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Abstract— Recent progress in sensor technology, data pro-
cessingand integrated actuators has made the development of
miniatur e �ying robots fully possible. Micr o VTOL 1 systems
representa useful classof �ying robots becauseof their strong
capabilities for small-area monitoring and building exploration.
In this paper we describe the approach that our lab2 has taken
to micro VTOL evolving towards full autonomy, and presentthe
mechanical design, dynamic modelling, sensing,and control of
our indoor VTOL autonomousrobot OS43.

I . INTRODUCTION

Autonomous�ying robotshave gainedenormouscommer-
cial potential during the last years.Recentdevelopmentsin
high densitypower storage,integratedminiatureactuatorsand
MEMS4 technologysensorshave made autonomousminia-
turized �ying robotspossible.This new situationhasopened
theway to several,complex andhighly importantapplications
for both military and civilian markets. Military applications
currently representthe lion's part of the unmanned�ying
vehiclemarket, and this industrial sectoris growing strongly.
Dependingon the �ying principle and the propulsionmode,
one can classify aircraft vehicles in multiple categories as
shown in �gure 1. In the motorizedheavier-than-aircategory,
a new generationof MAV5 with a wingspanless than 15cm
and less than 100 grams in mass has emerged. Generally
these MAVs are fully equipped with stabilization sensors
and miniaturecameras.The Black Widow6 MAV is a 15cm
span,�x ed-wing aircraft with an embeddedcolor camera.It
�ies at 48 km/h with an enduranceof 30 minutes, and a
maximumcommunicationrangeof 2km. In thesamecategory,
bird/Insect-like MAVs seemto be the perfectsolutionfor fast
navigation in narrow spacesandperhapsthe bestapproachto
miniaturization.The MicromechanicalFlying Insects(MFI)
project at UC Berkeley [1] uses biomimetic principles to
develop a �apping wing MAV. This project representsone
of the most promisingendeavors towardsautonomousMFIs.
In the motorized lighter-than-air category, Floreano's group
at ASL7 is applyingbiomimeticandevolutionarymethodsto

1Vertical Take-Off andLanding
2AutonomousSystemsLab
3OmnidirectionalStationaryFlying OutstretchedRobot
4Micro ElectromechanicalSystems
5Micro Aerial Vehicle
6www.aerovironment.com
7AutonomousSystemsLaboratory, EPFL, Switzerland

Fig. 1. Aircraft generalclassi�cationdependingon the �ying principle and
the propulsionmode.

indoor �ying robotsfor autonomousvision-basednavigation,
andhasachieved noteworthy resultswith the ”Blimp” [2].

The stateof the art in micro helicoptersis not far behind,
andconsiderableefforts arebeingmade,especiallyin control
and miniaturization. Mesicopter [3], an ambitious project
currentlyunderway, is exploring thescienceof millimeter and
centimeter-size vehiclesin spite of unfavorablescaling laws.
The project's driving applicationis the deploymentover large
areasor planetsof a hugenumberof micro vehiclesproviding
atmosphericandmeteorologicaldata.

A. Helicopters vs Other Flying Principles

Comparedwith the other�ying principlesdiscussedabove,
VTOL systemshave speci�c characteristicswhich allow the
executionof applicationsthatwould bedif�cult or impossible
otherwise.TableI givesa non-exhaustive comparisonbetween
thedifferent�ying principlesfrom theminiaturizationpoint of
view. From this table,onecaneasilyconcludethat the VTOL
systemslike helicoptersor blimps have an unquestionable
advantagecomparedto the other concepts.This superiority
is thanks to their unique ability for vertical, stationaryand
low speed�ight. The key advantageof blimps is the ”auto-
lift” and the simplicity of control which can be essentialfor
critical applicationssuchas spaceexploration [4]. However,
VTOL vehicleswith different con�gurations probably repre-
sentcurrentlythemostpromising�ying conceptseenin terms
of miniaturization.

I I . THE OS4 PROJECT

The OS4 project, initiated at the AutonomousSystems
Laboratory(EPFL),focuseson micro VTOL vehiclesevolving
towards a full autonomyin indoor environments.The long



TABLE I

FLYING PRINCIPLES COMPARISON FOCUSED ON ABILITY TO

MINIATURIZATION. (1=BAD, 3=GOOD)

Airplane Helicopter Bird Autogiro Blimp
Power cost 2 1 1 2 3

Control cost 2 1 1 2 3
Payload/volume 3 2 2 2 1
Maneuverability 2 3 3 2 1

DOF 1 3 3 2 1
Stationary�ight 1 3 2 1 3

Low speed�y 1 3 2 2 3
Vulnerability 2 2 3 2 2

VTOL 1 3 2 1 3
Endurance 2 1 2 1 3

Miniaturization 2 3 3 2 1
Indoor usage 1 3 2 1 2

Total 20 28 26 20 26

termgoal is to allow indoornavigationusingvariousconcepts.
The approachadvocatedfor this project is to simultaneously
work on design and control. This original approachmakes
it possibleto simplify control by designchanges,and vice
versa.A Quadrotorcon�guration vectorhasbeenchosenasa
startingplatform for the preliminaryexperiments.This vector
con�guration considerablysimpli�es the vehicle designand
intrinsically reducesthegyroscopiceffects.Theprojectstarted
with the dynamicmodelling and the developmentof a static
methodfor propulsiongroup evaluationand optimization.In
addition, a test benchhas beendesignedto experimentand
tune the �rst controllers.

A. Quadrotor Con�guration

TheQuadrotorconcepthasbeenaroundfor a long time.The
Breguet-RichetQuadrotorhelicopterGyroplaneNo.1 built in
1907is reportedto have lifted into �ight [5]. Onecandescribe
the vehicle as having four propellersin crosscon�guration.
The two pairs of propellers(1,3) and (2,4) as describedin
�gure 2, turn in oppositedirections. By varying the rotor
speed,onecanchangethe lift force andcreatemotion. Thus,
increasingor decreasingthe four propeller's speedstogether
generatesvertical motion. Changingthe 2 and 4 propeller's
speedconversely producesroll rotation coupledwith lateral
motion. Pitch rotation and the correspondinglateral motion,
result from 1 and 3 propeller's speedconversely modi�ed.
Yaw rotation is more subtle,as it resultsfrom the difference
in the counter-torquebetweeneachpair of propellers.In spite
of thefour actuators,theQuadrotorstill anunder-actuatedand
dynamicallyunstablesystem.

1) Advantages and Drawbacks: Although disadvantages,
such as spaceand energy requirementsfor the Quadrotor,
spring more quickly to mind than the system's advantages,
this conceptoffers a betterpayloadandis potentiallysimpler
to build and to control. This could be a decisive advantage.
Table II givesa rapid ideaaboutQuadrotor's advantagesand
drawbacks.

I I I . QUADROTOR DYNAMIC MODELLING

The�rst stepbeforecontroldevelopmentis anadequatedy-
namicsystemmodelling[6]. Especiallyfor lightweight �ying
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Fig. 2. Quadrotorconceptmotiondescription,thearrow width is proportional
to propellerrotationalspeed.

TABLE II

QUADROTOR MAIN ADVANTAGES & DRAWBACKS.

Advantages Drawbacks
Rotor mechanicssimpli�cation Weight augmentation

Payloadaugmentation High energy consumption
Gyroscopiceffects reduction

systems,the dynamicmodel ideally includesthe gyroscopic
effects resulting from both the rigid body rotation in space,
andthefour propeller's rotation.Theseaspectshavebeenoften
neglectedin previousworks.However, themaineffectsacting
on a helicopter[7] aredescribedbrie�y in table III.

TABLE III

MAIN PHYSICAL EFFECTS ACTING ON A HELICOPTER

Effect Source Formulation
Aerodynamiceffects - Propellerrotation

- Blades�apping C­ 2

Inertial countertorques - Changein propeller
rotationspeed J _­

Gravity effect - Centerof massposition
Gyroscopiceffects - Changein orientation

of the rigid body I µÃ
- Changein orientation J ­ µ; Á
of the propellerplane

Friction - All helicoptermotion C _Á; _µ; _Ã

Let us considerearth�x ed frame E and body �x ed frame
B , as seen in �gure 3. The center of massand the body
�x edframeorigin areassumedto coincide.UsingEulerangles
parametrization,the airframeorientationin spaceis given by
a rotation R from B to E, whereR 2 SO3 is the rotation
matrix. The dynamicsof a rigid body under external forces
appliedto the centerof massandexpressedin the body �x ed
frameasshown in [6] and[8] arein Newton-Eulerformalism:
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Where I 2 < (3x 3) the inertia matrix, V the body linear
speedvectorand ! the body angularspeed.

In the frame system�gure 3, the equationsof motion for
the helicoptercanbe written as [11]:



Fig. 3. Quadrotorcon�guration, frame systemwith a body �x ed frame B
andthe inertial frameE .
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_³ = º
m _º = RFb
_R = R!̂

J _! = ¡ ! £ J ! + ¿a

(2)

The �rst-level approximatemodel(3) of the Quadrotorcan
be rewritten as:
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where:

Symbol de�nition
³ positionvector
R rotationmatrix
!̂ skew symmetricmatrix
Á roll angle
µ pitch angle
Ã yaw angle
­ rotor speed

I x;y ;z body inertia
Jr rotor inertia
¿a torqueon airframebody
b thrust factor
d drag factor
l lever

The torqueappliedon the vehicle's body along an axis is
the differencebetweenthe torquegeneratedby eachpropeller
on the otheraxis.

¿a =

0

@
lb(­ 2

4 ¡ ­ 2
2)

lb(­ 2
3 ¡ ­ 2

1)
d(­ 2

2 + ­ 2
4 ¡ ­ 2

1 ¡ ­ 2
3)

1

A (4)

The full Quadrotordynamicmodelwith the x,y,z motions
asa consequenceof a pitch or roll rotation is:

8
>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>:

Äx = (cosÁsinµcosÃ + sinÁsinÃ) 1
m U1

Äy = (cosÁsinµsinÃ ¡ sinÁcosÃ) 1
m U1

Äz = ¡ g + (cosÁcosµ) 1
m U1

ÄÁ = _µ _Ã( I y ¡ I z

I x
) ¡ J r

I x
_µ­ + l

I x
U2

Äµ = _Á _Ã( I z ¡ I x
I y

) + J r
I y

_Á­ + l
I y

U3

ÄÃ = _Á_µ( I x ¡ I y

I z
) + 1

I z
U4

(5)

Then,the system's inputsareposedU1, U2, U3, U4 and­
a disturbance,obtaining:
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>>>>:

U1 = b(­ 2
1 + ­ 2

2 + ­ 2
3 + ­ 2

4)
U2 = b(­ 2

4 ¡ ­ 2
2)

U3 = b(­ 2
3 ¡ ­ 2

1)
U4 = d(­ 2

2 + ­ 2
4 ¡ ­ 2

1 ¡ ­ 2
3)

­ = ­ 2 + ­ 4 ¡ ­ 1 ¡ ­ 3

(6)

A. Rotor Dynamics

The rotors are driven by DC-motorswith the well known
equations[10]:

8
<

:

L di
dt = u ¡ Ri ¡ ke! m

J d! m
dt = ¿m ¡ ¿d

(7)

As we usea small motor with a very low inductance,the
secondorderDC-motordynamicsmay be approximatedby:

J d! m
dt = ¡ k 2

m
R ! m ¡ ¿d + km

R u (8)

By introducing the propellerand the gearboxmodels,the
equation(8) may be rewritten:
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>:

_! m = ¡ 1
¿ ! m ¡ d

´ r 3 J t
! 2

m + 1
km ¿ u

with :
1
¿ = k 2

m
R J t

(9)

Theequation(9) canbelinearizedaroundanoperationpoint
_w0 to the form _wm = ¡ Awm + B u + C with:

A =
³

1
¿ + 2dw 0

´ r 3 J t

´
; B =

³
1

km ¿

´
; C = d! 2

0
´ r 3 J t

(10)

Symbol De�nition
u motor input

ke backEMF constant
km torqueconstant
! m motor angularspeed
¿m motor torque
¿d motor load
¿ motor time-constant
R motor internal resistance
r gearbox reductionratio
´ gearbox ef�ciency

Jt total inertia



Fig. 4. OS4testbenchfor stabilizationstrategiestesting,3DOF arelocked,
the cross is madewith carbonrods and the �ying systemweight is about
240g.1)RS232to I2C translator, 2)Motor modules,3)3D captureduniversal
joint, 4)Micro IMU, 5)Propulsiongroup.

Fig. 5. OS4testbenchblock diagram

IV. OS4 TEST BENCH DESIGN

The developmentof a control systemfor a �ying robot
requiresthedevelopmentof anadequatetestbenchat leastfor
thepreliminaryexperiments.This canhelp lock somenumber
of degreesof freedomin order to reducecontrol complexity
andavoid systemdamage.

FromaPCandthroughastandardRS232port,onecansend
ordersto the testbench.The RS232to I2C moduletranslates
theserialsignalsto theI2C busmotormodules.Thesemodules
integersa P.I.D regulatoron a PIC16F876microcontrollerand
arecapableof openor closedloop operationin position,speed
or torquecontrol.TheMT9-B8 IMU9 estimateswith a kalman
�lter the 3D orientationdataand gives the calibrateddataof
accelerationand angularvelocity. It weights about 33g and
communicatesat 115kbps.The capturedmotion from the 3D
universaljoint10 canbedecodedto extractabsoluteorientation
information,thanksto themicro opticalencodersin eachaxis.
The vehicle is thus lightweight, about235g for all the �ying
system.The OS4 test bench has 4 propulsion group, each
composedof a 29gmotor11 includingmagneticencoders,a 6g
gearbox anda 6g propeller. To designthe propulsiongroup,
a test,evaluationandcomparisonmethodwasdeveloped.

8www.xsens.com
9Inertial MeasurementUnit
10www.forcedimension.com
111724motor from: www.minimotor.ch

A. Propulsiongroup evaluationand designprocedure

Finding thehighestthrustto weight ratio is oneof themost
important challengesin micro VTOL design.Our approach
is �rstly to specify the applicationrequirementsin terms of
thrust, energy and overload allowed. Secondlyis to build a
propellerand motor databank and then �nd the bestcombi-
nation. Finally we comparethe results to the requirements.
For the propeller data-bank,we use a speci�c test bench
to extract thrust and drag coef�cients through experiments
wherewemeasuretension,current,thrustandrotationalspeed.
Designinga �ying robot is an iterative processandonehasto
�x startingconditions.For our development,we have chosen
to start from the determinationof the vehicle's approximate
size which allows the propellerselectionfrom the database
accordingto its size.Using theevaluationtool, onecaneasily
selectthe appropriatemotor. Finally, we usethe well known
motor equationsto determinethe optimal reductionratio for
our propulsiongroup.

V. CONTROL OF THE VTOL SYSTEM

The model (5), developedin the previous sections,can be
rewritten in a state-spaceform _X = f (X ; U) by introducing
X = (x1:::x12)T 2 < 12 as state vector of the systemas
follows:

x1 = x
x2 = _x1 = _x
x3 = y
x4 = _x3 = _y
x5 = z
x6 = _x5 = _z
x7 = Á
x8 = _x7 = _Á
x9 = µ
x10 = _x9 = _µ
x11 = Ã
x12 = _x11 = _Ã

(11)

From (11) and(5) we obtain:

f (X ; U) =

0

B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
@

x2

(cosx7 sinx9 cosx11 + sinx7 sinx11) U1
m

x4

(cosx7 sinx9 sinx11 ¡ sinx7 cosx11) U1
m

x6

¡ g + (cosx7 cosx9) 1
m U1

x8

x12x10

³
I y ¡ I z

I x

´
¡ J R

I x
x10­ + l

I x
U2

x10

x12x8

³
I z ¡ I x

I y

´
+ J R

I y
x8­ + l

I y
U3

x12

x10x8

³
I x ¡ I y

I z

´
+ l

I z
U4

1

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
A

(12)
It is worthwhile to note inside the dynamic of the latter
system how the angles and their time derivatives do not
dependon translation components;on the other hand the



translationsdependon angle(and not on angularvelocities).
We can ideally imaginethe overall systemdescribedby (12)
as constitutedby two subsystems,the angularrotationsand
the linear translations,see �gure 6. The angular rotations
subsystemhas as state the restriction X ® of X to the last
6 componentswhich regard the roll, pitch, yaw andtheir time
derivative. The dynamicsof thesevariablesare describedby
f ®(X ; U) which correspondsto the last 6 componentsof the
mapping(12). Note that the mapping f ®(X ; U) is function
only of X ® and of (U2; U3; U4)T , and doesnot dependon
translationcomponents.On the other hand, the translations
subsystem(with stateX ¢ ) regardsthe �rst 6 elementof the
stateX , which are the x, y, z and their time derivative; in
this casetoo the dynamicsare describedby the �rst 6 rows
f ¢ (X ; U) of the mapping (12). Conversely to the previous
case, the translationssubsystemmapping f ¢ (X ; U) is not
independentof the anglevariablesbut dependsonly on roll,
pitch andyaw andnot on their time derivative.

Fig. 6. Connectionof the two ideal subsystemsof the overall dynamical
systemdescribedby mapping(12). From the angularrotationssubsystemthe
roll, pitch andyaw areobtainedandbecomewith U1 inputsfor the following
translationsubsystem.

A. Control of the Angular RotationsSubsystem

Dueto its completeindependencefrom theothersubsystem,
it is interestingto consider�rst the control of the angularro-
tationssubsystem.In particular, in this subsectionwe consider
thestabilizationof theOS4anglesin a particularcon�guration
X d

® = (xd
7; 0; xd

9; 0; xd
11; 0)T .

Let usconsidertheLyapunov FunctionV (X ®) which is C1

andpositive de�ned aroundthe desiredpositionX d
®.

(x7 ¡ xd
7)

2
+ x2

8 + (x9 ¡ xd
9)

2
+ x2

10 + (x11 ¡ xd
11)

2
+ x2

12

2
(13)

The time derivative of (13), _V = (r V )T f ®, in the caseof a
perfectcrossVTOL (I x = I y ) is drasticallyreducedto:

_V = (x7 ¡ xd
7)x8 + x8

l
I x

U2 + (x9 ¡ xd
9)x10 + x10

l
I y

U3+
+( x11 ¡ xd

11)x12 + x12
l

I z
U4

(14)
Equationin which doesnot appearthe perturbationterm with
­ . By simply choosing:

U2 = ¡ I x
l (x7 ¡ xd

7) ¡ k1x8

U3 = ¡ I y

l (x9 ¡ xd
9) ¡ k2x10

U4 = ¡ I z (x11 ¡ xd
11) ¡ k3x12;

(15)

with k1, k2 andk3 positive constants,we obtain for (14):

_V = ¡ x2
8

l k1
I x

¡ x2
10

l k2
I y

¡ x2
12

k3
I z

; (16)

which is only negative semi-de�ned.By Lyapunov theorem
[12] is now ensuredthe simple stability for equilibrium. By
Lasalle invariancetheoremwe can ensurealso that starting
from a level curve of the Lyapunov function de�ned in (13)
where V (X ®) is constant,the stateevolution is constrained
inside the region boundedby the level curve. This is very
useful when trying to avoid particular con�guration; it is
simply necessaryto start with a level curve not containing
thesepointsandapply the previous de�ned controls.We can
also ensurethe asymptoticstability by applying the Lasalle
theorem becausethe maximum invariance set of (angular
rotations)subsystemunder control (15) containedin the set
S = f X S

® 2 < 6 : _V jX S
®

= 0g is restrictedonly to the
equilibrium point.

By the latter considerationwe can ensurean asymptotical
stability starting from a point in a set around the equilib-
rium. To ensurethe global stability it is suf�cient that the
lim jX ® j!1 V(X ®) = 1 , which is our case.

B. Height Controller

Let us consider the simple task for the VTOL to hover
at a particularheight z = zd. The dynamicof the height is
describedby lines 5 and6 of system(12), that is:

µ
_x5

_x6

¶
=

µ
x6

¡ g + cosx7 cosx9
U1
m

¶
(17)

Usingtheconsiderationsin thepreviousparagraphV-A, we
ensurethat startingfrom an initial conditionwhereV (X ®) <
¼
2 , the angles and their velocities are constrainedin this
hypersphereof < 6. In this case cosx7 cosx9 6= 0 during
all the trajectoriesof the systemunderprevious control law.
If the latter condition is satis�ed we can linearize system
(17) by simply compensatingthe weight force by U1 =

mg
cos x 7 cos x 9

+ m Û1
cos x 7 cos x 9

, whereÛ1 is an additionalterm. By
the latter law (17) becomes:

µ
_x5

_x6

¶
=

µ
x6

Û1

¶
; (18)

By a simplestate-spacelinear stabilizationlaw Û1 = k4x5 +
k5x6 we can stabilizethe height by placing the polesof the
subsystemin any position in the complex left half plane.

VI . SIMULATIONS

Before implementationon the real system,we performed
several simulationson Matlab. The controller's task was to
stabilize the height while compensatingthe initial error on
the roll, pitch and yaw angles.The real systemsuffers from
undesiredbut unavoidabledelaysandactuatorsaturation.The
delays are mainly due to RS232 communicationsand the
actuatortime constant.To emulatethis lacks, two Simulink
discrete-stepdelay blocks have beenintroducedin the feed-
back loop and on the actuators.Saturationlevel dependson
the chosenactuators.The motors work in our application



Fig. 7. Simulation:thesystemhasto maintaintheheightof 2 metersalthough
the noiseon the actuators.

with a maximumangularvelocity of 600r ad=sec; a saturation
block hasbeenplacedbetweenthe controller and the delay.
Finally, the overall systemhasbeensimulatedat 30Hz using
a discretetime solver in order to model the behavior of the
digital controller. In the simulation,see�gure 7, the task is
to hover althoughanaddednormalgaussiannoiseof variance
4r ad=secon eachangularvelocity. The height is taken with
an addedzeromeanerror.

VI I . EXPERIMENTS

In orderto validatethecontrollaw developedin theprevious
section, we implementedthe controller and we performed
severalexperimentson therealsystem.Thetaskwasto control
the vehicle orientationthus, the Roll, the Pitch and the Yaw
angleswascontrolled,see�gure 8, while theheightwas�x ed
by the testbench.

In spiteof the testbenchlimitations in term of delaysand
errors introducedby the tethering system,the experimental
resultsobtainedshow that the proposedcontrollerworks well
especiallyfor the yaw angle.

VI I I . CONCLUSION AND FUTURE WORK

In thispaper, wepresentedasurvey of existing �ying micro-
vehiclesandmadea comparisonto micro VTOLs in termsof
miniaturization.We introducedthe OS4projectanddiscussed
the undergoing developmentsof �ying robots at ASL. This
includesdynamicmodelling,vehicledesignoptimizationand
control. As it can be seenfrom the experimentalplots, the
controller introducedprove the ability to control the orien-
tation angles.Our next goal is to enhancethe control with
positioncontrollerandto developa fully autonomousvehicle.
The positive results obtained in this development towards
autonomousmicro-VTOL reinforceour conviction that these
systemshavepotentialascandidatesfor theminiaturized�ying
micro-vehiclesemergence.
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Fig. 8. Experiments:thecontrollerhasto stabilizethesystemby maintaining
the roll, pitch andyaw angelsto zero.
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