by the elevatoor F

of wing beat. forward flight a desired attitude is selected for the pitch

angle, which can range from 60 to 80 degrees.
The signal-to-noise ratio of the filtered measurements

increases sharply as the length of the filter approaches the Hovering flight controller

length of the wing beat cycle. As the length of the filter ) i ] o )
exceeds the length of the wing beat cycle the signal-to- Dl_Jrlng hovering the passive _stab|I|ty induced by the t_all
noise ratio again deteriorates. Filtering the acceleremetS€ction is lost and the DelFly is unstable. In the hovering
measurements based on the wing beat cycle while usitﬁ'@ght regime the attitude is actively controlled; the eleva

a moving average filter results in a robust estimate of thi§ used for longitudinal control and the ailerons and rudder
gravitational force. for lateral control. During hovering, the thrust vector misi

) straight down and no additional lift is generated from the

B. Accelerometer and gyroscope fusion wings or other control surfaces. The small deflections of

The moving average filter results in smoother acceleronthe control surfaces cause drag, and this has an effect on
eter measurements that enhance the roll and pitch anghe altitude. Therefore the altitude also needs to be dgtive
estimates. These estimates can be further improved by usiogntrolled.
the gyroscope measuremeigts= [gw,gwgz]T. To combine The attitude is controlled using three separate contsller
the measurements from the accelerometers with those framPID controller on the elevator for the pitch angle, a PD
the gyroscope a first-order complementary filter is used. Thsntroller on the rudder for yaw control, and a PD controller
function of the filter for the pitch angle is given by: on the ailerons for heading control. It is critical for howey
to correctly stabilize the pitch angle because any deviatio
will result in a positive or negative forward flight speed.eTh
yaw and pitch angles need to be damped and corrected for,
but these angles are less critical.

O = (1= 7)0 + 7(0k—1 + g, A1) )

where 6, is the pitch estimate at the current tinke ]

is the measured pitch angle based on EquatioAtlis the . ,
time step and- is a weight factor which is set at 0.9. The The altitude controller drives the DC motor and features

roll and yaw angle are filtered in the same way using thef?V0 different feedback loops. The inner loop controls the
corresponding gyroscope measurements. velocity of the DC_Z motor. The motor frequency is measured
] T and controlled using a PID controller. The outer loop cdstro
C. Altitude estimation the altitude using the measurements from the barometer. The
The atmospheric pressure measurements from the baroattitude controller is a PI controller around a fixed refemn
eter are filtered using a first-order low-pass filter; the ffiltepressure which is set before the flight based on the current
is given by the following function: atmospheric conditions.
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Fig. 5: The pitch angle during the first forward flight exper-Fig. 6: The pitch angle during the second forward flight ex-

iment. The signal in red is the onboard estimate of the pitcberiment. The reference pitch angle (green) forms a doublet
angle, and the green signal is the reference value of thi pitwith intervals of two seconds, the red line shows the pitch

angle. The measurement from the motion tracking arena @hgle of the DelFly as measured on board.

depicted in blue.

VI. EXPERIMENTS RMSEy, = 2.0618°
RMSE,, = 2.0626°
The onboard estimates of the DelFly are validated in a RMSE;, = 2.0077°

motion tracking arena, with an area of 4 square meter and )

6 active cameras. The motion of the DelFly is tracked using 1h€ Performance of the controller versus the trimmed
small reflective markers, which are used to determine tHight condition is significantly higher. Typically, the stdard
attitude and position. To illustrate the difference betweee ~deviation during free flight of the DelFly is on the order

two flight regimes, the gains of the longitudinal controlle®f o7f = 6° while the standard deviation of Ehe pitch
for both the regimes are shown in table II. angle during controlled forward flight is.; = 4°. The
longitudinal flight controller results in a 3% decrease in

[PDgans | K, | K | Ka | the standard deviation of the pitch angle and the estimate
Forward flight | 0.25 | 1.688 | 0.000044 has a mean error df.5° with respect to measurements from
Hovering flight | 0.25 | 1.125 | 0.000350 the motion capture arena. Figure 6 shows results from a test

with a doublet input on the pitch reference signal. The same
values for the reference angles were chosen as in the fitst tes
The results show a response time of around 200ms but also a

) ) o significant overshoot and a slowly damped pitch oscillation
The difference between the two gain sets is significant and

the K4 gain in hovering flight is 8 times larger than t#&;  B. Hovering flight
in forward flight. The loss of the passive damping effect from
the tail explains the higher value &f;. Furthermore, thés;
and K, gains are considerably larger than thg gain for
both the hovering and forward flight regime.

TABLE II: The gains of the longitudinal controller for the
two different flight regimes.

In the hovering flight regime the DelFly is solely con-

trolled by the different control loops to stabilize the tattie

and altitude, and as a consequence the DelFly maintains its

spatial position if it operates in an area without any airflow

) disturbances. The control variables are the pitch, yaw, rol

A. Forward flight and altitude and are respectively controlled by the eleyvato
Experimental results from the onboard estimator and forilerons, rudder and DC motor. The first experiment lasts

ward flight controller are shown in Figure 5. The forwardmore than 40 seconds and in that time the autopilot is able

flight controller is tested for three different referencelas: to stabilize the DelFly. The reference angle is sedd°;

80, 70 and 60 degrees. The results are achieved using a singli reference value was chosen experimentally, suchttiat t

set of controller gains which yield similar results acrdss t forward velocity is zero. The RMSE of the pitch angle of the

domain of the pitch angle. onboard estimate versus the reference angle for the hgverin
The RMSE in degrees of the onboard estimate versus tggperiment is:

reference is determined for the three different intervathe

forward flight controller. RMSE = 4.0817°



The hover regime is important to autonomous flight, sinc
it should allow the DelFly to remain spatially stable (in
the absence of airflow disturbances). Therefore, the dpat
position of the DelFly during hover is analyzed. The positio
during the hovering experiments is shown in figure 7. Th
results show the DelFly is able to maintain its position om th
ground surface within a circle with a radius 0f75 meter.
Videos of several test flights can be found on the website «
the DelFly project.

Figure 8 shows the onboard estimates of the roll, pitc
and yaw angles during a hover flight. The results show thi
the controllers are able to track the reference roll andhpitc
angle, but that the yaw angle is quite off. This is caused b
the fact that the effectiveness of the aileron surfacesrheso
very poor at zero speed.

Z (m)
N

7

-2 -2

Y (m) X (m)
Fig. 7: The spatial position of the DelFly during hovering. |

black is the actual spatial position and the measurements
gray are the projections of the measurement. A circle wit

a radius of0.75 meter is projected on the ground surface to

indicate the performance of the hovering flight controller i
the absence of wind.

VII. CONCLUSIONS

For the fist time robust onboard state estimation an
control of the attitude and altitude of a tailed light-wetigh
FWMAV is achieved.

It is shown that a mechanical damping solution result

in useful accelerometer measurements without undersam-
pling issues. The flap-cycle moving average filter for the

accelerometer greatly improves the signal-to-noise ratio

the measurements. The filter proves to produce accurate

attitude estimates: the pitch estimates have a mean error

1.5° with respect to measurements from the motion captureo]

arena. Attitude control is achieved using PID controlld@tse

application of the controller to the forward flight regime
resulted in a standard deviation of the pitch angle whic
was 3%% lower than for trimmed flight. The hovering flight

Ihttp://ww. del fly. nl/1CRA2015. ht m
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Fig. 8: Estimates of the roll, pitch and yaw angles from the
onboard sensors during hover flight.

controller features different control loops for the pitehll

and yaw angles and the altitude. The tailed FWMAV is able
to hover, with a performance which is slightly less than for
the forward flight controller. During the hovering experimhe
the spatial movement is limited to a sphere with a radius of
0.75 meter.
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