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Abstract A low-cost high performance control system is developedabée au-
tonomous untethered flight inside a wind tunnel. Such auten flight is desir-
able for aerodynamic experiments on flapping wing MAVSs, sifixing the fuselage
has been shown to significantly alter wing deformationsflaiv and performance
on vehicles with a periodically moving fuselage. To obtaitomomous untethered
flight, 3D position information is obtained from off-boardiote infrared track-
ing sensors with a total system accuracy of 0.8mm and an epdeg of 80Hz in a
quarter cubical meter control box. This information is sen& 1.5 gram onboard
autopilot containing communication, inertial measureta@s well as onboard in-
frared tracking of an in-tunnel LED to achieve the high perfance control needed
to position itself precisely in the wind tunnel flow. Fligletsts were performed with
the 16 gram flapping wing MAV DelFly Il. The achieved contr@rformance is
shown to be sufficient for many new research purposes, l&earehing the influ-
ence of a fixed fuselage in flapping wing aerodynamic measemeéand obtaining
more precise performance characteristics.
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1 Introduction

The aerodynamics of flapping wings is a broadly studied stibgesides theoreti-
cal, numerical, and animal studies [19, 2, 13, 20, 5, 3, 1]i,tBé&re is an increasing
number of studies on artificial wings of flapping wing MicrorAiehicles (MAVS)
(e.q., [4, 7, 12, 17]). Fluid-structure interaction makies study of flapping wing
aerodynamics computationally very complex, but also mékesrd to obtain mea-
surements without any external influences.

Until now, studies on flapping wing MAVs are always performith a fixed
fuselage [6, 8, 9, 7, 12, 10, 17]. For example, research oD#hEly |1 flapping
wing MAV (Fig. 1) has always been studied with a fixed fuselageit for com-
putational fluid dynamics, force measurements[6], or Blarimage Velocimetry
(PIV)[9, 10]. While DelFly Il was designed to minimize thesklage rocking mo-
tion, some inevitable motion remains. This means that a fxggbort changes the
flight conditions of the otherwise periodically moving flesge.

This paper proposes a low cost high performance systemribbtes the DelFly I
to fly untethered at a fixed location in a constant wind flow.sT&llows for new
highly needed insight [15, 18] to be obtained about the aarachics, free flight
deformations, flight characteristics, performance aspaat transient behavior of
flapping wing MAVs. It is a first step toward free-flight PIV meaements in a wind
tunnel[16]. While this has been achieved with living creasu[5, 3, 11], it has not
been done before with a flapping wing MAV.

In the remainder of the paper, first the system setup is exgdia{Section 2).
Subsequently, in Section 3, the sensor fusion necessarstitoage the DelFly’s
state is discussed. The manner in which the state estimatgeds for controlling
the DelFly during free flight is explained in Section 4. Thegsults are discussed
of stationary (Section 5) and transient (Section 6) testeénwind tunnel. Finally,
conclusions are drawn in Section 7.

Fig. 1 DelFly Il has a double
pair of flapping wings, driven
by a 2 Watt sensorless brush-
less motor that drives gears
with pushrods to the wings.
The horizontal stabilizer has
an elevator and the vertical
stabilizer a rudder. Both are
driven by servo’s. The flap-
ping frequency is controlled
by the power setting of the
main motor controller. On-
board electronics comprise
of a radio or modem for
communication, an autopilot
processor with sensors and a
special made brushless motor
controller.
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Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 3

2 System Overview

Precise high performance position control is an importagtirement to allow close
up measurements, while the characteristics of the vehield not be altered by
adding too much weight. Therefore a combined onboard plubazrd solution is
used.

A high update rate tracking system measures the positioheoDelFly exter-

nally. Simultaneously, an onboard microcontroller parfsiinertial measurements.

It also reads analysis results of the onboard camera lockiran infrared LED
placed in the tunnelin front of the DelFly and which acts asading reference [1].
External position measurements are sent to the DelFly twaillill onboard fast
control loops to follow the desired setpoints as illustdateFig. 2).

ground station <«—  tracking system
A

Fig. 2 Schematic overview of
all the system components. It~ .......................77TTTTT )

v
consists of a ground section motor controller transceiver
with the heavier sensors and ‘—L 4
a section onboard the DelFly rudderservo al «— camera
with the high rate low latency CPU
sensors to allow light high elevator servo «+— «— gyroscopes

performance control.

Position data is gathered and processed on the ground akddpadth com-
mands. These are then sent to the DelFly autopilot over thedegis Bluetooth link.
Final data merging and control is done onboard while telgyrietbeing returned to
the ground for logging purposes (Fig. 3).

tracking | | Position & data data
— locity ¥ ! Delfl LA\ . » log
system [ ] Hleaiator packing [~V ] y unpacking
command
input

Fig. 3 Flow diagram of ground station functionality.
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2.1 Onboard: Autopilot System

A 20 Mega-Instructions Per Second (MIPS) capable 4 by 4 mméiter microcon-
troller! is heart of the autopilot system. A Bluetooth serial modéssed as bidi-
rectional digital communication link at 38400bps. A Wii-kocamera sensor is
stripped down to (B3 gram at 8 by 8 by 4 millimeter and placed onboard looking
forward. It provides 200Hz pixel positions of up to 4 LED. &ily the Invensense
ITG3200 MEMS 3-axis gyro provides up to 1kHz of inertial me@snents. An
overview picture is found in Fig. 4.

Fig. 4 Side view of the DelFly(A) Bluetooth module(B) 3-axis gyroscopgC) CPU, (D) Servo
and motor connectors (from top to bottom: motor controlevator servo, rudder servqf)
WiiMote Camera(F) 180mAh LiPo battery(G) Trailing edge tensione(H) Motor controller,(J)
Brushless motoi(K) Gear housing(L) Tracking LED

The WiiMote camera is chosen because it is cheap, avail@sie small, and all
the preprocessing is already done by the build-in intedraiteuit (IC) in the cam-
era. Calibration tests using stepper-motor tables with aimgd_ED showed that no
camera distortion worth un-distorting was present. Funttege it interprets the im-
age, finds the four brightest Infrared (IR) point, and caltes the respective x and y
coordinates, which takes a significant workload away froengtitopilot microcon-
troller. The WiiMote camera has a pixel resolution of 128 lbyo® sufficient quality
to allow interpolation up to 1024 by 768 subpixels. This esponds to @3 with
the 44 by 33 degree field of view.

1 AVR ATmega88PA
2 Panasonic PAN1321
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2.2 Off board Tracking System

The tracking system consists of two non-modified WiiMotetcolters mounted on
arigid support. Using multiple view camera geometry thesobsd LED position is
reconstructed in 3D.

Fig. 5 Schematic view of the OJF (Open Jet Facility) wind tunnele Dietagonal wind tunnel
nozzle is on the left, with a LED (red) attached to a fish wiretshed over the opening. The
DelFly Il is attached to the T-shaped beam by means of a thia.\Wihe tracking cameras are
mounted on the horizontal beam across the platform, andtmeérds the DelFly at a 45angle.

3 Sensor Fusion

3.1 Linear LS Triangulation

After un-distortion of lens effects, a camera can be welrespnted by the pin-
hole model [14] which maps point in homogeneous world coordinates into its
projectionu.

su = N[Rjt]x

The camera observatianof an observed LED at positionis defined byu = Px,
with x = (x,y,z,w) the position vector an® is the camera matrix. Vectar is in
homogeneous coordinates, ite= s(u,v,1) T, whereu andv are the observed point
coordinates, andis an unknown scale factor. Denotipg as theith row of matrix
P, we can rewritel = Px as
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SU=p{X, SV=PIX, S=PpgX 1)

Eliminatings using the last equation, we have

Up3 X = Py X (2)
VP X = P; X (3)

From the two views we have 4 linear equations in the coordmaftx, written
in the formAx = 0 with A a 4x 4 matrix. For non-infinity target = (x,y,z, 1) " is
set to reduce homogeneous equations to a set of four nongemaous equations
with three unknowns. To combine the measurements, the \@xs@ointx is also
expressed in the reference frame of the second camera. sSTHnie introducing
rotation matrixR and translation vectdrwhich describe the known relative posi-
tion and orientation of the two cameras. We also rewRi@ndt in homogeneous
coordinate format. The camera matrixes for cameras 1 and 2 ar

PL=Ns[l3 O] (4)
P> =Nz[RT] (5)

Now using Eqg. 3 and considering both measurements with timei@matrices
P, andP,, we can construct matrix A as

up; (3) —py (1)
Pl @-p @],
Uz2p; (3) —py (1)

vap; (3) = p3 (2)
where the number in brackets indicates the row vector takan the respective
matrix. The fourth element of is 1 and brought to the right because of the assump-
tion of the homogeneous coordinate being finite. Writing Aasa, as a4] with
each vectoam, representing a column, we get
a1 @z ag] (x,y,2)" = —a4
This non-homogeneous equation can be solved by using theskefido inverse
x=—(ATA)1ATa

which givesxc, relative to camera 1, as depicted by the subs€ipflo express
u in the windtunnel coordinate%, (see Fig. 6) an extra transformation is applied

xi =R (X, + T&) (6)

22

WeAT1.2



Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 7

(a) Single WiiMote (b) Tracking System Setup

Fig. 6 Axis definition of a Wiimote and Tracking System with two Widtes. The realive posi-
tioning is shown in subfigure (b)

wherexy; is the coordinate iy, RC the rotation matrix describing the rotation
from ﬁ"cl to %y, and whereTW describes the position of the origify; relative to
the origin of &¢, , expressed nﬁcl Finally the rotation and translation of the dual
camera setup (Fig. 6) are

A 0 i 0 1 0
c,=1|0 RC, = [c0s45 0 cos45 (7)
15 c0s45 0 —cos45

3.2 Velocity

The velocity is obtained by taking the discrete derivatirectly from the position
measurements.

X — Xk—1

At

wherev is the velocity at time steR, X the position at timé andAy the time
step size. This is done by a discrete Kalman filter to smoadttienesults and fill the
gaps when the LED was not detected during a frame.

Vg =

3.3 Heading

To significantly improve the observability of the DelFlyiattle, during slow hov-
ering flight of DelFly with high pitch angle a heading refeceris computed from
an on-board camera combined with an IR Light Emitting DiodED) placed in
the middle of the wind tunnel. The horizontal pixel coordaa as seen in DelFly
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8 C. De Wagter & A. Koopmans & G. de Croon & B. Remes & R. Ruijsink

camera frameZ¢ (Fig. 7) of the reference LED is transformed to the heagirig
degrees by

X=su(u—cy) (8)

wheres, is the angle one horizontal pixel represents gnthe center pixel that
defines the mid point of the field of view in pixels.

At faster forward flight the DelFly flies at much smaller pitahgles and the
on-board camera is no longer looking forward and is theeetorable to see the
reference LED inside the wind tunnel. The headjngs therefore calculated from
difference in horizontal positions of 2 LED on the ground ato@ meter in front of
the DelFly

X =tan H(2=2) 9)

Vi—V2

where u is the horizontal pixel coordinate and v the vertgieaél coordinate of
their respective pixel. Small-angle approximation is agapto save on calculation
time on the on-board processor.

Fig. 7 Axis definition of

the Delfly body reference
frame .%p and the on-board
camera reference fram&c.
The autopilot PCB is rotated
17 degrees around thég Yc Zc
axis. The on-board camera

reference frame is defined ir

with the X-axis pointing

upward, the Y-axis pointing

to the negativerp axis, and

Z-axis pointing in the flight

direction and indicated with a

C subscript.

Yp

3.4 Calibration and Accuracy

At first the extrinsic parameters needed for the Linear-LS triangulation mettiod o
the stereoscopic camera pair is determined using OpensZ&feoCalibrationfou-
tine. Then thenertial calibration, which maps the observations from the stereo ca
era frame%,, to the actual wind tunnel flight framé&. A rectangular LED board
was placed with one corner at the point that should becomeriga of the new
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Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 9

coordinate system and its two side nicely aligned with thren&l. A reading with
the tracking system was taken and the TRIAD algorithm was tiseacquire the
correction rotation matrix and translation vector.

The accuracy of the hardware and algorithm was checked byngtive LED in
a predetermined pattern by means of a micrometer preciggestenotor table. The
setup was tested with a dog-leg pattern. The LED was movedB30@om the left
to the right, and then 200 mm backwards (positive z diregtigig. 8)

1.4 : :
—raw
T 13
'~
1.2
2,0 -2, ‘ ‘ ‘ ‘ ‘ ‘
> OM\,«H\N\MP/N\'\/\IM
< | ; ; ; ; ; i
) —0.1 -0.2 -0.3
x [m]

Fig. 8 Calibration track with corresponding errors. Coordinaesexpressed in the camera refer-
ence frameZc, .

The standard deviation of the error iS834 mm in the x-direction and®378
mm in the z-direction. It can be seen that the error shows atsathh behavior
probably caused by the pixel rounding of the cameras. Neeksss the average
deviation is sub millimeter and maximum error never mor@tAanillimeters.

4 Controller Architecture

For the controller design, an important factor is the limipgocessing power avail-
able. Therefore the design goals focus on getting the reduerformance with
sufficiently low processing power.
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10 C. De Wagter & A. Koopmans & G. de Croon & B. Remes & R. Ruksin

Fig. 9 Schematic top-view
of an lateral error. The red
dot indicates the location of
the infra red reference LED.
U is the angle towards the
LED while x is the heading
of DelFly Il

4.1 Lateral Control of Slow Forward Flight

As the distance of the DelFly to its heading LED is constdrg,dngleu at which
DelFly sees the target is homogenous. A heading contralsei to minimizeu.
This constant steering towards the LEQu creates a P-controller minimizing the
lateral offset (Fig. 9). A damping terif, pc is added based on low pass filtered low

latency gyroscope measuremepgs which measures rotations around the onboard

camera X-axisKp is the so-called roll gyro gain.

During slow hovering flight the DelFly Il flies almost nose upvary high pitch
angles, while the rudder generated moments aroundgh&o damper¥p oscilla-
tions a yaw damper is added constructed from the ratesd pc aligned with the
Zc andXc axes respectively (Fig. 7)

ro =rccoq17°) + pcsin(17°) (10)
(11)
The yaw damper is inserted Egrp whereK; is the yaw damper gain. To reduce
the steady state error an integrator td(@nf(y—yref) is added, WhereK)', is the
integrator gain. The total controller for slow forward flighecomes after dropping
outyrer Which is zero for the middle of the wind tunnel

a:Kuu+Kppc+Ker+K;/y+Kk (12)

whereKy is a value trim to be set manually when necessary.

4.2 Lateral Control of Forward Flight

When the DelFly is flying at higher velocities, the refereh&d right in front of
the DelFly is out of view, because the camera is looking atrdosvnwards. The
first part of the total controller shown in Eq. 12 is replacgd b
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Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 11
O = Ky (yeKy — X) (13)

including the lateral off-sefe = (Yret — ). The total three loop control scheme
is shown in Fig. 10.

camera

y position
tracker

Fig. 10 DelFly Il lateral position controller.

Including an integrator term, setting the desired latefféded y,ef and some
rewriting the total controller becomes

& = Kyy+Kyx +Kir +Kj /y+Kk (14)

4.3 Longitudinal Control of Slow Forward Flight

When flying at low speeds, the thrust vector of the flappingvidelFly 1l is point-
ing almost straight up. It mostly controls the climb rate Mlthe elevator influences
the forward position. During forward flight however threttinost influences the
forward speed and elevator the altitude. So at slow hovdiiglgt for the vertical
position z we have

&h = fPID(Z2— Zeet) (15)

and the horizontal position x

% = friD (X — Xref) (16)

wheredn andde are resp. the thrust and elevator inpugndx the current hori-

zontal and vertical position argks, xref the reference position we want to achieve.

During flight the battery will drain and the voltage signifitly drops, as shown in
Fig. 11. Thisis well handled by the integral term in the cotliér removing the need
for feed forward compensations.

For zero references the total control law for the throttktisg becomes
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Fig. 11 Typical Lithium-
Polymer discharge curve of a =35
single cell. DelFly Il uses a o 3
single 180mAh cell as power g _
source. As the voltage drops, S o5l battery - - —critical |
the current is increased to 0 20 20 60 80 100
keep the same power level. Percentage of discharge [%)]
8h = Kz+ K] / Z+ Kq (17)

with K, the proportional gaink' the integral gain an&, the trim setting. Due
to the very low wing loading high damping of DelFly II, the @ig can be left out.
For the elevator input

(Se:KXX—i—K)'(/X—i-qu—i—Km (18)

is used where a pitch dampi€gq is added andy, is the trim setting.

4.4 Longitudinal Control of Forward flight

Unlike the slow hovering flight with rotorcraft-like chartecistics, when the DelFly
flies at higher velocities, the pitch angle decreases tot&gidor velocities around
2 m/s and upwards and the DelFly starts to behaves like a ntioval fixed wing

aircraft. The controls are configured to pitch from altitueteor and throttle from
speed error

0e = TPID(Z— Zet) (19)

&h = fRID(X— Xref) (20)

The total control law for the throttle setting becomes then

3 = Ky X+ Ky Vo + KL / (%) +Kn (1)

and for the elevator input

8o = Ky 2+ Ky + K. / (2) + Ke@+ K (22)
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Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 13

whereKq q is the pitch dampei, andKy, the manual trim settings and the zero
reference valueger andzes have been left out. The control laws very similar to the
horizontal flight laws in Eq. 17 and Eq. 18, except that thesad@which controls
surface act on are exchanged and position derivative terensegeded.

5 Station Keeping Experiments

A series of test and tuning flights were performed in the Opracility wind-
tunnel of the Delft University of Technology. All gains wemeanually tuned in the
various flight regimes. One must keep in mind that the hanid DeiFly Il weighs
only 16 grams[8]. Imperfections, wear over time, undesirbdations of the half a
gram servos, resolution of all actuators and motor contesidual vortices in the
wind tunnel as well as the lack of a full dynamics model for deeelopment of the
controller play important roles in the achievable perfoncea

Effect of integrator control

position [m]

260

o

rudd 10-thro

—B0

command [-]

—100}

| |
0 20 40 60 80 100 120
time [s]

Fig. 12 Initial test run with low integral gains while tuning the gaiof the DelFly Il without a full
dynamic model.

A first series of tests tried to keep DelFly Il as close as fmsdo the center of
the tunnel. Results presented here concern slow hovergtg #it 08m/s. Fig. 12
show a test flight with relatively low value for the integratmins. It shows how an
untrimmed DelFly Il rejects steady state errors.

A longer 14 minute flight in Fig. 13 shows the integrator njoebmpensates for
the dropping battery voltage (Fig. 11) by increasing thetthe over time.

Looking closer at the position signal, very low frequencgiligtions are seen
in the y and z direction, illustrated in Fig. 14. The resauatdf throttle control of
DelFly Il is only 170 discrete steps due to brushless motmtrodier constraints.
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14 C. De Wagter & A. Koopmans & G. de Croon & B. Remes & R. Ruksin
z-position and throttle setting over time
04 T T T T T

throttle -
02} S
| g
— Ot IS
N =
o
-0.2 (VS

0 100 200 300 400 500 600 70@00 80800 90800
time [s]

Fig. 13 Required Power as function of Battery \Voltage

Coupling between vertical and lateral position

01f -y

position [m]

| | | | | | | | |
740 745 750 755 760 765 770 775 780 785 790
T T T T T T T I I I I

40t rudder 10-thrust f

actuator command

I I
740 745 750 755 760 765 770 775 780 785 790
time [s]

Fig. 14 Close-up of a minute of autonomous flight. The throttle hantsealed 1Q for clarity. It
is alternating between one or two values. The y- and z-posiie coupled: the DelFly moves up
and right, or down and left, with a period of about 8 seconds.

This motor controller was specially developed to be ableatefthe highly non-
constant load of the pushrods to the wings, flapping at ab@idz1During a single
flap cycle the motor must accelerate and decelerate with &Iratio. Additional
trade-offs in the motor controller concerning efficiencyka# hard to resolve this
power resolution limitation.

Upon inspection it can be seen that the oscillations aresdrhwy the throttle
alternating between two values. The DelFly descents evewy the throttle is re-
duced one unit, and ascends when the throttle is increadeeh Wie battery voltage
decreases over time as seen in Fig. 11, eventually the ezbjpawer matches a set-
table power level and oscillations disappear. Table 1 shbevperformance in this
case and stands for the performance that could be obtairfateothrottle control
were possible.

The manual tuning with the unknown dynamics of DelFly wasealby per-
forming many runs with different gains and searching fotdrdRMS performance.
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Autonomous Wind Tunnel Free-Flight of a Flapping Wing MAV 15

Table1l Maximum deviations

from the windtunnel center maximum
and the RMS error values directiorldeviation [ecm] RMS [cm]
with correct power setting. X 1.6 0.82

y 43 1.8

z 15 0.95

Fig. 15 illustrates the effect of several yaw damping gaims Big. 16 of several
pitch damping gains on the station keeping performanceebigiFly II.

Position error RMS for differenk;
60 ; T T T

N
o

RMS error [mm]
N
o

0 18 30 50 80 100

Fig. 15 RMS error of the x,y and z position for different gain setSngf the yaw damper. The
sample duration was about 40 seconds for each setting.

Position error RMS for differenq

60 T
| X y z
£ 40\ ]
S
o
n
2 20| ]
o
—
0 1
0 10 20

Kq

Fig. 16 RMS error of the x,y and z position for different gain setrgf the pitch damper.
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6 Transient Behavior Experiments

In order to further analyze the stability and disturbangeatéon of the system, and
simultaneously obtain new information about the trandiefitavior of DelFly 11, a
series of step response tests were performed. These actadkpiFigures 17 to 20.

negative z step inpuky = 20;Kq = 20

02t
—01L Co T ; T S 2
— / - 2
| Z
E o} | // Ko =
No'l: e— L/ Kz=6
== - — — Reference

2
time [s]

Fig. 17 Step 30cm up. The throttle increase clearly results in adaivnotion increase. For a gain
of K, = 6 the system shows under damped behavidf,atver damped behavior.

7 Conclusions and Recommendations

A low-cost high performance control system is developed Weight of the on-
board part is less than two grams, while the sensors comsistdy three WiiMote
sensors, a few LED and a gyroscope chip. The total systeiorsteteping perfor-
mance was shown to be in the order of centimeters. The mostriarg factors that
limit the performance are the resolution of the power sgttirhen the residual vor-
ticity in the tunnel and unsteady periodic aerodynamicstiogr with the 16 grams
very low wing loading vehicle impose considerable perttidve to the control sys-
tem, while manufacturing imperfections, wear over time andesired vibrations of
the miniature actuators also impact the performance. Neskeiss the achieved per-
formance is still largely sufficient for many new researchgmses, amongst which
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positive z step inputx = 20;Kq = 20

K, =2

-02p l K;=4— K, = 6- - —Referepce

2 3
time [s]

Fig. 18 Step 30cm down. DelFly is drifted backwards due to the loWwerdt setting which perturbs
the horizontal equilibrium. Comparing with the step up, fizene gairk; = 4 shows overshoot
instead of critical damping behavior, showing the high finearity in the behavior of DelFly II.

positive x step inputkq = 10;Kx = 30

3% 0 2 4 6 8 10
2 s
=10 I I I I I )
092 0 2 4 6 8 10
o T oo
0

4
time [s]

4
time [s]

Fig. 19 Horizontal 30cm step forward. The DelFly reacts very slodlye to saturation of the
elevator. As slow hovering flight is on the negative side & fower curve, at higher forward
speed less thrust is needed, which causes an upward pé&dorba
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negative x step inpukq = 10;Kx = 30

K;=2
K,=6
K, = 1(
- — —Refere

3
time [s]

Fig. 20 Horizontal 30cm back. DelFly reacts very quickly, driftibgckward with the windtunnel
flow. When flying at lower forward speed, extra thrust is neledgich is visible as a descending
perturbation for the altitude controller.

the analysis of the influence of fixing the fuselage in flappiigg research and
more precise performance characteristics of DelFly Il.

Aspects that need additional attention in further work ateveer latency data

link to reduce delays and make them more constant than thedd@ith modems. But
most of all a increased throttle resolution, for instandagimodulation techniques.
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