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Preface 
 
It is our pleasure to present the proceedings of the International Micro Air Vehicle conference and competitions 
2011 (IMAV 2011) Summer Edition that was held in ‘t Harde, the Netherlands from September 12th through 
15th. This event has been organized by Thales and Delft University of Technology, and aims at presenting an 
overview of state-of-the-art research in the emerging field of Micro Air Vehicles (MAVs). The received 
submissions show that the field of MAV research is very active all over the world. The topics addressed by the 
articles in the proceedings range from the autonomous mapping of unknown environments to the investigation of 
vortex rings on both a butterfly and a flapping-wing MAV. These proceedings contain the peer-reviewed 
scientific articles presented at the IMAV 2011 Summer Edition. 
 
The research on MAVs is making swift progress, as shown by both the research and practical demonstrations at 
the IMAV 2011. The competitions, which had a record number of 23 participating teams, illustrated the 
technological advances being made and the challenges that are ahead. For example, it is noteworthy that the 
IMAV 2011 Summer Edition was the first IMAV-event to have six teams participating in the "pylon challenge" 
with an autonomously flying MAV. The pylon challenge requires the MAVs to fly in 8-shapes around two 
brightly colored orange pylons. Despite the predefined color of the pylons, this challenge is not as easy as it may 
seem at first sight: with the exception of one system that used a laser scanner, all other autonomous systems used 
a single, relatively small field-of-view camera. As a consequence, most of the systems based their flight on 
monocular visual cues. In particular this implied that the systems had to deal with the presence of distractors, and 
well-known problems of varying light conditions. The difficulty of the challenge is reflected in the final ranking. 
Despite a considerable bonus for autonomous flight, the indoor pylon challenge is led by a very well-designed 
tiny MAV controlled via video goggles, followed by the autonomous MAV with a laser-scanner, and on the third 
place a team that used monocular vision. 
 
The outdoor mission challenge, in which the participating teams had to monitor a simulated "drugs deal", was 
also remarkable for two reasons. First, it was the first time at an IMAV that teams used multiple MAVs at the 
same time. While multi-MAV research has received considerable attention in the past years, the practical 
demonstration of such systems in a competition was novel. This year, teams with multiple MAVs typically had 
one ground station per  MAV. Exceptions include the team behind the open source Paparazzi system, in which 
multiple systems were controlled from one ground station. The use of multiple MAVs is a promising step 
towards groups of MAVs that exploit self-organization to accomplish tasks given by the operator. Such a self-
organizing multi-MAV system is typically referred to as a ‘swarm’. A second remarkable observation is that 
there were at least two MAVs this year that can both hover and transition to forward fixed-wing flight. Such 
systems form a promise for missions in which the MAV will have to perform a detailed observation mission at a 
long distance from the take-off location. The design of these systems requires a tight integration of knowledge 
and expertise in the areas of structures, aerodynamics and control.  
 
We would like to thank the program committee for their efforts in reviewing all the IMAV 2011 articles: 
 
H. Bijl     Q.P. Chu    C. De Wagter  
F. Groen     J. van den Herik    E. Johnson 
E.-J. van Kampen   K. Kondak    L. van der Maaten 
D. Moormann    J.-M. Moschetta     M. Ol  
B. van Oudheusden   E.O. Postma     R. Ruijsink  
W. Shyy     S. Shkarayev    A. Visser 
P. Vörsmann    S. Watkins    V. Trianni 
 
Finally, we want to express our hope that the open access to all the articles in these proceedings will contribute 
to the advances in this young and exciting research area. 
 
On behalf of the IMAV 2011 organization committee, 
 
Guido de Croon and Matthijs Amelink, 
 
program chairs of the IMAV 2011. 
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ABSTRACT 

The work explores the use of time-resolved tomographic PIV 

measurements to study a flapping-wing model, the related 

vortex generation mechanisms and the effect of wing flexibility 

on the clap-and-fling movement in particular. An experimental 

setup is designed and realized in a water tank by use of a single 

wing model and a mirror plate to simulate the wing interaction 

that is involved in clap-and-fling motion. The wing model used 

in the experiments has the same planform with the DelFly II 

wings and consists of a rigid leading edge and an isotropic 

polyester film. The thickness of the polyester film was changed 

in order to investigate the influence of flexibility. A similarity 

analysis based on the two-dimensional dynamic beam equation 

was performed to compare aeroelastic characteristics of 

flapping-wing motion in-air and in-water conditions. Based on 

the experimental results, the evolution of vortical structures 

during the clap-and-peel motion is explained. The general 

effects of flexibility on vortex formations and interactions are 

discussed. It was observed that the flexibility affects the 

behavior and orientation of the vortices in relation to the 

deformation of the wing and interaction with the mirror plate.  

1 INTRODUCTION 

Flapping-wing aerodynamics has been of interest to the 

researchers recently due to increasing design efforts in the 

field of Micro Aerial Vehicles (MAVs). MAVs are small 

unmanned air vehicles with overall dimensions not larger 

than 15cm [1]. Recent developments in several 

technological fields have enabled the possibility of using 

MAVs as mobile and stealth sensing platforms capable of 

gathering intelligence in hazardous and physically 

inaccessible areas. To accomplish such missions, MAVs 

should be capable of maneuvering with ease, staying aloft 

and propelling themselves efficiently. However, 

conventional means of thrust and lift generation become 

inefficient in terms of required capabilities at these scales 

and hence flapping-wing propulsion becomes a necessity. In 

contrast to the conventional mechanisms of aerodynamic 

force production, flapping-wing mechanisms are associated 

with vortices separating from the leading and trailing edge, 

which create low pressure region that can be used to create 

higher lift and thrust [1].  

 The phenomenon of force production as a result of 

flapping motion has been studied extensively in the 

literature originating from the pioneering studies of Knoller 

[2] and Betz [3], who pointed out that flapping wing motion 

generates an effective angle-of-attack that results in lift 

production with a thrust component, which is known as 

Knoller-Betz effect. Thenceforward, further investigations 

have clarified the underlying aerodynamic mechanisms, 

different flow topologies, and effective parameters for 

simplified two-dimensional flapping rigid wing motions, i.e. 

pitching, plunging or combined pitching-plunging. 

Discussion of these topics is outside the scope of the present 

paper and the reader is referred to [4]-[10] for more detailed 

information. 

 Natural flapping is a three-dimensional phenomenon 

which combines pitching, plunging, and sweeping motions 

[11]. Moreover, birds and insects benefit from several 

different unsteady aerodynamic mechanisms, among them 

the clap-and-fling motion, which is the particular topic of 

the present study.  

 Clap-and-fling is a lift enhancement mechanism which 

was first described by Weis-Fogh [12]. This relates to the 

wing-wing interaction phenomenon, which takes place at 

dorsal stroke reversal (Figure 1). During the clap phase, the 

leading edges of the wings come together and pronation 

about the leading edges occurs until the v-shaped gap 

between the wings disappears (see Figure 1 A-C). 

Subsequently, in the fling phase, the wings rotate about their 

trailing edges forming a gap in between. Following, the 

translation of the wings occurs (see Figure 1 D-F). 

Investigations on birds and insects showed that as well as 

being used continuously during the flight, some species 

utilize this mechanism for a limited time in order to generate 

extra lift, especially while carrying loads or during the take-

off phase [13]. The insect experiments of Marden [14] 

showed that use of clap-and-fling mechanism results in 

generation of 25% more aerodynamic lift per unit flight 

muscle than conventional flapping-wing motions.  

 
 Figure 1: Schematic representation of clap-and-fling mechanism. Black 

lines represent flow lines, dark blue arrows show induced velocity and light 

blue arrows represent net force exerting on the airfoil, adapted from Sane 

[11]. 

 

Several studies have attempted to provide an explanation of 

the enhanced force generation mechanism of the clap-and-

fling motion. Weis-Fogh [12] indicated that during the clap 

phase, as the gap between the wings vanishes progressively, 

the opposing circulation of both wings cancel each other 

out. This attenuates the starting vortex at the onset of fling 

and diminishes the Wagner effect. By doing so, circulation 

will build up more rapidly and the benefit of lift over time 

will be extended in the fling phase [11]. Moreover, a 
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downward momentum jet formed at the end of clapping 

motion can work in favor of lift generation [15]. On the 

other hand, during the fling phase, as the leading edges 

move apart, the fluid rushes into the low pressure region 

between two wings, which results in generation of massive 

leading edge vortices. This mechanism enhances circulation 

at the onset of fling phase and hence increases lift. This 

phenomenon was experimentally verified by Lehmann et al. 

[16]. They performed instantaneous PIV and force 

measurements on dynamically scaled rigid fruit fly wings in 

order to investigate the effects of the clap-and-fling motion 

on the force production. They pointed out that clap-and-fling 

motion, depending on the stroke kinematics, may enhance 

the force production up to 17%. Detailed PIV analysis 

revealed that the existence of a bilateral image wing 

increases the circulation induced by the leading edge vortex 

during the early fling phase, obviously correlated with a 

prominent peak in both lift and drag. Furthermore, it was 

shown that trailing edge vorticity shed during the clap phase 

of the motion is considerably reduced with respect to the 

single flapping wing case. 

 It is obvious that the majority of these studies focus on 

the flapping motion of rigid wings and the effect of 

flexibility has received relatively little attention. However, 

studies on the mechanical properties of insect wings report 

complicated variations in their stiffness and identify them 

absolutely flexible [17], [18]. Although aerodynamic 

benefits of flexibility for the insect are not completely clear 

[19], there is a growing evidence that wing deformation 

during the flapping motion boosts thrust and lift production 

considerably [20]. Vanella et al. [21] carried out a 

computational study on a hovering two-dimensional flexible 

wing model for Reynolds number (Re) ranging from 75 to 

1000. They concluded that flexibility can enhance the 

aerodynamic performance and the best performance was 

achieved when the wing was flapped at 1/3 of the natural 

frequency. Heathcote and Gursul [19] performed water 

tunnel experiments to investigate the effect of chord-wise 

flexibility on the propulsive efficiency of a heaving airfoil 

for Re of 9000 to 27000. They concluded that a certain 

degree of flexibility enhances the thrust coefficient and 

propulsive efficiency. Heathcote et al. [22] also studied the 

influence of spanwise flexibility and they found out that 

introducing a degree of spanwise flexibility affects the 

vortex mechanism and increases the thrust efficiency. They 

added that the range of Strouhal number (Sr) in which 

spanwise flexibility was beneficial overlaps with the range 

observed in nature (0.2<Sr<0.4). Based on above discussion, 

it can be inferred that MAVs might benefit from 

aerodynamic contributions of flexibility, in addition to the 

intrinsic low weight of flexible structures.  

 Regarding the clap-and-fling motion, it was shown that 

with the effect of flexibility the fling phase occurs more like 

a peel, while the clap phase can be considered as reverse-

peel [23]. That is the reason why clap-and-fling motion is 

called clap-and-peel motion for flexible wing case. It has 

been speculated that flexible wings increase lift by 

enhancing the circulation in the fling phase and boosting the 

strength of downward momentum jet in the clap phase [15]. 

Moreover, it was indicated that flexibility reduces drag by 

allowing the wing to bend or reconfigure under the 

aerodynamic loading [24]. Miller and Peskin [24] 

investigated this phenomenon computationally by use of an 

immersed boundary method for Re of 10. They found that 

clap-and-fling with flexible wings produces lower drag and 

higher lift with respect to clap-and-fling with rigid wings. 

 As indicated earlier, the clap-and-fling mechanism is the 

particular research interest for the present paper, because of 

its relevance to the DelFly II, which is a bi-plane flapping-

wing MAV that was designed and built at Delft University 

of Technology. It has four wings, of anisotropic flexible 

construction, undergoing clap-and-fling motion. Therefore, 

it is important from a design optimization point of view to 

obtain a better understanding of the effect of flexibility on 

the clap-and-fling motion.  

 Experimental research has been performed on the DelFly 

II to reveal the effect of flexibility on the aerodynamic 

performance. De Clercq [25] captured the instantaneous 

flow field in the vicinity of the flapping wings of DelFly II 

in hover condition via stereo-PIV and performed 

simultaneous thrust (viz. lift) force measurements. She 

showed that flexibility causes the wings to peel apart at the 

onset of the fling and to flex at the maximum outstroke. She 

also found that the peeling phase makes the major 

contribution to the lift thanks to the generation of massive 

leading edge vortices. A subsequent wing optimization 

study by Bruggeman [26] for the hovering condition 

resulted in a wing layout that provides a 10% increase in 

thrust-to-power ratio. Consequently, Groen [27] performed 

phase-locked stereo-PIV measurements to compare the 

deformations and flow fields for the original and the 

improved wing. The acquired wing shapes revealed that the 

improved wing in general is less flexible with respect to the 

original wing. This condition manifests itself also in the 

flow fields as shown in Figure 2. He pointed out that the 

LEV stays closer to the wing surface for the improved wing 

which was attributed to the increased suction during the 

peeling phase of the motion.  

 Figure 2: Comparison of swirling strengths for the original (A) and 

improved (B) DelFly wings flapping at 11 Hz at the spanwise position of 

0.86R, adapted from Groen [27] 

    

Notwithstanding the extensive measurements performed 

on the DelFly wings, it proved difficult to link the effect of 

flexibility to the flow field characteristics and performance 

improvements, due to the anisotropic characteristics of the 

Delfly wings and the associated complicated aeroelastic 

behavior. Based on these considerations, in this project it is 

aimed to investigate the influence of wing flexibility in a 

more generic configuration. The experiments were 

performed in a water tank to permit high-quality and time-

resolved three-dimensional flow field measurements via 

time-resolved Tomographic Particle Image Velocimetry 

(TOMO-PIV) [28]. The wing model used in the experiments 

consists of a rigid leading edge and an isotropic flexible 

wing surface made from polyester film; therefore it is 

assumed that the wing is flexible in only the chordwise 
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direction. The flexibility was varied in the experiments by 

changing the thickness of the polyester film. 

2 SIMILARITY ANALYSIS 

The determination of scaling laws is an important step in 

order to identify characteristic properties of the system 

under consideration and to establish which combination of 

parameters is of importance for the given conditions. In the 

current study, analysis of structural dynamics as well as 

fluid dynamics becomes necessary, because of the different 

deformation characteristics of a flapping flexible wing for 

in-air and in-water conditions. The Euler-Bernoulli dynamic 

beam equation was utilized for the analysis of similarity 

parameters. The general form of the equation after 

neglecting the rotary inertia and deformations due to shear is 

shown below.  

(1)    ! "
2 4

2 4
,

w w
m EI f x t

t x

# #
$ %

# #
 

It should be noted that deformation only in the chordwise 

direction x is considered, in accordance with the model wing 

used in the experiments. In Equation-1, m is the mass per 

unit chord length, E is the Young’s modulus, and I is the 

moment of inertia. The term f(x,t) on the right hand side is 

the forcing function term, consisting of aerodynamic and 

inertial contributions, as given in Equation-2, for a 

sinusoidally heaving leading edge. 

(2)    
! " ! " ! "! "

! "! "2

, sin sin

cos

aerof x t C h t h t

m h t

& & & &

& &

% ' ' '

' '
 

 Here, aeroC  is the aerodynamic multiplication factor (

0.5
aero f

C c(% , where c  is the mean chord length, and 

f
(  the fluid density), &  is the circular frequency (

2 f& )% , with f  the flapping frequency), and h is the 

amplitude of the heaving motion. Dimensional analysis of 

Equations-1 and 2 yields two similarity parameters, which 

are the ratio of elastic to aerodynamic forces (bending 

stiffness parameter, Equation-3), and the ratio of inertial to 

aerodynamic forces (Equation-4). 

(3)    
2 2 3 3

f

EI

f b c
*

( +
%  

(4)    w

f

t

b

(
,

( +
%  

In this, + is the angular flapping amplitude, b  the span 

length, c  the chord length (taken as the mean chord in the 

present calculations), 
w
(  the density of the wing material, 

and t the thickness of the wing.   

In addition to the derivation of similarity parameters, 

analytical solutions of the dynamic beam equation were 

used for comparison of the deformation characteristics for 

in-air and in-water conditions. The solution was performed 

for a sinusoidally plunging airfoil which is assumed to 

represent the cross-section of the flapping wing. Firstly, a 

wing of isotropic flexibility was defined as an equivalent-

DelFly-wing. Secondly, a model wing for in-water 

conditions was defined, operating at the same Reynolds 

number and with similar flexibility as the (equivalent) 

DelFly wing. 

Assumptions involved in the definition of the equivalent 

DelFly wing are: (1) it has the same geometry ( 0.14b % m, 

0.08c %  m, and 1.75AR % ) and mass (88 mg for a single 

wing excluding the rigid leading edge) as the DelFly wing; 

(2) it has isotropic structural characteristics; (3) it flaps in-

air at 13 Hz and (4) the maximum deformation (trailing edge 

displacement with respect to leading edge) it experiences is 

equal to that of the DelFly wing. The maximum deformation 

for the reference case was observed to be approximately 

60% of the chord length at 71% of the span length, based on 

the wing shape visualization performed by Groen [27].  

 The analytical solution was then used to determine the 

required flexural stiffness of the equivalent-DelFly-wing. 

The maximum deformation of 60% of chord length is 

achieved at a flexural stiffness value of 1.06-10-4 Nm2. The 

order of flexural stiffness agrees with the study of Combes 

and Daniel [18] who measured the flexural stiffness (both in 

the spanwise and chordwise directions) of 16 different insect 

wings. Based on their correlation, the chordwise flexural 

stiffness for the chord-length of 8 cm is estimated as 

approximately 10-4 Nm2.   

 Deformation characteristics for in-water conditions were 

acquired for a scaled down model-wing ( 0.1b %  m, 

0.057c %  m, and 1.75AR % ). Polyester sheet was used as 

a wing material and, apart from reproducing the Reynolds 

number, it was aimed to satisfy two constraints: first to have 

approximately the same amount of maximum deformation 

during the flapping motion for in-air and in-water 

conditions; second to keep the bending stiffness parameters 

of the equivalent-DelFly-wing and the model-wing as close 

as possible. These conditions were satisfied for the case of 

model wing with a thickness of 100 µm flapping at 0.75 Hz 

in water. The resultant bending stiffness parameters were 

calculated as 0.60 for equivalent-DelFly-wing and 0.55 for 

the model-wing. Deformations for a flapping period are 

compared in Figure 3. It should be noted that although it 

might be possible to satisfy the above-mentioned conditions 

with a different flapping frequency and wing thickness, 

current values were selected based on the limitations 

regarding to the experimental setup and material 

availability. 
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Figure 3: Comparison of total deformations (trailing edge displacement 

with respect to leading edge) for the equivalent-DelFly-wing flapping in air 

and model-wing flapping in-water 

It is clear that the deformation characteristics are different 

from air to water, as already expected for. The major 

difference can be approximated by a phase shift of 10% the 

flapping period. In order to clarify the reason of this 

difference, the deformation contributions of the 

aerodynamic and inertial effects are shown separately in 

Figure 4. It is obvious that inertial forces are substantially 

diminished conducting experiments in water rather than air, 

as also evident from Equation-4. It can be concluded that the 

effect associated to the wing-inertia term is largely reduced 

when the wing flaps in water, which has similar density. As 

a result, it is difficult to achieve the same deformation 

characteristics for air and water experiments. Therefore, it is 

aimed to achieve order of scales of deformation and flexural 

bending stiffness as similar as possible to the equivalent-

DelFly-wing in this study. 

 
Figure 4: Comparison of deformations (trailing edge displacement with 

respect to leading edge) due to aerodynamic and inertial forces separately 

for the equivalent-DelFly-wing flapping in air and model-wing flapping in-

water 

 

 
Figure 5: Dimensions of the wing model. 

 

3 EXPERIMENTAL SETUP 

Wing model and setup 

The experiments were conducted in a water tank at the 

Aerodynamic Laboratory of Delft University of Technology 

(TUDelft). A single actuated wing was used in combination 

with a mirror plate to simulate the clap-and-fling motion of 

DelFly II in hovering flight. The wing model consists of a 

rigid leading edge and a flexible wing surface. The leading 

edge is made of two D-shape carbon rods of 4 mm diameter 

and the wing is manufactured from transparent polyester 

film (see Figure 5). Four different polyester wings with 

thickness of 50, 100, 175 and 250 µm were used to 

investigate the effect of flexibility.  

As shown in Figure 6, a stainless steel rod with a 

diameter of 15 mm, connecting with the wing model, stands 

vertically in the octagonal water tank (600 mm of diameter 

and 600 mm of height). The existing water tank is made of 

Plexiglass allowing full optical access for illumination and 

tomographic imaging to study turbulent jets [29]. The 

distance between the rod axis and the surface of the mirror 

plate is 10 mm. When the motor actuates the crank-arm 

mechanism, the wing will flap with an amplitude of 50
o and 

a frequency of 0.5-1.0 Hz. Based on the mean wing tip 

velocity and the mean chord length, the Reynolds number 

for hovering flight [30] is 6700. 

 

 
Figure 6: schematic representation of experimental set-up. 

 

Time-resolved tomographic PIV 

High-speed tomographic-PIV measurements were carried 

out to acquire time-resolved three-dimensional quantitative 

information of the flow around the wing model. Polyamide 

spherical particles of 56 !m diameter were employed as 

tracer particles at a concentration of 0.04 particles/mm3. An 
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alternative method to laser was applied for volume 

illumination, using the light beam from a normal projector, 

Acer PD125D DLP, which is converged by a convex lens. 

Position, color and size of the beam could be modified 

easily by Microsoft PowerPoint software on the computer. 

The light with lumen of 2000 ANSI from the projector is 

adequate to collect sufficient light scattered by the particles. 

The measurement volume of 100×100×40 mm3 in size, 

oriented as indicated in  Figure 7(b) where the distance D = 

70 mm, is captured by three high-speed cameras 

(1024×1024 pixels) arranged along different azimuthal 

directions in a horizontal plane as shown in Figure 7.  

The digital resolution is 10 pixels/mm and the average 

particle image density is approximately 0.015 particles per 

pixel (ppp). The tomographic recording system is composed 

of three CMOS cameras with a resolution of 1024×1024 

pixels at 5.4 kHz. The pixel pitch of the cameras is 20 !m. 

Each camera is equipped with a Nikon 60 mm focal 

objective with numerical aperture f#=11. Scheimpflug 

adapters are used on two cameras to align the mid-plane of 

the measurement volume with the focal plane. Image 

sequences of tracer particles are recorded with recording 

frequency of 250 Hz (exposures time is 1/300 s). 

Tomographic reconstruction 

Besides synchronization of the cameras and image 

acquisition, DaVis 7.4 (LaVision) was also used in the 

image pre-processing, volume calibration, self-calibration 

[31], reconstruction, and three-dimensional cross-correlation 

based interrogation that yields the velocity vector fields.  

In this experiment, the measurement volume is calibrated 

by scanning a plate with 9×10 dots through the volume in 

depth of 20 mm with steps of 5 mm. In each of the 

calibration planes, the relation between the physical 

coordinates (X, Y, Z) and image coordinates is described by 

a 3
rd order polynomial fit. Linear interpolation is used to find 

the corresponding image coordinates at intermediate z-

locations. 

 

(a) Experimental arrangement in the water tank.  

 
 

(b) Schematic representation of top view. 

 

Figure 7: Optical arrangement for the TR-PIV experiments. 

 

The reconstruction process is improved by means of 

image pre-processing with background intensity removal, 

particle intensity equalization and a Gaussian smooth (3×3 

kernel size). Reconstructed volumes are discretized at 103 

voxels per mm3. The particle images are interrogated using 

windows of final size 64×64×64 voxels with an overlap 

factor of 75 %, resulting in a vector spacing of about 1.6 

mm in each direction. A dataset of order 62×62×25 velocity 

vector volumes is acquired in each region. 

4 RESULTS 

Four polyester wings with different thickness (ranging 

from 50 to 250 µm) were used to investigate the effect of 

flexibility. In this section, the evolution of vortical structures 

at the clap-and-peel phase of the flapping motion is 

discussed. For brevity, only the cases of 100 and 250 µm 

wings flapping at 0.75 Hz are represented here. 

In Figure-8, iso-surfaces of vorticity magnitude during the 

clap-and-peel phase are shown for the wing with a thickness 

of 100 µm. The end of clap is labeled as t=0 and the rear 

surface of the illumination volume is represented with a 

green slice. The wing position with respect to symmetry 

plane is schematized on the left corner of each phase. The 

vortex formation mechanism can be explained as follows: 

After the onset of instroke, the wing starts to move towards 

the wall with the formation of leading end trailing edge 

vortices (t=-0.12T). The separating shear layer from the 

trailing edge forms into a discrete trailing edge vortex. 

Trailing and leading edge vortices grow in size as the 

rotation goes on (t=-0.06T). At the end of in-stroke, the 

trailing edge vortex sheds into the wake of the wing, 

whereas the leading edge vortex stretches downward behind 

the wing (t=0). During the supination (t=0.06T), the 

stretched leading edge vortex moves towards the tapered 

part of the wing and interacts with the newly formed trailing 

edge vortex (t=0.12T). The outstroke continues with the 

formation of a massive leading edge vortex (t=0.16T) thanks 

to the inrush of fluid into the gap between the wing and the 

wall during the peeling phase.  
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The wing flexibility manifests its effects in general vortex 

formation-interaction mechanisms as well as in the 

deformation of the wing during the flapping motion. In 

Figure-9, contours of z-vorticity are plotted in the cross 

section plane at 70% of the span at the early clap phase (t=-

0.12T), for the wings with thickness of 100 and 250 µm.  

 
Figure 9: Contours of z vorticity for the wings at 70% of the span lengths of 

the wings with thicknesses of (a) 100 µm and (b) 250 µm at t=-0.12T 

  

It is clear that the flexible wing curves towards its own 

wake whereas the other wing is almost rigid. In the case of 

the rigid wing, a stronger leading edge vortex is present but 

rather detached from the wing surface. It is possible to 

indicate that this condition will result in lower lift generation 

than the flexible wing case where the leading edge vortex 

stays near the curved surface of the wing and creates suction 

that works in favour of lift generation.  On the other hand, 

the separating shear layer of the rigid wing trailing edge is 

curved downwards most probably due to increased 

downwash generated. In contrast, for the flexible wing, the 

trailing edge vortex stays inside the wake. 
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Figure 10: Contours of z vorticity for the wings at 70% of the span lengths 

of the wings with thicknesses of (a) 100 µm and (b) 250 µm at t=0 

 

 The vortical formations for the rigid and flexible wings 

are compared at the end of the clap (t=0) in Figure-10. 

It is evident that due to the rigidity of the wing, the 

interaction with the wall results in stronger downwash and 

upwash (due to finite distance between the rigid leading 

edge and the wall) which in turn cause the vortices formed 

during the previous instroke to convect downward and 

upward, respectively. As noted earlier, contrary to the rigid 

wing case, the leading edge vortex in the case of flexible 

wing stays in the wake.  

The comparison of z-vorticity contours at the late peel 

phase (Figure-11) reveals the fact that the rigid wing 

supinates into relatively stationary fluid region with respect 

to flexible wing case. It can be speculated that this condition 

will result in increase of the power requirement to fling the 

wing apart.  

 

 
Figure 11: Contours of z vorticity for the wings at 70% of the span lengths 

of the wings with thicknesses of (a) 100 µm and (b) 250 µm at t=0.18T 

5 CONCLUSION 

The applicability of time-resolved tomographic PIV for the 

experimental investigation of vortical structures and effects 

of flexibility for the clap-and-fling type flapping motion was 

studied in this investigation. Experiments were performed in 

a water tank with a model wing that consists of a rigid 

leading edge and an isotropic flexible polyester film. The 

thickness of the polyester film was changed to investigate 

the influence of flexibility. A similarity analysis was 

performed by use of the two-dimensional dynamic beam 

equation. This revealed the different deformation 

characteristics for in-air and in-water conditions. 

Experimental results obtained with the tomo-PIV technique 

allow to characterize the three-dimensional structure of the 

flow field around the flapping wing model. The general 

vortex formation and interaction mechanisms are explained 

during the clap-and-peel phase of the flapping motion. It 

was shown that in the case of more rigid wing case, leading 

and trailing edge vortices stay detached from the surface of 

the wing and they convect upwards and downwards due to 

relatively strong up-downwash generated as a result of 

interaction with the wall. Therefore, at the stroke reversal, 

the more rigid wing cannot benefit from the phenomenon of 

the wake capture. However, in the more flexible wing case, 

vortices from the previous stroke interact with the wing and 

newly generated vortices. 
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ABSTRACT

Butterflies fly combining wing flapping and gliding efficiently 

and have beautiful flight patterns. Micro-Air-Vehicles (MAVs) 

and micro-flight robots that mimic the flight mechanisms of 

insects have been attracting significant attention in recent years. 

A number of MAVs and micro-flight robots that use various 

devices have been reported. However, these robots were not 

practical. A number of studies on the mechanism of butterfly 

flight have been carried out. Moreover, a number of recent 

studies have examined the flow field around an insect wing, such 

as a leading edge vortex (LEV) structure using the first digital 

particle image velocimetry (DPIV). We have carried out the PIV 

measurement around a butterfly wing and have visualized a 

vortex ring formed on the wing clearly. On the other hand, we 

developed a small flapping robot without tail wings, which is 

similar to the butterfly. The purpose of the present study is to 

clarify the dynamic behaviors of the vortex rings formed on the 

wings of the butterfly and the small flapping robot. A vortex 

ring is formed over the wings of the butterfly and small flapping 

robot with stable flight when the wings flap downward. An 

another vortex ring is formed below the butterfly wings when 

the wings flap upward and it was smaller than that in downward 

flapping motion because of the elastic deformation of the wings. 

Both vortex rings pass through the butterfly completely at the 

top and bottom dead position in the flapping motion. 

1 INTRODUCTION
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2 EXPERIMENTAL SYSTEMS

2.1 Butterfly and small flapping robot 
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!

!

!

!
(a) Butterfly, Idea leuconoe

!

!
(b) Small Flapping robot 

Figure 1: Butterfly and small flapping robot in our study 

!

!

Table 1: Dimensions of butterfly and small flapping robot 

@4(,,!5,(::#26!%&8&7H=77*%5,9

CJPf BLMD

C;OJ;PW/S Bbd4ED

C;ZJ;Gm B6D

F;JE;FAR

EGJCGJl B44D

TJPJc B44D

@4(,,!5,(::#26!%&8&7H=77*%5,9

CJPf BLMD

C;OJ;PW/S Bbd4ED

C;ZJ;Gm B6D

F;JE;FAR

EGJCGJl B44D

TJPJc B44D

!
!

!

7+*#%!>#26!$+&%3!,*267+!cA!>#26!-:(2!,*267+!lA!(-:*$7!%(7#&!&5!

7+*!>#26!ARA!4(--!mA!>#26!,&(3!w/sA!(23!5,(::#26!5%*K=*2$9!

&5!7+*!>#26!f;!

<+*! 8=77*%5,9! -+&>2! _#6;! C.(1! #-! Idea leuconoeS! #7! >(-!

$(:7=%*3!&2!&=%!$(4:=-;!<+*!-4(,,!5,(::#26!%&8&7!+(-!(!4&7&%!

(23! 8(77*%9! (23! #7! >*#6+7-! (::%&Y#4(7*,9! C;Z6;! /! $%(2?!

4*$+(2#-4!#-!=-*3!7&!$&2)*%7!7+*!%&7(%9!4&7#&2!&5!7+*!4&7&%!

#27&! 5,(::#26! 4&7#&2! &5! 7+*! 7>&! >#26-! >#7+! (! 5,(::#26!

5%*K=*2$9!&5!(8&=7!CJ!LM;!<+*!8(77*%9!$(2!:&>*%!5,#6+7! 5&%!

(8&=7! EJ! 4#2=7*-;! I)*%! 7+*! 7#4*A! 7+*! 5,(::#26! 5%*K=*2$9!

3*$%*(-*-!7&!Z!LM!3=*!7&!7+*!)&,7(6*!3%&:!&5!7+*!8(77*%9;!!

_#6=%*! E! -+&>-! 5,#6+7! 7%(X*$7&%#*-! &5! 7+*! -4(,,! 5,(::#26!

%&8&7;! <+*! 5,9#26! 7%(X*$7&%#*-! >*%*! %*$&%3*3! =-#26! (! 5#Y*3!

3#6#7(,!)#3*&!$(4*%(!>#7+!(!5%(4*!%(7*!&5!FJ!B5:-D;!<+*!7#4*!

>+*2!7+*!5,(::#26!%&8&7!,*()*-!7+*!+(23!#-!7(?*2!7&!8*!7!e!J;J!!

t =1.0 [s]

t =2.3 [s]
t =0.0 [s]

t =4.0 [s]

t =0.4 [s]

t =7.3 [s]

t =1.0 [s]

t =2.3 [s]
t =0.0 [s]

t =4.0 [s]

t =0.4 [s]

t =7.3 [s]

!
Figure 2: Flight trajectories of our small flapping robot!

!

!

Highspeed camera  

Nd: YAG laser  

�

Butterfly   Micro flapping robot   

Highspeed camera  

Nd: YAG laser  

�

Butterfly   Micro flapping robot   

!
Figure 3: PIV measurement system in our study 

!

!

B-D!(23!5,#6+7!7%(X*$7&%#*-!(%*!3*:#$7*3!=:!7:!7!e!R;F!B-D;!

<+*! 5,9#26! :&-7=%*! &5! 7+*! -4(,,! 5,(::#26! %&8&7! 8*$&4*-!

=2-7(8,*!(23!#7-!+*#6+7!3*$%*(-*-!5%&4!7!e!J!7&!7!e!J;G!B-D;!<+*!

5,9#26!:&-7=%*!$&27#2=*-!7&!8*!=2-7(8,*!=27#,!7!e!C;J!B-DA!8=7!7+*!

+*#6+7! &5! 7+*! %&8&7! #2$%*(-*;! /57*%! 7! e! C;J! B-DA! 7+*! 5,9#26!

:&-7=%*!8*$&4*-!(,4&-7!$&2-7(27!(23!7+*!%&8&7!(-$*23-!>+#,*!

:*%5&%4#26! ,(%6*! 7=%2-! 7&! 7+*! ,*57;!<+*! -4(,,! 5,(::#26! %&8&7!

5,*>!-7(8,9!5&%!EJ!4#2=7*-!.#;*;!5&%!7+*!,#5*!&5!7+*!8(77*%91;!<+*!

-4(,,! 5,(::#26!%&8&7!(-$*23-!5&%!R'T!4#2=7*-!>+#,*! -,*>#26!

(23! 7+*2! 3*-$*23-! >+#,*! -,*>#26;! <+#-! #-! 8*$(=-*! 7+*!

%*)&,=7#&2! -:**3-! &5! 7+*! 4&7&%! 3*$%*(-*-! >#7+! 3*$%*(-#26!

)&,7(6*! &5! 7+*! 8(77*%9! (23! $&2-*K=*27,9! 7+*! 5,(::#26!

5%*K=*2$9!6*2*%(7*3!89!7+*!$%(2?!4*$+(2#-4!3*$%*(-*-;!H9!

%*)*%-#26!7+*!%&7(%9!4&7#&2!&5!7+*!4&7&%!(::,#*3!7&!7+*!$%(2?!

4*$+(2#-4A!>*!5&=23!7+(7!7+*!-,*>#26!3#%*$7#&2!#2!7+*!5,#6+7!

&5!7+*!-4(,,!5,(::#26!%&8&7!#-!$&=27*%$,&$?>#-*;!

2.2 PIV measurement system 

^*! :*%5&%4*3! \N0! 4*(-=%*4*27-! =-#26! (2! ($%9,#$!

$&27(#2*%A!(!+#6+'-:**3!$(4*%(A!(!$&27#2=&=-'>()*!b3Vf/g!

,(-*%A! (23! (! 8=77*%5,9! .-**! _#6;! F1;! <+*! 7*-7! -*$7#&2! #2! 7+*!

($%9,#$!$&27(#2*%!#-!ZJJ!B44D!,&26A!ZJJ!B44D!>#3*A!(23!ZJJ!

B44D! 3**:;!UY:(2$*,! .`(2&4(Y1A!>+#$+! +(-! (! 3#(4*7*%! &5!

(::%&Y#4(7*,9!CJ!Bµ4D!(23!(!-:*$#5#$!6%()#79!&5!J;RA!>(-!=-*3!
(-!7%($*%!:(%7#$,*-;!N2!7+*!8=77*%5,9!*Y:*%#4*27-A!7+*!,*6-!!
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!

!

!

!
(a) Downward flapping motion 

!

!
(b) Upward flapping motion 

Figure 4: Velocity vectors around wings of the butterfly 

&5!7+*!8=77*%5,9!>*%*!5#Y*3!7&!(!-+(57!#2!7+*!7*-7!-*$7#&2!>#7+&=7!

+#23*%#26!7+*!8=77*%5,9h-!5,#6+7!4&7#&2;!N2!7+*!-4(,,!5,(::#26!

%&8&7!*Y:*%#4*27-A!7+*!8&39!&5!7+*!%&8&7!>(-!5#Y*3!7&!(!-+(57!

#2!7+*!7*-7!-*$7#&2!>#7+&=7!+#23*%#26!#7-!5,#6+7!4&7#&2!(23!7+*!

5,(::#26! 5%*K=*2$9! >(-! CJ! LM;! "*(-=%*4*27-! >*%*!

:*%5&%4*3!>#7+!7+*!#,,=4#2(7#&2!:,(2*!(,#62*3!>#7+!7+*!

!
(a) Downward flapping motion 

!

!
(b) Upward flapping motion 

Figure 5: Velocity vectors around wings of the small 

flapping robot 

!

!

$+&%3! (23! >#7+! #7! (,#62*3! >#7+! 7+*! -:(2;! N2! 7+*! 5#%-7!

$&25#6=%(7#&2A!CE!:,(2*-!>*%*!-7=3#*3!(7!$+&%3>#-*!:&-#7#&2-!

#2$,=3#26!7+*!,*(3#26!*36*A!7+*!$*27*%!&5!7+*!>#26!$+&%3A!7+*!

7%(#,#26!*36*A!(23!7+*!>(?*;!N2!7+*!-*$&23!$&25#6=%(7#&2A!5&=%!

:,(2*-!>*%*!-7=3#*3!(7!-:(2>#-*!:&-#7#&2-!#2$,=3#26!7+*!>#26!!
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!

!

!

!
(a) Moving downward 

!

!
(b) Moving further downward 

!

!
(c) Moving upward 

!
(d) Moving further upward 

!
(e)Top dead position 

Figure 6: Pattern diagrams of the vortex on the butterfly 

wings obtained by the PIV measurement results 

!
Figure 7: Pattern diagrams of the vortex on the wings of 

the small flapping robot obtained by the PIV 

measurement results!

!

!

7#:A!7+*!$*27*%!&5!7+*!$+&%3A!7+*!8(-#$!:&#27!&5!7+*!>#26A!(23!7+*!

8&39;! N4(6*-! >*%*! $(:7=%*3! =-#26! (! +#6+'-:**3! $(4*%(!

.EAJJJ!B5:-D1!(23!7+*!)&%7*Y!5,&>-!7+(7!3*)*,&:*3!#2!7+*!>#26!

$+&%3!(23!-:(2!3#%*$7#&2-!>*%*!#2)*-7#6(7*3;!

^*!#2)*-7#6(7*3!7+*!>#26!7#:!7%($*-!&5!(!5#Y*3!8=77*%5,9!(23!

5&=23!7+(7!7+*!392(4#$!8*+()#&%!&5!7+*!>#26-!>(-!-#4#,(%!7&!

7+(7!#2!7(?*'&55!5,#6+7;!"&%*&)*%A!7+*!392(4#$!8*+()#&%-!&5!7+*!

8=77*%5,9!>#26-!(23!&5! 7+*! -4(,,! 5,(::#26! %&8&7!=23*%! 5#Y*3!

$&23#7#&2-! (%*! +#6+,9! :*%#&3#$;! <+*%*5&%*A! 7+*! 5,&>! 5#*,3-!

(%&=23! 7+*! 8=77*%5,9! (23! -4(,,! 5,(::#26! %&8&7! (%*! (,-&!

*Y:*$7*3!7&!)(%9!:*%#&3#$(,,9;!N2!7+*!:%*-*27!-7=39A!>*!5&=23!(!

7+%**'3#4*2-#&2(,! )&%7*Y! (8&)*! 7+*! >#26-! 89! (2(,9M#26!

7>&'3#4*2-#&2(,!5,&>!5#*,3!(7!*($+!:&#27!&5!7+*!>#26-;!

3 RESULTS AND DISCUSSIONS

3.1 Velocity vectors around wings of the butterfly and 

small flapping robot 

_#6=%*-! G.(1! (23! G.81! %*-:*$7#)*,9! -+&>!)*,&$#79! )*$7&%-!

(%&=23!7+*!8=77*%5,9!>#26-!>#7+!=:!(23!3&>2!5,(::#26!4&7#&2!

&87(#2*3!89!\N0!4*(-=%*4*27-;!!

/-! 7+*! >#26-! 4&)*! 3&>2>(%3! .-**! _#6;! G.(11A! (! :(#%! &5!

)&%7#$*-! #-! $,*(%,9! &8-*%)*3! (8&)*! 7+*! >#26-;! <+#-! :(#%! &5!

)&%7#$*-!#2#7#(,,9!5&%4-!8*7>**2!7+*!>#26-!(7!7+*!8*6#22#26!&5!

7+*! 3&>2>(%3! 5,(::#26!4&7#&2! (23! 7+*2! 3*)*,&:-! &)*%! 7+*!

>#26!-=%5($*-;!@#4#,(%,9A!(!:(#%!&5!)&%7#$*-!#-!&8-*%)*3!8*,&>!

7+*!>#26!>#7+!=:>(%3! 5,(::#26!4&7#&2! .-**!_#6;! G.811;!<+*!

-#M*! (23! )*,&$#79! &5! )&%7#$*-! (%*! -4(,,*%! 5&%! 3&>2>(%3!

5,(::#26! 4&7#&2! 7+(2! 5&%! =:>(%3! 5,(::#26! 4&7#&2;! <+*-*!

)&%7#$*-! >*%*! &8-*%)*3! (7! *($+! :&#27! #2! 7+*! >#26! $+&%3!

3#%*$7#&2;!<+(7! #-A! 7=8*!)&%7#$*-! 5&%4!&)*%! 7+*!>#26-! #2! 7+*!

>#26!$+&%3!3#%*$7#&2;!"&%*&)*%A!7+*!7=8*!)&%7#$*-!(8&)*!7+*!

7>&!>#26-!(%*!$&22*$7*3!89!&2*!$+&%3!,*267+;!_=%7+*%4&%*A!(!

]U0!#-!&8-*%)*3!#2!7+*!>#26!-:(2!3#%*$7#&2!(23!#7!#-!$&22*$7*3!

>#7+!7+*!7=8*!)&%7#$*-!#2!7+*!>#26!$+&%3!3#%*$7#&2;!/-!(!%*-=,7A!

(!)&%7*Y!%#26!5&%4*3!&)*%!7+*!>#26-!&5!7+*!8=77*%5,9!BCPD;!

! _#6=%*-! O.(1! (23! O.81! %*-:*$7#)*,9! -+&>!)*,&$#79! )*$7&%-!

(%&=23! 7+*! >#26-! &5! 7+*! -4(,,! 5,(::#26! %&8&7! >#7+! =:! (23!

3&>2! 5,(::#26!4&7#&2;! @#4#,(%,9! 7&! 7+*! 8=77*%5,9A! (! :(#%! &5!

)&%7#$*-!#-!$,*(%,9!&8-*%)*3!(8&)*!7+*!>#26-!&5!7+*!%&8&7!.-**!

_#6;!O.(11;!"&%*&)*%A!(!:(#%!&5!)&%7#$*-!#-!&8-*%)*3!8*,&>!7+*!

>#26-!3=%#26!=:>(%3! 5,(::#26!4&7#&2! .-**! _#6;! O! .811S! 7+#-!
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!

!

!

:(#%! &5! )&%7#$*-! #-! -4(,,*%! 7+(2! 7+&-*! 6*2*%(7*3! 3=%#26!

3&>2>(%3! 5,(::#26! 4&7#&2A! >+#$+! #-! 7+*! -(4*! (-! 5&%! 7+*!

8=77*%5,9!>#26;!

3.2 Dynamic behaviors of a vortex ring 

_#6=%*! P! -+&>-! :(77*%2! 3#(6%(4-! &5! 7+*! )&%7*Y! &2! 7+*!

8=77*%5,9! >#26-! &87(#2*3! 5%&4! )&%7#$#79! #-&-=%5($*-! >+#$+!

>*%*!3*%#)*3!89!(2(,9M#26!7+*!\N0!%*-=,7-!5&%!*($+!:&#27!#2!7+*!

>#26! $+&%3! (23! -:(2! 3#%*$7#&2-;! _#6=%*-! P.('*1! -+&>! 7+*!

%*-=,7-! &87(#2*3! 5&%! 7+*! %*6#&2! 4&)#26! 3&>2>(%3A! 4&)#26!

5=%7+*%! 3&>2>(%3A!4&)#26! =:>(%3A!4&)#26! 5=%7+*%! =:>(%3!

(23!(7!7+*!7&:!3*(3!:&-#7#&2A!%*-:*$7#)*,9;!

! /! )&%7*Y! %#26! 8*6#2-! 7&! 5&%4! >+*2! 7+*! >#26-! 5,(:!

3&>2>(%3!(23!#7!#-!$&4:,*7*,9!5&%4*3!&)*%!7+*!>#26-!>+*2!

7+*!>#26-!5,(:!3&>2>(%3!7&!7+*!8&77&4!3*(3!:&-#7#&2!.-**!!_#6;!

P.(11;! <+*! )&%7*Y! %#26! 3*)*,&:-! &)*%! 7+*! >#26-! >+*2! 7+*!

>#26-! 5,(:! 5=%7+*%! 3&>2>(%3! .-**! _#6;! P.811! (23! 7+*2!

$&4:,*7*,9! :(--*-! 7+%&=6+! 7+*! 8=77*%5,9! (23! 6%&>-! =27#,!

%*($+#26!7+*!>(?*!(7!7+*!8&77&4!3*(3!:&-#7#&2!.-**!_#6;!P.$11;!

/2&7+*%! )&%7*Y! %#26! 8*6#2-! 7&! 5&%4! >+*2! 7+*! >#26-! 5,(:!

=:>(%3!.-**!_#6;!P.$11!(23!#7!#-!$&4:,*7*,9!5&%4*3!8*,&>!7+*!

>#26-!>+*2!7+*!>#26-!5,(:!=:>(%3! 7&! 7+*! 7&:!3*(3!:&-#7#&2!

.-**! _#6;! P.311;! ! <+*! )&%7*Y! %#26! 5&%4*3! 3=%#26! =:>(%3!

5,(::#26! 4&7#&2! $&4:,*7*,9! :(--*-! 7+%&=6+! 7+*! 8=77*%5,9!

$&4:,*7*,9A!X=-7!(-!3=%#26!3&>2>(%3!5,(::#26!.-**!_#6;!P.*11;!

! H&7+!)&%7*Y!%#26-!$&4:,*7*,9!:(--!7+%&=6+!7+*!8=77*%5,9!(7!

7+*!7&:!(23!8&77&4!3*(3!:&-#7#&2-!3=%#26!7+*!5,(::#26!4&7#&2;!

L&>*)*%A! 7+*! -#M*! &5! 7+*! )&%7*Y! %#26! 7+(7! 5&%4-! 3=%#26!

3&>2>(%3!5,(::#26!#-!,(%6*%!7+(2!7+(7!5&%4*3!3=%#26!=:>(%3!

5,(::#26;! ! <+*! )*#2-! #2! 8=77*%5,9! >#26-! +()*! 3#55*%*27!

3#(4*7*%-!&2!7+*!=::*%!(23!,&>*%!-#3*-!&5!7+*!>#26-A!>+#$+!

#4:&%7(27!8=77*%5,9!>#26-!>#7+!3#55*%*27!*,(-7#$!3*5&%4(7#&2-!

3=%#26! =:>(%3! (23! 3&>2>(%3! 5,(::#26! 4&7#&2-;!!

c&2-*K=*27,9A! 7+*! )&%7*Y! %#26-! +()*! 3#55*%*27! -#M*! (23!

392(4#$! 8*+()#&%-! 3=%#26! =:>(%3! (23! 3&>2>(%3! 5,(::#26!

(23! 7+*! ,#57-! (23! 3%(6-! 6*2*%(7*3! 3#55*%! ($$&%3#26,9;!

H=77*%5,#*-!(%*!7+&=6+7!7&!6*2*%(7*! ,#57!(23!3%(6! 7+%&=6+! 7+*!

#23=$*3!3&>2>(%3!(23!8($?>(%3!5,&>-!#2!7+*!)&%7*Y!%#26;!

! _#6=%*! R! -+&>-! :(77*%2! 3#(6%(4-! &87(#2*3! 89! \N0!

4*(-=%*4*27-!5&%!7+*!)&%7*Y!%#26!5&%4*3!(8&)*!7+*!>#26-!&5!

7+*!-4(,,!5,(::#26!%&8&7;!

! /!)&%7*Y!%#26!5&%4-!(8&)*!7+*!>#26-!&5!7+*!-4(,,!5,(::#26!

%&8&7!3=%#26!-7(8,*!5,#6+7A!X=-7!(-!5&%!8=77*%5,9!>#26-;!L&>*)*%A!

7+*!)&%7*Y!%#26!5&%4*3!(8&)*!7+*!>#26!3=%#26!=2-7(8,*!5,#6+7!

+(-!(!-7%(26*!-+(:*;!@:*$#5#$(,,9A!7+*!%*(%!&5!7+*!)&%7*Y!%#26!#-!

3*5&%4*3A!4(?#26! #7! 3#55#$=,7! 7&! 5&%4! (! )&%7*Y! %#26;! N7!>(-!

5&=23!7+(7!7+*!5&%4(7#&2!&5!(!)&%7*Y!%#26!(8&)*!7+*!>#26!#-!(2!

#4:&%7(27!%*K=#-#7*!5&%!-7(8,*!5,#6+7;!L&>*)*%A!>*!+()*!2&7!9*7!

$,(%#5#*3!7+*!392(4#$!8*+()#&%-!&5!7+*!)&%7*Y!%#26!&5!7+*!-4(,,!

5,(::#26!%&8&7;!

4 CONCLUSIONS

/!)&%7*Y!%#26!>(-!$,*(%,9!&8-*%)*3!(8&)*!7+*!>#26-!&5!7+*!

8=77*%5,9! (23! -4(,,! 5,(::#26! %&8&7!>#7+! -7(8,*! 5,#6+7;! N7!>(-!

5&=23!7+(7!7+*!5&%4(7#&2!&5!(!)&%7*Y!%#26!(8&)*!7+*!>#26!#-!(2!

#4:&%7(27!%*K=#-#7*!5&%!-7(8,*!5,#6+7;!!

/2&7+*%!)&%7*Y!%#26!5&%4*3!8*,&>!7+*!8=77*%5,9!>#26-!>+*2!

7+*!>#26-!5,(:!=:>(%3!7&!7+*!7&:!3*(3!:&-#7#&2;!<+#-!)&%7*Y!

>(-!-4(,,*%!7+(2!7+(7!5&%4*3!3=%#26!3&>2>(%3!5,(::#26!3=*!

3#55*%*2$*! #2! 7+*! *,(-7#$! 3*5&%4(7#&2! &5! 7+*! >#26-! 3=%#26!

=:(>(%3! (23! 3&>2>(%3! 5,(::#26;! H&7+! )&%7*Y! %#26-!

$&4:,*7*,9!:(--!7+%&=6+!7+*!8=77*%5,9!(7! 7+*! 7&:!(23!8&77&4!

3*(3!:&-#7#&2-!3=%#26!7+*!5,(::#26!4&7#&2;!
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ABSTRACT

Numerical simulations have been performed to examine the 

interference effects between an upstream flapping airfoil and a 

downstream stationary airfoil in a tandem configuration at a 

Reynolds number of 1000, which is around the regime of small 

flapping micro aerial vehicles. The objective is to investigate the 

effect of the distance of the tail and its angle of attack on the 

overall propulsive efficiency, thrust and lift. An immersed 

boundary method Navier-Stokes solver is used for the 

simulation. Results show that efficiency and average thrust can 

be increased up to 10% and 25% respectively when a 

stationary airfoil is placed downstream. The simulations reveal 

how the vortex-shedding pattern of the airfoils are affected by 

the interaction between them. As the angle of attack of this 

airfoil increases from 0 to 45o, high lift is generated at the 

expense of rapidly decreasing efficiency and thrust. The results 

are not very sensitive to the shape of the airfoil; similar results 

are obtained with a flat plate airfoil. Lastly, a simple 

optimization study is performed to obtain the configuration 

which gave the best performance based on the range of 

parameters studied. The results obtained from this study can be 

used to optimize the performance of small flapping MAVs. 

INTRODUCTION

N2!%*$*27!9*(%-A!4#$%&'(*%#(,!)*+#$,*-!."/0-1!(%*!8*$&4#26!

#2$%*(-#26,9! #4:&%7(27A! *-:*$#(,,9! #2! 7+*! (%*(! &5! 4#,#7(%9!

-=%)*#,,(2$*;!"/0-!$(2!8*!$,(--#5 *3!#27&!5 Y*3!>#26A!%&7(%9!

&%! 5 (::#26!>#26!BCDBED!"/0-;!N2!7*%4-!&5!4(2*=)*%(8#,#79!

(23!*55 $#*2$9!(7!7+#-!,&>![*92&,3-!2=48*%!%*6#4*A!5 (::#26!

>#26! "/0-! +()*! (! $,*(%! (3)(27(6*;! "&-7! 3*-#62-! &5!

5,(::#26!>#26!"/0-!&%!&%2#7+&:7*%-!+()*!(!7(#,!(7!7+*!*23!&5!

7+*!5=-*,(6*;!N7!#-!4(#2,9!=-*3!5&%!:#7$+!(23!3#%*$7#&2!$&27%&,;!

j2,#?*! 5#Y*3!>#26! (#%$%(57A! 7+*! #27*%5*%*2$*! *55*$7-! 8*7>**2!

7+*! 5,(::#26!>#26! (23! 7+*! 7(#,! (%*!4&%*! $&4:,*Y! (23! +()*!

8**2! #2)*-7#6(7*3! #2! 4(29! >(9-! BF'RD;! I2*! &5! 7+*! *(%,#*-7!

#2)*-7#6(7#&2-!#2!7+#-!(%*(!#-!:*%5&%4*3!89!@$+4#37!BFDA!>+&!

5&=23! 7+(7! 7+*! &)*%(,,! *55#$#*2$9A! ,#57! (23! 7+%=-7! #2$%*(-*!

>+*2! (! 7(#,! #-! :,($*3! 8*+#23! (! 5,(::#26! >#26;! ! <+#-! #-!

5&,,&>*3!89!H&-$+!BGD;!L#-!7+*&%*7#$(,!(2(,9-#-!-+&>-!7+(7!(!

,#57#26! -=%5($*! (7! %*-7! ,&$(7*3! 8*+#23! (2! &-$#,,(7#26! (#%5&#,!

$&2-#3*%(8,9! #4:%&)*-! 7+*! :%&:=,-#)*! *55#$#*2$9! .η)! &5! 7+*!
(%%(26*4*27! 89! (,4&-7! CJJk;!\,(7M*%! BOD! =-*-! (2! =2-7*(39!

:(2*,! $&3*! 7&! 3&! (! -9-7*4(7#$! -7=39! &5! 7+%=-7! (23! ,#57!

$+(%($7*%#-7#$-! :%&3=$*3! 89! &-$#,,(7#26! (#%5&#,-! (23! (#%5&#,!

$&48#2(7#&2-! #2! (2! #2$&4:%*--#8,*! #2)#-$#3! 5,&>;! <+*!

*55#$#*2$9! #2$%*(-*-!5%&4!GTk!7&!PJk!#2!&2*!&5!7+*!7(23*4!
$&25#6=%(7#&2A! #23#$(7#26! 7+(7! 7+*! )*%7#$(,! *2*%69! :%&3=$*3!

89!7+*!=:-7%*(4!(#%5&#,!$(2!8*!*Y:,&#7*3!5&%!7+%=-7!6*2*%(7#&2!

89! 7+*! 3&>2-7%*(4! (#%5&#,;! L&>*)*%A! 7+*! :%*3#$7#)*!

$(:(8#,#7#*-!&5!(!:(2*,!$&3*!5&%!7+*#%!79:*!&5!5,&>-!#-!,#4#7*3;!

H*-#3*-!8*#26!8(-*3!&2! #2)#-$#3! 5,&>!4&3*,A! #7! (,-&!$(22&7!

($$=%(7*,9! 3*-$%#8*! -#4=,(7#&2-! >+*%*! )&%7#$*-! 5%&4! 7+*!

=:-7%*(4! (#%5&#,! #4:#26*-! &2! 7+*! 3&>2-7%*(4! (#%5&#,;! <+#-!

-+&>-! 7+(7! x12! (23! α! (%*! #4:&%7(27! 5($7&%-! (55*$7#26! 7+*!
&=7:=7-;! <=2$*%! BPD! =-*-! (2! &)*%-*7! 4=,7#'8,&$?! b()#*%'

@7&?*-! -&,)*%! 7&! -#4=,(7*! 5,(::#26d-7(7#&2(%9! (#%5&#,-! #2! (!

7(23*4!$&25#6=%(7#&2!(7!Re!e!F;JlCJP;!L*!)(%#*-!7+*!%*3=$*3!

5%*K=*2$9A! :,=26#26! (4:,#7=3*! (23! xAy! 3#-:,($*4*27! &5! 7+*!

3&>2-7%*(4! (#%5&#,!>#7+! %*-:*$7! 7&! 7+*! =:-7%*(4! &2*;! ! N7! #-!

5&=23! 7+(7! 7+*! *55#$#*2$9! 3*:*23-! +*()#,9! &2! 7+*! %*3=$*3!

5%*K=*2$9!(23!(4:,#7=3*!&5! 7+*!5,(::#26!4&7#&2;!c&4:(%*3!

7&! (! -#26,*! 5,(::#26! (#%5&#,A! 7+*! *55#$#*2$9! &5! 7+*! 7(23*4!

(#%5&#,-! #2$%*(-*-! 89! 4&%*! 7+(2! GJk! 3*:*23#26! &2! 7+*!

5,(::#26! $&25#6=%(7#&2;! "&%*&)*%A! 7+%=-7! (=64*27(7#&2! #-!

+#6+*-7!>+*2!7+*!7>&!(#%5&#,-!(%*!$,&-*,9!(,#62*3;![#)(,!*7!(,;!

BRD! :*%5&%4*3! (! :(%7#$,*! #4(6*! )*,&$#4*7%9! .\N01!

*Y:*%#4*27!(7!Re!e!F;JlCJG!&2! 7+*!7(23*4!$&25#6=%(7#&2!&5!

7>&! (#%5&#,-;! <+*! 5,(::#26! (#%5&#,! #-! #2! 5%&27! >+#,*! (!

3&>2-7%*(4! (#%5&#,! #-! +*,3! 5 Y*3! >#7+! (! -:*$#5 *3! (26,*! &5!

(77($?! .J
&
A! T

&
1! (23! )*%7#$(,! -:($#26! .JA! 'J;EOA! 'J;O1! #2! 7+*!

5%&27!(#%5&#,h-!>(?*;!N7!>(-!5&=23!7+(7!7+*!)&%7#$*-!-7%*267+*2!

3=*!7&!7+*!7(23*4!$&25#6=%(7#&2!(23!7+*!3&>2-7%*(4!(#%5&#,h-!

(26,*! &5! (77($?! 3*7*%4#2*-! >+*7+*%! 7+*! 79:*! &5! )*%7#$(,!

#27*%($7#&2! #-! #2)#-$#3! &%! )#-$&=-;!"&%*&)*%A! 7+*! $&48#2*3!

,#57! &5! 7+*! 7(23*4! $&25#6=%(7#&2! #-! 3&=8,*3! 7+(7! &5! 7+*!

&%#6#2(,!-#26,*!(#%5&#,!$(-*!>+*%*(-!7+*!4*(2!3%(6!#2$%*(-*-!

&%! 3*$%*(-*-! 3*:*23#26! &2! 7+*! (26,*! &5! (77($?! (23! )*%7#$(,!

-:($#26;!

! ^*! +()*! 8**2! 3*)*,&:#26! &=%! &>2! 5,(::#26! "/0A!

?2&>2! (-! 7+*! Q*,5,9! 5&%! 4(29! 9*(%-;! \%*)#&=-! %*-*(%$+*-!

BCDBTD!+()*!$&2$*27%(7*3!&2!7+*!5,(::#26!>#26-;!N2!7+#-!-7=39A!

>*! (%*! #27*%*-7*3! #2! 7+*! #27*%5*%*2$*! *55*$7-! 8*7>**2! 7+*!

=:-7%*(4!5,(::#26!(#%5&#,!(23!7+*!3&>2-7%*(4!(#%5&#,!&%! 7(#,;!

/-!(!:%*,#4#2(%9!-7*:A!>*!(%*!-#4=,(7#26!7+*!7(#,!>#7+!(!-#26,*!

5,(::#26! (#%5&#,! #2! EQ! #2-7*(3! &5! 7+*! 8#:,(2*! >#26!

$&25#6=%(7#&2! &5! Q*,5,9! #2! FQ;! /2! N44*%-*3! H&=23(%9!

"*7+&3!.NH"1!BZD!b()#*%'@7&?*-!-&,)*%!BCJD!#-!=-*3!5&%!7+*!

-#4=,(7#&2-;!<+*!4&7#)(7#&2!5&%!(3&:7#26! 7+#-!(::%&($+!>#,,!

8*!3#-$=--*3!#2!4&%*!3*7(#,-!#2!7+*!5&,,&>#26!-*$7#&2;!N2!&=%!

-7=39A! >*! 5&$=-! 4(#2,9! &2! 7+*! *55*$7-! &5! 7+*! 3#-7(2$*! (23!

(26,*! &5! 7+*! 7(#,! 8*+#23! (! 5,(::#26! (#%5&#,! &2! 7+*! &)*%(,,!

*55#$#*2$9A!,#57!(23!7+%=-7;!j2,#?*!<=2$*%!BPDA!&=%!-#4=,(7#&2-!

%=2!(7!(!4=$+!,&>*%![*!&5!CJJJA!>+#$+!>#,,!+*,:!7&!,#4#7!7+*!

6%#3! %*K=#%*4*27-! (-! 7+*! 2&2'$&25&%4(,! 6%#3! &5! 7+*! NH"!

%*K=#%*-!(!)*%9!+#6+!%*-&,=7#&2!6%#3;!<+#-!)(,=*!$&%%*-:&23-!

7&!7+*![*92&,3-!2=48*%!%(26*-!#2!7+*!%(26*!&5!#2-*$7-h!5,#6+7!

(23!-4(,,!"/0-;!

!

NUMERICAL METHOD

<+*! =2-7*(39! )#-$&=-! 5,&>! 5#*,3-! (%*! $&4:=7*3! 89! -&,)#26!

7+*! 2&2'3#4*2-#&2*3! b()#*%m@7&?*-! *K=(7#&2-! =-#26! 7+*!

NH";!Q=*!7&!7+*!7(23*4!(%%(26*4*27!&5!7+*!(#%5&#,!(23!7(#,A!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 ! U4(#,!(33%*--V!^;H;<(9W7=3*,57;2,!

/2(,9-#-!&5!7(#,!*55*$7-!#2!5,(::#26!5,#6+7!
^;H!<(9A!L;!H#X,A!(23!H;^;!)(2!I=3+*=-3*2!!

Q*,57!j2#)*%-#79!&5!<*$+2&,&69A!`,=9)*%>*6!EA!EPEZ!L<!Q*,57A!<+*!b*7+*%,(23-!
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#7! #-! 3#55#$=,7! 7&! =-*! $&25&%4#26! 6%#3-! >#7+! /%8#7%(%9!

](6%(26#(2mU=,*%#(2! ./]U1! 5&%4=,(7#&2! -#2$*! 4(#27(#2#26!

6%#3!K=(,#79!$(2!8*!(!$+(,,*26*A!*-:*$#(,,9!>+*2!7+*!3#-7(2$*!

8*7>**2! 7+*! (#%5&#,! (23! 7(#,! #-! )*%9! -4(,,;! <+*! &)*%-*7! 6%#3!

-&,)*%! #-! (! )#(8,*! $+&#$*! 8=7! -7(8#,#79! (23! $&2-*%)(7#&2!

:%&8,*4-!4(9! (%#-*! BTD;! <+*! NH"! =-*3! #2! 7+#-! %*-*(%$+! #-!

8(-*3! &2! 7+*! -$+*4*! 89! [()&=Y! *7! (,! BCJD;! <+#-! 4*7+&3!

$&48#2*-! 5*(7=%*-! 5%&4! 8&7+! 7+*! NH"! (23! 7+*! )&,=4*! &5!

5,=#3! .0I_1! #2! &%3*%! 7&! $&4:=7*! 5,&>-! :(-7! 4&)#26! (23!

3*5&%4(8,*!8&3#*-;!

^*! $=%%*27,9! =-*! (! 5=,,9! #4:,#$#7! -$+*4*! #2-7*(3! &5! 7+*!

&%#6#2(,!5=,,9!*Y:,#$#7!-$+*4*!7&!#4:%&)*!7+*!-7(8#,#79!&5!7+*!

-&,)*%;! <+*! =2-7*(39! 5,&>! %*-=,7-! (%*! (2(,9M*3! #2! 7*%4-! &5!

*55#$#*2$9A!7+%=-7A!,#57!$&*55#$#*27-A!>+#,*!7+*!5,&>!8*+()#&%!#-!

)#-=(,#M*3! >#7+! 7+*! +*,:! &5! )&%7#$#79! $&27&=%! :,&7-;! <+*!

3#-$%*7#M(7#&2! (23! 7+*! 7#4*! (3)(2$*4*27! -$+*4*! >#,,! 8*!

3#-$=--*3! #2! 7+*!2*Y7!-*$7#&2;!"&%*!3*7(#,-!(8&=7! 7+*!-&,)*%!

(23! #7-!)*%#5#$(7#&2-!(7!Re!e!CJJJ!$(2!8*!5&=23!#2!BCJD!(23!

BCCD;!

!

Fractional step method 

/! 5%($7#&2(,! -7*:! 4*7+&3A! >+#$+! #-! 8(-*3! &2! (2! #4:%&)*3!

:%&X*$7#&2!4*7+&3! BCEDA! #-! =-*3! 7&! -&,)*! 7+*!4&3#5#*3!2&2'

3#4*2-#&2*3! #2$&4:%*--#8,*! b()#*%'@7&?*-! *K=(7#&2-! #2!

UK=(7#&2!C!(23!E;!!

!

.C1!! Ju∇ ⋅ = A! !

.E1!! EC

[*

u
u u u p fc

t

∂
= − ⋅∇ + ∇ − ∇ +

∂
! !

>+*%*!u! #-! 7+*!)*,&$#79A! t! #-! 7+*!7#4*A!p!#-!7+*!:%*--=%*A!fc!#-!

7+*!*Y7*%2(,!8&39!5&%$*A!Re!#-!7+*![*92&,3-!2=48*%;!!/!5=,,9!

#4:,#$#7! -$+*4*! >+#$+! =-*-! 7+*! c%(2?! b#$+&,-&2!

(::%&Y#4(7#&2! 5&%! 7+*! )#-$&=-! 7*%4! (23! $&2)*$7#)*! 7*%4! #-!

*4:,&9*3! 7&! #4:%&)*! 7+*! -7(8#,#79! &5! 7+*! -&,)*%;!/,,! -:(7#(,!

3*%#)(7#)*-! (%*! 3#-$%*7#M*3! =-#26! 7+*! -*$&23'&%3*%! $*27%(,!

3#55*%*2$*!-$+*4*!&2!(!-7(66*%*3!6%#3;!

!

Computational domain 

!
!

_#6=%*!CV!/2!*Y(4:,*!&5!7+*!CFEJlCCEJ!c(%7*-#(2!6%#3!(23!#7-!

4(62#5#$(7#&2!

!

_#6=%*! C! 6#)*-! (2! *Y(4:,*! &5! 7+*! 6%#3! (23! #7-!

4(62#5#$(7#&2;! <+*! =:-7%*(4! (#%5&#,! 5,(::#26! 4&7#&2! #-!

-:*$#5#*3!89!

!

.F1!!
J J-#2.E . 1 1h h f t tπ φ= − − A!

J J-#2.E . 11f t tθ θ π= − !

! ! ! ! ! ! ! ! ! ! ! !

>+*%*! hA! h0 (23! f! (%*! 7+*! #2-7(27(2*&=-! +*()#26! :&-#7#&2A!

+*()#26! (4:,#7=3*! .2&%4(,#M*3! >#7+! c1! (23! 5%*K=*2$9!

%*-:*$7#)*,9;!@#4#,(%,9A!θ!(23!θ0 (%*! 7+*!#2-7(27(2*&=-!:#7$+!

(26,*!(23!:#7$+!(4:,#7=3*!%*-:*$7#)*,9;!

<+*! 3&>2-7%*(4! .3&>2-7%*(41! (#%5&#,! #-! -7(7#&2(%9! (23!

-#4=,(7*-!7+*!7(#,!&5!7+*!(#%5&#,;!<+*!:#7$+#26!4&7#&2!#-!(8&=7!

7+*! K=(%7*%! $+&%3! :&#27;! <+*! :+(-*! (26,*! φ! #-! ZJ&! #2! (,,!
-#4=,(7#&2-A! -&! 7+(7! 7+*! :#7$+! (23! +*()*! (%*! &2*! K=(%7*%!

:*%#&3!-+#57*3!#2!:+(-*;!

!

Boundary conditions 

<+*!8&=23(%9!$&23#7#&2-!:%*-$%#8*!&2!7+*!3&4(#2!&2!7+*!

8&=23(%#*-!(%*!V!

N25,&>!8&=23(%9!'!!ux!e!U ∞ !e!CA!uy!e!JA!dp/dx!e!J;!

!

<&:d8&77&4!8&=23(%9!m!uy!e!JA!dux/dy!e!JA!dp/dy!e!J;!

!

I=75,&>!8&=23(%9!'! Ji i
c

u u
v

t x

∂ ∂
+ =

∂ ∂
A!>+*%*!vc!#-!-:($*'

()*%(6*3!-7%*(4>#-*!)*,&$#79!(7!7+*!*Y#7!BCFDA!p!e!J!>+*%*!

7+*!-=8-$%#:7!i!%*5*%-!7&!7+*!x!(23!y!3#%*$7#&2-;!

!

RESULTS AND DISCUSSIONS

N2!7+#-!-7=39A!7+*!&8X*$7#)*!#-!7&!#2)*-7#6(7*!7+*!*55*$7!&5!7+*!

3#-7(2$*! &5! 7+*! 7(#,! x12! (23! #7-! (26,*! &5! (77($?! α ! &2! 7+*!
&)*%(,,! *55#$#*2$9A! 7+%=-7! (23! ,#57;! <+*! =:-7%*(4!b/c/JCE!

(#%5&#,!5,(:-!>#7+!(!:%*-$%#8*3!4&7#&2;!<+*!@7%&=+(,!2=48*%!

St! (23! 7+*! %*3=$*3! 5%*K=*2$9! k! (%*! 5#Y*3! (7! J;E! (23! J;G!

%*-:*$7#)*,9! 7&! #-&,(7*! 7+*! *55*$7-! &5! x12! (23!α;! "&%*&)*%A!
7+*-*! :(%7#$=,(%! )(,=*-! (%*! $+&-*2! 8*$(=-*! :%*)#&=-!

-#4=,(7#&2! %*-=,7-! BCGD! -+&>*3! 7+(7! =-#26! 7&&! ,&>! )(,=*-!

%*-=,7*3! #2! ,#77,*! &%! 2&! -+*33#26! &5! )&%7*Y;! <+#-! #-! 8*$(=-*!

7+*! *2*%69! #2:=7! #-! 7&&! ,&>;! <=2$*%! BPD! (,-&! &8-*%)*3! 7+#-!

>+*2!,&>!k!(23!ho!(%*!=-*3;!I2!7+*!&7+*%!+(23A!+#6+!St!(23!k!

4(9! %*-=,7! #2! $+(&7#$! )&%7*Y! -+*33#26;! <+#-! >#,,! +#23*%! (!

-9-7*4(7#$!(2(,9-#-!&5!7+*!*55*$7!&5!x12!(23!α;!/!3*-$%#:7#&2!
&5! 7+*! 4&7#&2! :(%(4*7*%-! 5&%! 7+*! 3*7(#,*3! 5,(::#26!

$&25#6=%(7#&2!#-!6#)*2!#2!<(8,*!C;!

!!

<(8,*!CV!_,(::#26!$&25#6=%(7#&2!

! !

Re CJJJ!

St .fh0/U∞1 J;E!

k .πfc/U∞1 J;G!

φ!d!3*6%**-! ZJ;J!

θ0!d!3*6%**-! CR;O!

x12!.2&%4(,#M*3!>#7+!c1! J;JJC!m!F;J!

α!d!3*6%**-! 'FJ;J!m!GO;J!

! !

!

<+*!3&>2-7%*(4!b/c/JJCE!(#%5&#,A!-#4=,(7#26!7+*!7(#,A!#-!
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!

!

!

:,($*3!8*+#23!7+*!=:-7%*(4!(#%5&#,!#2!(!7(23*4!$&25#6=%(7#&2;!

<+*! %(26*! &5! )(,=*-! &5! x12! =-*3! #2! 7+#-! -7=39! #-! 8*7>**2!

J;JJC!(23!F;J;!N7!#-!5&=23!7+(7!8*9&23!x12!e!F;JA!7+*!*55*$7!&5!

7+*! 7(#,!&2! 7+*!&)*%(,,!ηA!Ct!(23!Cl! #-!2*6,#6#8,*;!_&%! 7+*!αA!
7+*!%(26*!#-!8*7>**2!'FJ;J

&
!(23!GO;J

&
A!>+#$+!#-!4=$+!,(%6*%!

7+(2!7+*!(26,*!=-*3!2&%4(,,9!5&%!7+*!7(#,;!<+*!-#26,*!(#%5&#,!#-!

-#4=,(7*3! =23*%! 7+*! -(4*! 5,(::#26! $&25#6=%(7#&2! 5&%!

$&4:(%#-&2;!

N2!7+#-!-7=39A!7+*!:&>*%!#2:=7!&5!(2!(#%5&#,!#-!3*5#2*3!(-!

.G1!! . 1 . 1in

dh d
P L t M t

dt dt

θ
= − − !

>+*%*!LA!M!(%*!7+*!,#57!(23!4&4*27!%*-:*$7#)*,9;!\%&:=,-#)*!

*55#$#*2$9A!ηA! >+#$+! #-! (!4*(-=%*! &5! 7+*! *2*%69! ,&-7! #2! 7+*!
>(?*!)*%-=-!*2*%69!=-*3!#2!$%*(7#26!7+*!2*$*--(%9!7+%=-7A! #-!

6#)*2!89!

.O1!! t

in

C

P
η = ! ! ! ! ! ! ! !

!

Effect of x12

!

_#6=%*!EV!\,&7!&5!η (23Ct!(6(#2-7!x12A!α!e!J&!

!

_#6=%*!FV!\,&7!&5!:&>*%!#2:=7!Pin!(6(#2-7!x12A!α!e!J&!

_#6=%*! E! -+&>-! 7+*! *55#$#*2$9! .η1! (23! ()*%(6*! 7+%=-7!
$&*55#$#*27!.Ct1!!5&%!7+*!-#26,*!(#%5&#,!(23!7+*!7(23*4!(#%5&#,-!

(7!3#55*%*27!x12;!_#6=%*!F!-+&>-!7+*!:&>*%!#2:=7!:,&7!5&%!7+*!

-#26,*! (#%5&#,! (23! 7+*! 7(23*4! (#%5&#,-! (7! 3#55*%*27! x12;! <+*!

&=7:=7-! 5%&4! 7+*! =:-7%*(4! (23! 3&>2-7%*(4! (#%5&#,-! (%*!

:%*-*27*3! 7&6*7+*%! 8*$(=-*! 7+*! 7+%=-7! $&27%#8=7#&2! 5%&4! 7+*!

3&>2-7%*(4!(#%5&#,! #-!-4(,,;!L*2$*A! #7! #-!-=55#$*3!7&!(2(,9M*!

7+*! &=7:=7! &5! 7+*! 7(23*4! (#%5&#,-! (-! (! >+&,*;! N2! _#6=%*! EA!

7+*Ct!#-!4=$+!+#6+*%!>+*2!x12!#-!-4(,,A!(23!#7!3*$%*(-*-!(-!

x12! #2$%*(-*-A! =27#,! #7! #-! (,4&-7! *K=(,! 7&! 7+(7! &5! 7+*! -#26,*!

(#%5&#,;! <+*! 7%*23! 5&%! 7+*! η! #-! -#4#,(%! 7&! 7+(7! &5! 7+*CtA!

(,7+&=6+!(7!x12!!e!E;JA!7+*%*!#-!(!-4(,,!#2$%*(-*;!/7!x12!e!F;JA!

η! ! 5&%! 7+*! 7(23*4!(#%5&#,-! #-!)*%9!$,&-*! 7&! 7+(7!&5! 7+*!-#26,*!
(#%5&#,;!

_#6=%*!G!-+&>-!7+*!)&%7#$#79!$&27&=%!:,&7!&5!7+*!-#26,*!(#%5&#,;!

/,,! 7+*! )&%7#$#79! $&27&=%! :,&7-! #2! 7+#-! :(:*%! =-*! 7+*! -(4*!

)&%7#$#79! ,*6*23!(-!_#6=%*!G;!/!%*)*%-*!0&2!`(%4*2!)&%7*Y!

-7%**7! #23#$(7#26! 7+%=-7! $(2! 8*! -**2;! ^#7+! (! -*$&23! (#%5&#,!

.7(#,1! 8*+#23A! 7+*%*! #-! =:! 7&! EOk! #2$%*(-*! #2! 7+*! &)*%(,,Ct!

>+*2!x12! !≤! !J;RO;!c&4:(%#26!8*7>**2!_#6=%*!G!(23!_#6=%*!

OA! 7+*%*! #-! )#-=(,,9! 2&! 3#55*%*2$*! #2! 7+*! )&%7*Y! -+*33#26! &5!

7+*! =:-7%*(4! (#%5&#,;! ! <+*! -+*3! )&%7*Y! 5%&4! 7+*! =:-7%*(4!

(#%5&#,! #4:#26*3! &2! 7+*! ,*(3#26! *36*! &5! 7+*! 3&>2-7%*(4!

(#%5&#,! (23! #23=$*3! #2! 7+*! -+*33#26! &5! #7-! &>2! )&%7*Y;!<+*!

:(#%! &5! )&%7#$*-! 7+*2! -+*3! 3#(6&2(,,9;! @#2$*! 7+*! =:-7%*(4!

(#%5&#,! -+*3! #7-! )&%7*Y! *)*%9!+(,5! $9$,*A! 7+*!3#(6&2(,! )&%7*Y!

-+*33#26!(,-&!+(::*2*3!*)*%9!+(,5!$9$,*!7&>(%3-!7+*!7&:!(23!

8&77&4! %#6+7! 3#%*$7#&2-;!0&%7#$#79! $&27&=%! :,&7-! (7! &7+*%!x12!

(,-&!-+&>*3!)*%9!-#4#,(%!-+*33#26!&5!7+*!)&%7#$*-;!<+*!4(#2!

3#55*%*2$*! ,#*-! #2! 7+*! )&%7*Y! -+*33#26! 7#4#26! &5! 7+*!

3&>2-7%*(4!(#%5&#,!%*,(7#)*!7&!7+*!=:-7%*(4!(#%5&#,A!(-!-+&>2!

#2!_#6=%*!P;!

!

!

_#6=%*!GV!0&%7#$#79!$&27&=%!:,&7!&5!7+*!-#26,*!(#%5&#,!

!

_#6=%*!OV!0&%7#$#79!$&27&=%!:,&7!&5!7+*!7(23*4!(#%5&#,-!(7!x12!e!C;JA!α!e!J&!

!

!

_#6=%*!PV!Q#55*%*2$*!#2!)&%7*Y!-+*33#26!7#4#26!(7!x12!e!(1!J;JJC!81!C;J!$1!

E;J!>+*2!=:-7%*(4!(#%5&#,!#-!(7!#7-!,&>*-7!:,=26#26!:&-#7#&2!

<+*! 7+%=-7! 6*2*%(7*3! 89! 7+*! (#%5&#,! #-! %*5,*$7*3! #2! 7+*! 5,&>!

3&>2-7%*(4! (23! $(2! 8*! (2(,9M*3! =-#26! >(?*! )*,&$#79!

:%&5#,*-;! N2! 7+#-! $(-*A! )*,&$#79! :%&5#,*-! (%*! *Y7%($7*3! &2*!

$+&%3!,*267+!8*+#23!7+*!7(#,;!N2!_#6=%*!RA!7+*!)*,&$#79!:%&5#,*-!

(%*! :,&77*3!=-#26! 7+*!+&%#M&27(,! ()*%(6*! $&4:&2*27! &5!ux – 

U
∞
!(6(#2-7!7+*!)*%7#$(,!,#2*!8*7>**2!'E;O!≤!y!≤!E;O;!\&-#7#)*!

ux – U
∞
! #23#$(7*-! 7+%=-7!:%&3=$7#&2;!<+*!$*27*%!:*(?!&5! 7+*!

)*,&$#79!:%&5#,*!5&%!7+*!-#26,*!(#%5&#,!#-!3=*!7&!7+*!-+*33#26!&5!

7+*!)&%7#$*-!3#%*$7,9!8*+#23! 7+*!(#%5&#,A! (,&26! 7+*!+&%#M&27(,!

3#%*$7#&2;! _&%! 7+*! 7(23*4! (#%5&#,-A! 7+*! 7>&! :*(?-! (7! *#7+*%!

-#3*!&5!7+*!$*27%(,!:*(?!(%*!3=*!7&!7+*!3#(6&2(,!-+*33#26!&5!

)&%7#$*-;!!<+*!-=4!&5!(%*(!=23*%!7+*!$=%)*!#23#$(7*-!7+*!7&7(,!

()*%(6*!7+%=-7!:%&3=$*3;!N7!#-!E;PG ×!CJ'C!(23!F;FE ×!CJ'C!5&%!
7+*! -#26,*! (23! 7(23*4! (#%5&#,-! (7! x12! e! J;JJC! %*-:*$7#)*,9;!

L*2$*!7+*!()*%(6*!7+%=-7!5&%!7+*!7(23*4!$(-*!#-!+#6+*%;!<+*!

(33#7#&2(,! )&%7*Y! -+*33#26! 5%&4! 7+*! 3&>2-7%*(4! (#%5&#,!

+*,:-!7&!#2$%*(-*!7+*!7&7(,!7+%=-7;!
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!

!

!

!

_#6=%*!RV!/)*%(6*!)*,&$#79!:%&5#,*-!5&%!7+*!-#26,*!(#%5&#,!(23!7+*!

3&>2-7%*(4!(#%5&#,!>#7+!x12!e!J;JJCA!α!e!J&!

N2! _#6=%*! EA! 7+*! 7+%=-7! 3*$%*(-*-! (-! x12! #2$%*(-*-! #2! 7+*!

7(23*4!$&25#6=%(7#&2;!<+#-!7+%=-7!3*$%*(-*!$(2!8*!*Y:,(#2*3!

89!$&4:(%#26! 7+*! #27*2-#79!&5! 7+*!)&%7*Y! -+*33#26!5%&4!7+*!

3&>2-7%*(4!(#%5&#,!5&%!3#55*%*27!x12;!^+*2!x12!#2$%*(-*-A!7+*!

-+*3! )&%7*Y! 5%&4! 7+*! =:-7%*(4! (#%5&#,! 7%()*,-! (! ,(%6*%!

3#-7(2$*! 8*5&%*! #4:#26#26! &2! 7+*! ,*(3#26! *36*! &5! 7+*!

3&>2-7%*(4!(#%5&#,;!N7-!-7%*267+!+(-!3*$%*(-*3!#2!7+*!:%&$*--;!

_#6=%*!T! -+&>-! 7+*! -+*3!:(#%!&5!)&%7#$*-!(7!3#55*%*27!x12A! (7!

7+*! #2-7(2$*! >+*%*! 7+*! =:-7%*(4! 5,(::#26! (#%5&#,! #-! (7! #7-!

,&>*-7! :,=26#26! :&-#7#&2;! <+*! %*3! :&-#7#)*! )&%7*Y! 5%&4! 7+*!

=:-7%*(4!(#%5&#,!>*(?*2-! #2!-7%*267+!(-!x12! #2$%*(-*-A!+*2$*!

6#)#26!,&>*%!7+%=-7;!

!

!

_#6=%*!TV!0&%7#$#79!-7%*267+!$&4:(%#-&2!5&%!3#55*%*27!x12!e!(1!J;JJC!81!C;J!

$1!E;J!31!F;JA!α!e!J&!

/-! -+&>2! #2! _#6=%*! FA! -#2$*! 7+*! 7(#,! #-! -7(7#&2(%9A!Pin! #-!

*27#%*,9! 3=*! 7&! 7+*!4&7#&2! &5! 7+*! 5,(::#26!=:-7%*(4!(#%5&#,;!

/7!x12!≤!J;ROA! 7+*!Pin! #-! ,(%6*%!7+(2!7+(7!&5! 7+*!-#26,*!(#%5&#,!

$&25#6=%(7#&2;! "&%*! >&%?! #-! 2**3*3! 7&! 5,(:! 7+*! =:-7%*(4!

(#%5&#,!3=*!7&!7+*!8,&$?(6*!*55*$7!&5!7+*!3&>2-7%*(4!(#%5&#,!#2!

7+*!2*(%!>(?*!BPD;!L&>*)*%A!-#2$*Ct!(,-&!#2$%*(-*-A!7+*!η!#-!
(,-&! +#6+*%! 5&%! x12! ≤! J;RO;! _#6=%*! E! -+&>-! (!4(Y#4=4! &5!

CJk!#2$%*(-*!#2!7+*!&)*%(,,!η!>+*2!7+*!7(#,!#-!:,($*3!(7!x12!e!

J;EO;! /7! x12! n! C;OA! 7+*! η! &5! 7+*! 7(23*4! $&25#6=%(7#&2! #-!
(,4&-7! 7+*! -(4*!(-! 7+(7!&5! 7+*! -#26,*!(#%5&#,! .2*6,*$7#26! 7+*!

-4(,,! #2$%*(-*!(7!x12!e!E;J1A! #23#$(7#26!7+(7! 7+*!*55*$7!&5! 7+*!

7(#,!&2!7+*!=:-7%*(4!(#%5&#,!#-!2&!,&26*%!-#62#5#$(27;!!

N2!6*2*%(,A!7+*!η!(23Ct!(%*!+#6+*%!>+*2!x12!#-!-4(,,A!>#7+!

7+*!&:7#4=4!(7!x12!e!J;EO;!<+*!#27*%5*%*2$*!*55*$7-!3*$%*(-*!

(-!x12! #2$%*(-*-! (23! 7+*!&=7:=7-!(::%&($+! 7+(7!&5! 7+*! -#26,*!

(#%5&#,;!<+*!η!#2$%*(-*!#-!,&>*%!7+(2!7+(7!%*:&%7*3!89!<=2$*%!
(23! \,(7M*%! BPD;! <+*9! %*:&%7*3! (2! #2$%*(-*! &5! 4&%*! 7+(2!

GJk;!L&>*)*%A!#7!#-!+(%3!7&!$&4:(%*!3#%*$7,9!8*$(=-*!7+*!Re!

(23!5,(::#26!:(%(4*7*%-!=-*3!(%*!3#55*%*27;!

!

Effect of α

!

_#6=%*!ZV!\,&7!&5ct!(6(#2-7!α!(7!x12!e!C;J!

!

_#6=%*!CJV!\,&7!&5!η!(6(#2-7!α!!(7!x12!e!C;J!

!

_#6=%*!CCV!\,&7!&5cl!(6(#2-7!α!(7!x12!e!C;J!

N2!7+#-!(2(,9-#-A!x12!#-!5#Y*3!(7!C;J!>+#,*!α!)(%#*-!5%&4!'FJ
&
!

7&!GO
&
;!!<+*!:,&7-!6#)*2!#2!_#6=%*!ZA!_#6=%*!CJ!(23!_#6=%*!CC!

-+&>! 7+*! ηAct! (23cl! &5! 7+*! =:-7%*(4A! 3&>2-7%*(4! (23!

7(23*4! (#%5&#,-;! <+*! $&27%#8=7#&2-! &5! 7+*! =:-7%*(4! (23!

3&>2-7%*(4!(#%5&#,-!(%*!-+&>2!-*:(%(7*,9S!*55*$7!&5!α !&2!7+*!
&=7:=7! #-! 3#55*%*27! 5&%! 7+*! 3&>2-7%*(4! (#%5&#,! (23! 7+*!

=:-7%*(4! (#%5&#,;! _#6=%*! Z! -+&>*3! 7+(7! 7+*Ct! &5! 7+*!

=:-7%*(4! (#%5&#,! #-! 7+*! -(4*! 5&%! (,,! αA! #23#$(7#26! 7+(7! 7+*!
(26,*!&5!(77($?!&5!7+*!3&>2-7%*(4!(#%5&#,!3&*-!2&7!#25,=*2$*!

7+*! =:-7%*(4! (#%5&#,h-Ct;! L&>*)*%A! 7+*Ct! &5! 7+*!

3&>2-7%*(4!(#%5&#,!3*$%*(-*-A!:%&3=$#26!3%(6A!(-!#7!3*)#(7*-!

(>(9!5%&4!α!e!J&;Ct!3#%*$7,9!(55*$7-!7+*!η!(23!+*2$*!#7!(,-&!
3%&:-!%(:#3,9!>+*2!α!3*)#(7*-!(>(9!5%&4!M*%&;!
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!

 
_#6=%*!CEV!(1!Q&>2-7%*(4!(#%5&#,!>#7+!(!-7%&26!,*(3#26!*36*!)&%7*Y!.]U01!

&2!7&:!.=:-7%*(4!(#%5&#,!2&7!-+&>21!81!-#26,*!(#%5&#,!(7!α.e!CO&!(7!7#4*!

#27*%)(,-!&5!J;COA!J;EO!(23!J;FOT!

!

<+*Cl!&5! 7+*!-#26,*!(#%5&#,!(23!7+*!7(23*4!$&25#6=%(7#&2!

>#7+!α! e! J&! (%*! (,4&-7! M*%&! 8*$(=-*! 7+*! b/c/JJCE! #-! (!
-944*7%#$(,! (#%5&#,;! ! L&>*)*%A! >+*2! α! #2$%*(-*-A! 7+*Cl!

#2$%*(-*-!8&7+!5&%!7+*!=:-7%*(4!(23!3&>2-7%*(4!(#%5&#,A!>#7+!

7+*Cl!&5!7+*!3&>2-7%*(4!(#%5&#,!8*#26!(,4&-7!7>#$*!(-!,(%6*;!

<+*!%*)*%-*!+(::*2-!>+*2!α!3*$%*(-*-;!!
_#6=%*! CE! -+&>-! (! $&4:(%#-&2! &5! 7+*! )&%7#$#79! :,&7-!

8*7>**2! 7+*! -#26,*! (#%5&#,! (23! 7+*! 3&>2-7%*(4! (#%5&#,! .#2! (!

7(23*4!$&25#6=%(7#&21!(7!α!e!CO&;!<+*!7&:!%&>!&5!3#(6%(4-!
5%&4! _#6=%*! CE! -+&>-! 7+(7! (! ]U0! 3*)*,&:-! &2! 7&:! &5! 7+*!

3&>2-7%*(4! (#%5&#,! (-! (! %*-=,7! &5! 7+*! =2-7*(39! #27*%($7#&2!

>#7+! 7+*! =:-7%*(4! (#%5&#,;! N7! %*4(#2-! (77($+*3! 5&%! (8&=7! (!

K=(%7*%!&5! 7+*!5,(::#26!$9$,*;!<+#-! %*-=,7-! #2!(!,&>!:%*--=%*!

%*6#&2!&2! 7&:! 7+*!3&>2-7%*(4!(#%5&#,A!6*2*%(7#26! ,#57;!<+*%*!

#-! (,-&! (! ]U0! 6*2*%(7*3! &2! 7+*! 8&77&4! &5! 7+*! 3&>2-7%*(4!

(#%5&#,;! L&>*)*%A! #7! 6*7-! 3#--#:(7*3! (,4&-7! #44*3#(7*,9;!

@#4#,(%,9A! >+*2! α! 3*$%*(-*-! 5%&4! J&A! 7+*! (#%5&#,h-! 8&77&4!
:%&3=$*-!(!]U0!(7!7+*!8&77&4!&5!7+*!(#%5&#,A!6#)#26!2*6(7#)*!

,#57;!<+*!8&77&4!%&>!-+&>-!7+*!-#26,*!(#%5&#,;!Q=*!7&!7+*!+#6+!

αA! 7+*! 5,&>! #-! 3*7($+*3! (23! 7+*%*! #-! 2&! ]U0! :%*-*27;! N7! #-!
$,*(%!7+(7! 7+*!)&%7*Y!-+*3!5%&4!7+*!=:-7%*(4!(#%5&#,!+*,:-!7&!

*2+(2$*!7+*!,#57!:%&3=$7#&2!&5!7+*!3&>2-7%*(4!(#%5&#,;!<+*%*!

#-!2&!]U0!&2!7&:!&5!7+*!-#26,*!(#%5&#,!(23!7+*!-7%*267+!&5!#7-!

)&%7*Y! #-! 4=$+! >*(?*%;! ! N2! 7+*! 7(23*4! $&25#6=%(7#&2A! 7+*!

)&%7*Y!-+*3!5%&4!7+*!=:-7%*(4!(#%5&#,! #4:(%7-!*2*%69! 7&! 7+*!

3&>2-7%*(4!(#%5&#,! (23! #23=$*-! 7+*!6*2*%(7#&2!&5! 7+*!]U0;!

<+*Ct! dCl! 5&%! 7+*! 3&>2-7%*(4! (23! -#26,*! (#%5&#,! (%*! '

J;FCdC;CT! (23! 'J;ERdJ;PZ! %*-:*$7#)*,9;! H&7+! 7+*#%Ct! (%*!

-#4#,(%!8=7! 7+*Cl!&5! 7+*!3&>2-7%*(4!(#%5&#,! #-!(,4&-7!7>#$*!

7+(7! &5! 7+*! -#26,*! (#%5&#,;! <+#-! #4:%&)*4*27! $(2! 8*!

#2$&%:&%(7*3! #27&! 7+*! 3*-#62! &5! (! 5,(::#26! "/0! ,#?*! 7+*!

Q*,5,9!7&!#2$%*(-*!#7-!,#57;!

!!

Effect of using a thin plate for the downstream airfoil 

<+*!-#4=,(7#&2!#-!%*:*(7*3!=-#26!(!7+#2!:,(7*!#2-7*(3!&5!7+*!

b/c/JJCE! (#%5&#,! (-! 7+*! 3&>2-7%*(4! (#%5&#,! 5&%! 7+*! x12! e!

C;JA!α!e!J&!(23!x12!e!C;JA!α!e!CO
&
!$(-*-;!<+#-!#-!7&!#2)*-7#6(7*!

7+*! #4:&%7(2$*! &5! 7+*! -+(:*! &5! 7+*! 3&>2-7%*(4! (#%5&#,-;!

[*-=,7-! &2! ! -+&>! 7+(7! 5&%! ηACt! (23ClA! 7+*! 3#55*%*2$*-!

8*7>**2! 7+*! 7(#,! (23! 7+*!b/c/JJCE! (%*! )*%9! -4(,,! 8=7! #2!

6*2*%(,A!7+*!b/c/JJCE!6#)*-!-,#6+7,9!8*77*%!:*%5&%4(2$*;!

!

!

!

<(8,*!EV!c&4:(%#-&2!8*7>**2!7+*!ηACt!(23Cl!&5!7+*!7+#2!:,(7*!(23!

b/c/JJCE!(#%5&#,!5&%!7+*!x12!e!C;JA!α!e!J&!(23!x12!e!C;JA!α!e!CO&!$(-*-!

α I=7:=7! b/c/JJCE! \,(7*!

J&! η! J;FJ! J;EZ!

Ct! J;TE! J;RR!

Cl! 'J;JP! 'J;JR!

CO&! η! J;CZ! J;CR!

! Ct! J;OF! J;GP!

Cl! C;ZE! C;TC!

! ! ! !

!

Optimization study 

^*! (,-&! $&23=$7! (! -#4:,*
C
! &:7#4#M(7#&2! -7=39! &2! 7+*!

$&25#6=%(7#&2!>+#$+!6#)*-!7+*!+#6+*-7!:*%5&%4(2$*!8(-*3!&2!

7+*! $&48#2*3! )(,=*-! &5! x12! (23! α;! \*%5&%4(2$*! #23*Y! IpA!

=-*3! 3*7*%4#2*! 7+*! &)*%(,,! :*%5&%4(2$*! &5! 7+*! 7(23*4!

(#%5&#,-!#2!7+#-!$(-*A!#-!3*5#2*3!(-V!

.P1!! CECE

CE CE

. 1. 1

4(Y. ! . 11 4(Y. ! . 11

t
p

t

C xx
I

all x all C x

η
η

= + ! !

!

5&%!7+*!x12!$(-*!-7=39;!

.R1!!

. 1 . 1. 1

4(Y. ! . 11 4(Y. ! . 11 4(Y. ! . 11

t l
p

t l

C C
I

all all C all C

α αη α
η α α α

= + + ! !

!

5&%!7+*!α!$(-*!-7=39;!
UK=(7#&2!P!3&*-!2&7!#2$,=3*!7+*!,#57!$&4:&2*27!8*$(=-*!#7!#-!

(! -944*7%#$(,! $(-*! (23! 7+*Cl! 5&%! (,,! 7+*! x12! $(-*-! (%*!

(::%&Y#4(7*,9! M*%&;! H(-*3! &2! UK=(7#&2! P! (23! UK=(7#&2! RA!

7+*! x12! (23!α! )(,=*-!>+#$+! 6#)*!4(Y#4=4! Ip! (%*! J;EO! (23!

CO
&
!%*-:*$7#)*,9;![=22#26!7+*!-#4=,(7#&2!(7!7+*-*!7>&!)(,=*-!

6()*! η e! J;EFACt! e! J;RC! (23Cl! eC;PCA! >+#$+! #23**3!

$&%%*-:&23-!7&!(!+#6+*%!Ip!7+*2!7+*!)(,=*-!&87(#2*3!#2!7+*!x12!

(23!α!$(-*!-7=3#*-;!

CONCLUSION

b=4*%#$(,! 5,&>! -#4=,(7#&2-! +()*! 8**2! :*%5&%4*3! &=7! 7&!

#2)*-7#6(7*! 7+*! *55*$7-! &5! 7+*! 3#-7(2$*! (23! (26,*! &5! 7+*! 7(#,!

8*+#23! (! 5,(::#26! (#%5&#,! &2! 7+*! &)*%(,,! *55#$#*2$9A! ,#57! (23!

7+%=-7;!<+*!η!(23Ct!!#2$%*(-*!=:!7&!(!4(Y#4=4!&5!CJk!(23!

EOk!%*-:*$7#)*,9!>+*2!x12!≤!C;J!(23!7+*!*55*$7!3#4#2#-+*3!(-!

x12! *Y7*23-! 8*9&23! C;J;! ! <+*! (33#7#&2(,! )&%7*Y! -+*33#26!

5%&4!7+*!3&>2-7%*(4!(#%5&#,!+*,:-!7&!#2$%*(-*!7+*!7&7(,!7+%=-7A!

>+#$+!$(2!8*!&8-*%)*3!#2!7+*!)&%7#$#79!$&27&=%!(23!)*,&$#79!

:%&5#,*-! :,&7-;! ^+*2! x12! #-! 5#Y*3! (7! C;J! >+#,*! α! #2$%*(-*-!
5%&4!'FJ

&
!7&!GO

&
ACl! !#2$%*(-*3!=:!7&!(!4(Y#4=4!&5!(%&=23!

E;P;!<+*!+#6+Cl! !#-!3=*!7&!7+*!-7%&26!]U0!(7!7+*!7&:!&5!7+*!

3&>2-7%*(4! (#%5&#,;! /-! α! 3*)#(7*-! 5%&4! J&A! η! (23ct!

3*$%*(-*!%(:#3,9A!6#)#26!3%(6;!

@#4=,(7#&2-!(%*!(,-&!$&23=$7*3!7&!7*-7!7+*!*55*$7!&5!$+(26#26!

7+*!3&>2-7%*(4!(#%5&#,h-!$%&--!-*$7#&2!:%&5#,*!7&!(!5,(7!:,(7*;!

<+*! 3#55*%*2$*-! #2! 7+*!ηACt! (23Cl! (%*! 5&=23! 7&!8*! -4(,,A!

>#7+! 7+*! b/c/JJCE! (#%5&#,! 6#)#26! -,#6+7,9! 8*77*%!

:*%5&%4(2$*;!](-7,9A!(!-#4:,*!&:7#4#M(7#&2!-7=39!-+&>-!7+(7!

x12!e!J;EO!(23!α e!CO&!6#)*!7+*!+#6+*-7!:*%5&%4(2$*!#23*Y!Ip!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
C! N7!4=-7! 8*! *4:+(-#M*3! 7+(7! 7+*! #2:=7! )(%#(8,*-! YCE! (23!α! (%*! )(%#*3!

#23*:*23*27,9! 89! 5#Y#26! &2*! &5! 7+*! )(%#(8,*-! (23! $+(26#26! 7+*! &7+*%;!

L*2$*A!7+*!*27#%*!:(%(4*7*%!-:($*!#-!2&7!#2)*-7#6(7*3;!
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8(-*3!&2!7+*!%(26*!&5!:(%(4*7*%-!-7=3#*3;!<+*!%*-=,7-!&87(#2!

5%&4! 7+#-! -7=39! -+&>! 7+(7! 89! %*3=$#26! 7+*! x12A! 8*77*%!

*55#$#*2$9! (23! 7+%=-7! $(2! 8*! &87(#2*3;! "&%*&)*%A! 7+*!

3&>2-7%*(4! (#%5&#,! &%! 7+*! 7(#,A! 8*-#3*-! 6#)#26! :#7$+! (23!

3#%*$7#&2! $&27%&,A! $(2! +*,:! 7&! 3%(4(7#$(,,9! #2$%*(-*! 7+*!

&)*%(,,! ,#57;!/::,9#26! 7+*-*! %*-=,7-! 7&! -4(,,! 5,(::#26!"/0-!

,#?*!7+*!Q*,5,9!>#,,!+*,:!7&!#4:%&)*!7+*#%!:*%5&%4(2$*;!
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!

 !

ABSTRACT

A new Nano Air Vehicle (NAV) configuration based on a 

coaxial nano rotor has been studied by ISAE. The coaxial rotor 

provides the thrust necessary for hovering and low speed 

translation flight. The major design challenge for rotary-wing 

NAVs is related to the difficulty of miniaturizing complex 

mechanisms such as a rotor cyclic pitch swashplate commonly 

used for controlling helicopters. The use of actuators made of 

smart materials is believed to allow for controlling rotary-wing 

NAVs in a much simpler and lighter way. The 

multidisciplinary subject of this complete system is separated 

into few parts. The studies of each subject are individually 

conducted before integrated in the future in order to optimize 

the global system. Those studies which are being carried out 

are shortly described in this paper.  

1 INTRODUCTION

"#$%&!/#%!0*+#$,*-!."/0-1!(::*(%*3!#2!CZZR!(-!(!%*-:&2-*!

7&! (! Q/[\/! :%&6%(4;! b=4*%&=-! #2-7#7=7#&2-! (23!

=2#)*%-#7#*-! +()*! 5&$=-*3! %*-*(%$+! #2! 7+(7! 7&:#$;! I)*%! 7+*!

:(-7! 7*2! 9*(%-A! "/0-! 3*)*,&:*3! 89! N@/U! +()*! #2$,=3*3!

[c'$&27%&,,*3! )*+#$,*-! -=$+! (-! 7+*! MinusKiool! (23! 7+*!

Plaster! (23!(=7&2&4&=-!)*+#$,*-! -=$+!(-! 7+*!LadyBugA! 7+*!

TYTO! BCDA! 7+*! Vision’AirA! (23! 7+*! MAVion! BE'FD;! \=%*!

%&7&%$%(57!$&2$*:7-!+()*!(,-&!8**2!-7=3#*3!BFD;!_&,,&>#26!7+*!

#27*%*-7!*Y:%*--*3!89!Q/[\/!#2!EJJPA!N@/U!+(-!-7(%7*3!7+*!

3*)*,&:4*27! &5! b(2&! /*%#(,! 0*+#$,*-! .b/01
!
BGD! #2! EJJR!

=23*%!7+*!-=:*%)#-#&2!&5!\%&5;!"&-$+*77(;!^#7+!%*5*%*2$*!7&!

Q/[\/A!b/0!+(-!(!,#4#7(7#&2!&5!-#M*!(8&=7!(!+(,5!&5!"/0;!

b/0! #-! *Y:*$7*3! 7&! +()*! (! 3#4*2-#&2!&5! R;O! $4! .F! #2;1A! (!

7&7(,! 4(--! &5! (8&=7! CJ! 6%(4-A! #2$,=3#26! (! :(9,&(3! &5! E!

6%(4-;!<+*!b/0!-+&=,3!+()*!(!0<I]!$(:(8#,#79! .0*%7#$(,!

<(?#26'&55! (23! ](23#261A! 7+*! (8#,#79! &5! -=-7(#2#26!

(=7&2&4&=-!+&)*%!5,#6+7!(-!>*,,!(-!,&>!-:**3!5&%>(%3!5,#6+7;!

Q=*! 7&! )*%9! ,#4#7*3! -#M*! (23! >*#6+7A! 3*-#62#26! (23!

$&2-7%=$7#26! b/0! -**4-! )*%9! 3#55#$=,7! 7&! ($+#*)*! &2! 7+*!

-&,*!8(-#-!&5!()(#,(8,*!$&44*%$#(,!$&4:&2*27-!:%&)#3*3!89!

[c'4&3*,!$&4:(2#*-;!"#,#7(%9!(-!>*,,!(-!$#)#,!(::,#$(7#&2-!

(%*!*2)#-#&2*3!5&%!b/0-A!#2$,=3#26!%*$&62#7#&2!4#--#&2-!#2!

$&4:,*Y! (23! $&25#2*3! *2)#%&24*27! -=$+! (-! 5,9#26! #27&! (!

$&,,(:-*3!8=#,3#26!(57*%!(2!*(%7+K=(?*!&%!%*,*(-#26!(!:(9,&(3!

#2! (! )*%9! 2(%%&>! -:($*! BOD;! /-! (! $&2-*K=*2$*A! 7+*%*! (%*!

4(29!:%&8,*4-! 7&!8*! -7=3#*3! #2$,=3#26!)*%9! ,&>![*92&,3-!

2=48*%! (*%&392(4#$! 3#55#$=,79A! 2*>! 4#2#(7=%*! (23! ,#6+7!

4(7*%#(,A!-*2-&%!(23!$&4:&2*27-;!!

_&%!(!3*-#62!&5!7#29!(#%!)*+#$,*A! 7+*%*!(%*!6*2*%(,,9!7+%**!

$&2$*:7-!>#3*,9!=-*3! 7+(7! (%*A! 5#Y*3'>#26A! %&7(%9'>#26!(23!

5,(::#26'>#26;! _#Y*3'>#26! $&25#6=%(7#&2! #-! 2&%4(,,9!

(::,#*3!5&%!&=73&&%!(23!+#6+!-:**3!5,#6+7!%*K=#%*4*27!3=*!7&!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
U4(#,!(33%*--V!5*26$:7W?=;($;7+!

#7-! +&%#M&27(,! 5,#6+7! *55#$#*2$9;! L&>*)*%A! 5#Y*3'>#26!

$&25#6=%(7#&2-! (%*! 2&7! -=#7(8,*! 5&%! b/0! 4#--#&2-! >+#$+!

#2$,=3*! +&)*%! 5,#6+7;! [&7(%9'>#26! (23! 5,(::#26'>#26!

$&2$*:7-!+()*!8**2!(2(,9M*3!(23!$&4:(%*3!89!]#=!BPDA!>+&!

$&2$,=3*-! 7+(7! 7+*! +&)*%#26! *55#$#*2$9! &5! 8&7+! $&2$*:7-! #-!

$&4:(%(8,*;! H*$(=-*! 5,(::#26'>#26! 4*$+(2#-4-! (%*! 4&%*!

3#55#$=,7!7&!5(8%#$(7*!(23!$&27%&,A!(!%&7(%9'>#26!$&25#6=%(7#&2!

+(-!8**2!-*,*$7*3A!8(-*3!&2!(!b/2&!c&(Y#(,![&7&%!.NACR1;!

c&(Y#(,! [&7(%9! >#26! $&2$*:7-! +()*! 8**2! >#3*,9! =-*3!

8*$(=-*! 7+*9! #27%#2-#$(,,9! -=-7(#2! +&)*%! 5,#6+7! >#7+&=7!

%*-&%7#26! 7&! (27#'7&%K=*! %&7&%-! BRD;! /! $&4:%&4#-*! $&27%&,!

4*7+&3! (23! )*+#$,*! $&25#6=%(7#&2! +(-! 7&! 8*! (3&:7*3! 7&!

($+#*)*! 7+*! &8X*$7#)*! &5! :%*$#-*! 5,#6+7! -7(8#,#79! (23! -(7#-59!

7+*!>*#6+7!,#4#7(7#&2!&5!NACR;!!
!

!!! !
!!!!!!.(1!c&(Y#(,![&7&%!b/0!$&2$*:7!!!.81!q=(3'%&7&%!N23&&%!_,9#26![c!

!
.$1!_#Y*3!^#26!b/0A!j;!&5!_,&%#3(!

!

!! !
.31!\%&Y!392(4#$-h-!4#2#(7=%*!5,9#26!4($+#2*!

!

_#6=%*!CV!\%*-*27!&5!c&25#6=%(7#&2!=-*3!#2!@4(,,!j/0-;!
!

<+*!4(X&%!3*-#62!$+(,,*26*!5&%!%&7(%9'>#26!b/0-!#-!%*,(7*3!

7&! 7+*! 4=,7#3#-$#:,#2(%9! 3*-#62! (23! 7+*! 3#55#$=,79! &5!

4#2#(7=%#M#26! $&4:,*Y! 4*$+(2#-4-! -=$+! (-! (! %&7&%! $9$,#$!

:#7$+!->(-+:,(7*!$&44&2,9!=-*3!5&%!$&27%&,,#26!+*,#$&:7*%-;!

<+*!=-*!&5!($7=(7&%-!4(3*!&5!-4(%7!4(7*%#(,-! #-!8*,#*)*3!7&!

(,,&>! 5&%!$&27%&,,#26! %&7(%9'>#26!b/0-! #2!(!4=$+!-#4:,*%!

(23!,#6+7*%!>(9;!!

/::,#$(7#&2!&5!U,*$7%&'/$7#)*!"(7*%#(,-!7&!(!

c&(Y#(,'[&7&%!b/0!

c;!<+#:9&:(-
C
A!/;H;!@=2

E
A!U;!H*%2(%3

E
!(23!a;'";!"&-$+*77(

E
!!

C
Q*:(%74*27!&5!/*%&-:($*!U26#2**%#26A!_($=,79!&5!U26#2**%#26A!`(-*7-(%7!j2#)*%-#79A!<+(#,(23!
E
N2-7#7=7!@=:r%#*=%!3*!,h/r%&2(=7#K=*!*7!3*!,hU-:($*!.N@/U1A!j2#)*%-#79!&5!<&=,&=-*A!_%(2$*!
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! <+#-! :(:*%! #27%&3=$*-! (23! -=44(%#M*-! 7+*! :%*-*27!

(23! $&4#26! 5=7=%*! -7(7*! &5! 7+*!NACR! :%&X*$7;!<+*! $&2$*:7!

(23! 3*-#62! &)*%)#*>! >#,,! 8*! 3#-$=--*3A! 5&,,&>*3! 89! 7+*!

-7=39! &5! *($+! :(%7! &5! :%&X*$7;! <+*! 7*-7! -*7! =:! &5! -4(%7!

($7=(7&%!(23!7*-7!8*2$+!&5!:%&:=,-#)*!$+(%($7*%#-7#$-!>#,,!8*!

:%*-*27*3;! <+*! 5(8%#$(7#&2!4*7+&3! 5&%! 7+*! 7#29! -7%=$7=%*! &%!

8&39!&5!NACR!>#,,!(,-&!8*!(33%*--*3;!

2 DESIGN OVERVIEW

<+*%*! (%*! 3#55*%*27! -&,=7#&2-! 7&! $&27%&,! 4#$%&! (23! 2(2&!

(*%#(,! )*+#$,*! -=$+! (-! (33#26! $&27%&,! -=%5($*-! X=-7!

3&>2-7%*(4! 7+*! %&7&%! &%! :%&:*,,*%! (-! -=$$*--5=,,9!

3*4&2-7%(7*3! 89! MAVion! BTDA! MiniVertiGo! BZD! (23!

Vision’Air;! c&27%&,! (,7*%2(7#)*-! #2$,=3*! =-#26! (33#7#&2(,!

:%&:=,-#)*! &%! 5&%$*! 6*2*%(7&%! -9-7*4! .#*A! 7(#,! %&7&%1! BCJDA!

$*27*%!&5!6%()#79!-+#57#26!BCCDA!(23!7#,7#26!&2*!&%!7>&!%&7&%-;!

_=%7+*%4&%*A!(2!(3)(2$*3!$&2$*:7!=-#26!-4(%7!4(7*%#(,!4(9!

8*! $&2-#3*%*3! -=$+! (-! (1! -4(%7! ($7#)*! $&27%&,! #27*,,#6*27!

%&7&%!8,(3*! #2-7*(3!&5!$+(26#26!$9$,#$!:#7$+!89! ->(-+:,(7*A!

81! -4(%7! 4=-$,*! -7%=$7=%*;! /::,9#26! -=%5($*! $&27%&,! ,&&?-!

$&2)*2#*27! 5&%! 3*-#62! 8=7! +(-! 3%(>8($?! &5! (33#7#&2(,! 3%(6!

(23! 3&>2,&(3! 5&%$*! %*3=$#26! 5,#6+7! (=7&2&49;! j-#26!

(=Y#,#(%9! 5&%$*!6*2*%(7&%! #2)&,)*-!(33#7#&2(,!4(--!(23!4(9!

(,-&! #2$%*(-*! 7+*! )*+#$,*! -#M*;! H(-*3! &2! :%*-*27! ()(#,(8,*!

7*$+2&,&69A!=-#26!-4(%7!4(7*%#(,!(-!(2!#27*,,#6*27!8,(3*!(23!

(! -4(%7!4=-$,*! -7%=$7=%*! #-! 2&7! 5*(-#8,*! #2! 7+*! 2*(%! 5=7=%*;!

c&27%&,,#26!7+*!cg!:&-#7#&2!+(-!8**2!#4:,*4*27*3!&2!4#$%&!

(#%! )*+#$,*! (-! %*:&%7*3! #2! [*5;! CC;! L&>*)*%A! 7+#-! $&2$*:7!

3&*-!2&7!-**4!7&!8*!(::%&:%#(7*! 5&%! 7+*!b/0!-#M*;!c+(26*!

cg!:&-#7#&2!4(9!8*!3&2*!89!(3X=-7! 7+*!:&-#7#&2!&5!8(77*%9A!

8=7! 4&4*27! $%*(7*3! #-! )*%9! -4(,,! ($$&%3#26! 7&! 7+*! -4(,,!

4(--!&5!8(77*%9!%*:%*-*27*3! #2!(2!*-7#4(7*3!>*#6+7!8(,(2$*!

3#-7%#8=7#&2! .-**! _#6=%*! O1;! /57*%! $&4:(%#-&2A! 7+*! $&27%&,!

4*7+&3!&5!7#,7!%&7&%!#-!-*,*$7*3!#2!7+#-!NACR!:%&X*$7A!%*,9#26!

&2! 7+*! 5(-7! 3*)*,&:4*27! &5! #27*,,#6*27! (23! ,#6+7! ($7=(7&%-!

&)*%!7+*!:(-7!5*>!9*(%-;!

First Concept and Bench Model 

<+*! *-7#4(7*3! 4(Y#4=4! %*K=#%*3! 7+%=-7A! 2&%4(,! 5&%$*!

(23! 7#,7! (26,*! &5! =::*%! %&7&%! 7&! %*($+! E4d-! 7%(2-,(7#&2!

4&)*4*27! (%*! J;CObA! J;JFbA! (23! CJ3*6%**-A! %*-:*$7#)*,9;!

H(-*3! &2! 7+*-*! *-7#4(7#&2-A! -*)*%(,! ,#6+7'>*#6+7! ($7=(7&%-!

(%*! $&44*%$#(,,9! ()(#,(8,*;! <(8,*! C! -=44(%#M*-! -&4*!

$+(%($7*%#-7#$-! &5! 4#2#(7=%*! -*%)&-! (23! ($7=(7&%-!

$&44*%$#(,,9!()(#,(8,*;!

!

c
&
4
4
*%
$#
(,
!!

/
$7
=
(7
&
%!

H,=*!

/%%&>!

]#2*(%!

@*%)&!

@4(%7!

@*%)&!

"(62*7#$!

/$7=(7&%C!

"(62*7#$!

/$7=(7&%E!

! !
"(--!.61! E;T! E! C! J;G! J;RO!

@#M*!
.441!

CZYEJYT! ECYCFY
Z!

FTYZYF! RYTYG! ZYCJYT!

<&%K=*!

.6;$41!

COJ! CPJ6!

5&%$*!

CO! J;G! J;T!

"(Y;!
"&7#&2!

TJ3*6! CG44! FJ3*6! G44! O;O44!

<#4*!

.-*$1!

J;EE!

.PJ3*61!

J;CO!

.5=,,1!

'! '! '!

c=%%*27!
.4/1!

CJJ! CJJ! TJ! GO! GE!

!

<(8,*!CV!"#2#(7=%*!-*%)&-!$&44*%$#(,,9!()(#,(8,*;!

!

!
!

_#6=%*!EV!C-7!b/c[!H*2$+!"&3*,;!

!

"(62*7#$! ($7=(7&%! #-! &2*! $+&#$*! 8*$(=-*! &5! #7-! ,#6+7*%!

>*#6+7!&5!J;G6;!c&2-#3*%#26!#7-!-4(,,*%! 7&%K=*A!(2&7+*%!8#&'

>#%*!-4(%7!-*%)&!($7=(7&%A!4(--!&5!C6A!>(-!=-*3!#2!7+*!5#%-7!

NACR!8*2$+!4&3*,!.-**!_#6;E1A!7>&!-4(%7!-*%)&-!(%*!=-*3!7&!

7#,7!7+*!=::*%!%&7&%!5&%!:#7$+!(23!%&,,!$&27%&,;!<+*!-7%=$7=%*!#-!

4(3*! &5! C44'$(%8&2! %&3-! $&22*$7*3! 89! (! 4*7(,! 7=8*!

$&22*$7&%! (23! X=-7! 6,=*3! 7&6*7+*%;! <+*! 7&7(,! 4(--! &5! 7+(7!

8*2$+!4&3*,!#-!(%&=23!EJ!6%(4-;!/!:(#%!&5!%&7&%-!3*-#62*3!

89!]#=!BCED!+(-!8**2! #2-7(,,*3;!"*(-=%*4*27!&5! 7&7(,! 7+%=-7!

:*%5&%4(2$*!#-!:*%5&%4*3!89!2*>!,&>!5%#$7#&2!4(62*7#$!7*-7!

8*2$+! s\&:'U9*t! -+&>2! #2! _#6=%*! F;! f*7A! &2,9! 7+%=-7! #-!

4*(-=%*3A! -#3*! 5&%$*! (23! :#7$+#26! 4&4*27! >+#$+! (%*! 7+*!

4&-7! #27*%*-7#26! :(%(4*7*%-! 5&%! 7+*! 7#,7'$&2$*:7! $&=,3! 8*!

4*(-=%*3!>#7+!7+(7!7*-7!8*2$+;!
!

!
!

_#6=%*!FV!\&:'U9*!<*-7!H*2$+;!

!

Current NACR Concept 

c&2-#3*%#26! 5(-7! (23! :%*$#-*! -7(8#,#79! %*K=#%*4*27A! 2*>!

($7=(7&%-! >#7+! -+&%7*%! %*-:&2-*! 7#4*A! ,#6+7*%! >*#6+7! (23!

,&>*%! :&>*%! $&2-=4:7#&2! (%*! %*K=#%*3! 7&! %*:,($*! -=$+! (!

$&4:,*Y! $&25#6=%(7#&2! 8(-*3! &2! E! @4(%7@*%)&-;! U/\-!

.U,*$7%&'/$7#)*! \&,94*%-1! >#7+! 5(-7! %*($7#&2! -:**3! .=:! 7&!

u-*$1! &2!&2*! -#3*! (23! ,&>!3*2-#79!>#7+!6%*(7! %*-#,#*2$*!&2!

7+*! &7+*%! -#3*A! $&4:(%*! 5()&%(8,9! >#7+! @"/! .@+(:*!

"*4&%9! /,,&9-1! (23! U/c! .U,*$7%&'/$7#)*! c*%(4#$-1! BCFD!

%*-:*$7#)*,9;! /4&26! 7+*4! N\"c! .N&2#$! \&,94*%'"*7(,!

c&4:&-#7*-1!%*K=#%#26!&2,9!,&>!3%#)*!)&,7(6*-!4(9!8*!-**2!

$&4:(7#8,*! >#7+! *Y7%*4*,9! =2$,=77*%*3!b/0!:&>*%! -=::,9!

.%*3=$*3!7&!&2*!$*,,!&5!F;R0!]#7+#=4'H(77*%9!5&%!7+*!NACR1;!

N2! (33#7#&2A! N\"c! $&48#2*! (3)(27(6*-! 7&>(%3-!

4#2#(7=%#M(7#&2A! ,#6+7! >*#6+7! >#7+! ,(%6*! 3#-:,($*4*27-! (23!

*23=%(2$*;! /-! (2! *4*%6#26! 7*$+2&,&69A! N\"c! $&2$*27%(7*!

#27*2-#)*! %*-*(%$+! *55&%7! (23! -7#,,! :%&4#-*-! )*%-(7#,#79! #2!

4*$+(2#$(,!:%&:*%7#*-!7+%&=6+!7+*!$&27%&,!&5!(!>#3*!%(26*!&5!
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!

!

:(%(4*7*%-! -=$+! (-! #&2-! (23! -&,)*27! 2(7=%*A! 4*48%(2*!

7+#$?2*--! *7$;;;! N\"c! +()*! (,%*(39! 8**2! 3*-#62*3! 5&%!

($7=(7&%-!#2!5,(::#26!3*)#$*-!BCGD;!!

<+*!%*,(7#)*!,#4#7(7#&2-!&5!N"\c!,&>!*2*%69!3*2-#79!(23!

($7=(7#&2! 5&%$*! 4(9! 8*! &)*%$&4*! 5%&4! 7+*! &)*%(,,!

4*$+(2#-4! 3*-#62;! <&! 4#2#4#M*! 7+*! $&4:,*Y#79! &5! E'Q&_!

7#,7! %&7&%A! &2,9! C'Q&_! 7#,7! %&7&%! #-! 5#%-7! #2)*-7#6(7*3! #2! 7+*!

:%*-*27!>&%?;!/!:#7$+!4&7#&2!$(2!8*!&87(#2*3!89!7#,7#26!7+*!

=::*%! %&7&%! >+#,*! 9(>! 4&7#&2! $(2! 8*! ($+#*)*3! 89!

$&27%&,,#26! 7+*! %&7(7#&2! -:**3-! &5! 7+*! 7>&! $&=27*%'%&7(7#26!

%&7&%-;!\%#4(%9!$&25#6=%(7#&2-! 7&!$&27%&,! 7#,7'(26,*!&5!=::*%!

%&7&%!&5!NACR!>#7+!N\"c!($7=(7&%-!(%*!#,,=-7%(7*3!#2!_#6;G;!

N2! _#6;! G',*57A! N\"c! ($7=(7&%! 8*,&26-! 7&! 7+*! NACR!

4*$+(2#$(,!-7%=$7=%*A!($7#26!(-!(!4=-$,*A! 7+*!=::*%! %&7&%! #-!

3#%*$7,9!-=::&%7*3!89!7>&!:(%(,,*,!N\"c-;!/Y#(,A!2&%4(,!(23!

7&%-#&2! 5&%$*-! ($7! &2! 7+*! N\"c-! #2! 7+(7! $&25#6=%(7#&2;!

/2&7+*%! $&25#6=%(7#&2! #-! $&2-#3*%*3! #2! _#6;! G'%#6+7A! >+*%*!

7+*!N\"c!#-!&2,9!=-*3!7&!$&27%&,! 7+*!7#,7'(26,*;!N2!(! 5=%7+*%!

:*%-:*$7#)*A!N\"c!4(9!(,-&!8*!$&2-#3*%*3!#2!7+*!8=#,3#26!&5!

-4(%7d#27*,,#6*27! %&7&%! 8,(3*-! (-! >*,,;! <+*! *Y:*$7*3! 7&7(,!

4(--! &5! NACR! #2$,=3#26! E6':(9,&(3! #-! (8&=7! CR6;! N7! #-!

2&7#$*(8,*! 7+(7! 4(--! &5! :%&:=,-#&2! -9-7*4! .8(77*%9A! E'

4&7&%-A! E'%&7&%-A! (23! E'-:**3! $&27%&,-1! (23! 4(--! &5!

*,*$7%&2#$-!:(%7-!(%*!(8&=7!&2*'7+#%3!&5!7&7(,!>*#6+7!.P;O!(23!

P6A!%*-:*$7#)*,91;!!

!

!!!!!!!!!!!!! !
!

_#6=%*!GV!b/c[!c&2$*:7!=-#26!@4(%7!/$7=(7&%;!

]*57V!@4(%7!"=-$,*!$&2$*:7!>+#$+!=::*%!%&7&%!#-!-=::&%7!89!N\"cA!!

[#6+7V!<#,7'%&7&%!$&25#6=%(7#&2!$&27%&,,*3!89!-4(%7!N\"c!($7=(7&%!

!

!
!

_#6=%*!OV!UY:*$7*3!4(--!3#-7%#8=7#&2!&5!b/c[!.7&7(,!4(--!e!CR!61!

3 PROPELLER DESIGN AND FABRICATION

Q*-#62!&5!2(2&!$&(Y#(,!%&7&%!#-!8(-*3!&2!7+*!&:7#4#M(7#&2!

&5!+&)*%#26;!U55*$7! (23! #27*%($7#&2!&5!*($+! %&7&%! 7&!(2&7+*%!

%&7&%! (%*! 7(?*2! #27&! ($$&=27! #2! 7+*! &:7#4#M*3! 3*-#62!

:%*,#4#2(%9!$(,$=,(7*3!89!i[I<I[!$&3*!&5!"N<;! N23=$*3!

)*,&$#79!&5!7+*!C
-7
!%&7&%!#-!#2-*%7*3!#27&!7+*!$(,$=,(7#&2!&5!7+*!

E
23
! %&7&%! 7#,,! 7+*! $(,$=,(7#&2! $&2)*%6*-! BCED;! b()#*%'@7&?*-!

2=4*%#$(,! %*-=,7-! (%*! 7+*2! $&4:(%*3! =-#26! -*)*%(,!

7=%8=,*2$*!4&3*,-;!b(2&!$&(Y#(,!%&7&%-!(%*!-+&>2!#2!_#6;!P;!

!

!
_#6=%*!PV!b(2&!c&(Y#(,![&7&%!3*-#62*3!89!]#=!

!

!

!
.(1!

!

!

!

!

!
.81!!
!

_#6=%*!RV!_(8%#$(7#&2!\%&$*--!&5!b(2&!c&(Y#(,![&7&%;!

!
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!

!

!

!

<+*! %&7&%! #-! 7+*2! 4(3*;! N7-! -4(,,! 3#4*2-#&2! 4(?*-!

7+*4!3#55#$=,7!7&!5(8%#$(7*;!/$$=%($9!#2!5(8%#$(7#&2!#-!$%#7#$(,!

(23! $(2! (55*$7! 7+*! %&7&%! :*%5&%4(2$*;! <+*! 8,(3*! 7+#$?2*--!

4=-7!8*!4#2#4#M*3!7&!&87(#2!7+*!8*-7!:*%5&%4(2$*-!>+#,*!(!

7+#2! -*$7#&2! #-! $&2)*2#*27! 5&%! 7+*! 5(8%#$(7#&2! 89! $&4:&-#7*!

4(7*%#(,;!!

<+*! E'-#3*! 4&,3-! (%*! 5(8%#$(7*3! 89! (! FQ! :%#27*%;! <+*!

5#%-7! 7%9A! %&7&%-! (%*!4(3*! =-#26!>*7! ,(9=:S! CJJ6d4
E
! $(%8&2!

7#--=*! .7+*! 7+#22*--!$(%8&2! 7#--=*!>*!+()*1!(23!*:&Y9;!<+*!

5&%4!&5!%&7&%!#-!5#%-7!$=7!89!+(23!8*5&%*!,(9&=7!&2!7+*!4&,3-;!

L&>*)*%!7+*!*Y7%*4#79!#-!%=2!&=7!(-!-+&>*3!#2!_#6=%*!R.(1;!

<+*2! #7!>(-! $&4:%*--*3!89! (2&7+*%!4&,3;!/57*%! 3%9#26! 5&%!

CO! +&=%-A! 7+*! *36*! &5! :%&:*,,*%! +(-! 2&7! 6&&3! -+(:*! (-!

3*-#%*3;! N2! (2! (77*4:7! 7&! #4:%&)*! 7+*! -+&%7$&4#26-! &5!

$(%8&2!:%&7&79:*A!GE6d4
E
!5#8*%!6,(--!#-!=-*3;!<+*!5(8%#$(7#&2!

:%&$*--*-! (%*! 3*7(#,*3! #2! _#6=%*! R.81;! <+#-! 7#4*A! 7#--=*! &5!

5#8*%!6,(--!#-!,(9&=7!&2!7+*!4&,3-!>#7+&=7!$=77#26!7+*!-+(:*;!

@*)*%(,!,(9*%-!&5!7#--=*!(%*!7%#*3!7&!6*7!3#55*%*2$*!5,*Y#8#,#79;!

<+*! ,(-7! ,(9*%! #-! $&)*%*3! 89! :**,! :#,*-! #2! &%3*%! 7&! &87(#2!

-4&&7+! -=%5($*!(23!(,-&! 7&!(8-&%8! 7+*!*Y$**3!*:&Y9;!/57*%!

CO!+&=%-A!7+*!-+(:*!&5!%&7&%!#-!7%#44*3!89!$=77*%!(23!-(23*3!

8*5&%*!8*#26!%*,*(-*3!5%&4!7+*!4&,3-;!!

4 AERODYNAMIC AND PROPULSION

<&! 5#23! :%*$#-*! 5,#6+7! 392(4#$! 4&3*,#26A! 7+%=-7! (23!

7&%K=*!&5!*($+!%&7&%!-+&=,3!$,*(%,9!#3*27#5#*3;!H*$(=-*!&5!#7-!

)*%9!4#2#(7=%*! -#M*A! $+(%($7*%#M(7#&2-! &5! 7+*#%! (*%&392(4#$!

(23!:%&:=,-#)*!:*%5&%4(2$*!(%*!$+(,,*26#26;!<+*!2=4*%#$(,!

-#4=,(7#&2! &5! )*%9! ,&>! 8,(3*'[*92&,3-! 2=48*%!

(*%&392(4#$-! #-! -7%*2=&=-;! UY:*%#4*27(,! 4*(-=%*4*27! &5!

-=$+! (! ,&>! 5&%$*'4&4*27! #-! (,-&! )*%9! 3#55#$=,7;! N2! 7+*!

:%*-*27! :%&X*$7A! 7+*! &8X*$7#)*! #-! 7&! 5#23! (2! #25,=*2$*! (23!

#27*%($7#&2! &5! *($+! %&7&%! &2! (2&7+*%! %&7&%! *-:*$#(,,9! >+*2!

7+*!=::*%!%&7&%!#-!7#,7*3;!/!2&%4(,!5&%$*!&2!7+*!,&>*%!%&7&%!#-!

*Y:*$7*3;! H&7+! 2=4*%#$(,! -#4=,(7#&2! (23! *Y:*%#4*27(,! 7*-7!

(%*!:*%5&%4*3!(23!>#,,!8*!$&4:(%*3!#2!7+*!5=7=%*;!

!

Numerical Simulation 

N2! 7+#-! -7=39A! 7+*! &)*%-*7! -7%=$7=%*3! 4*-+*-! (%*! =-*3;!

Q#55*%*27! 5%&4! 7+*! 4*-+*-! 5&%! "[_! 4&3*,A! 5#)*! #-&,(7*3!

8,&$?-! #2! >+#$+! 5&=%! 8,&$?-! $&25&%4! 5&=%! 8,(3*-! (23! (!

$9,#23%#$(,! 8,&$?! 5&%! 8($?6%&=23! 4*-+! (%*! 6*2*%(7*3;!

@*)*%(,! %&7&%! :#7$+#26! $(-*-! (%*! -7=3#*3! 89! ]#=! BCED! -=$+!

#,,=-7%(7*3!#2!_#6=%*!T;!

!

Test Bench for NACR Concept 

<+*! $+(,,*26*! &5! *Y:*%#4*27! &5! 2(2&! %&7&%! #-! 7&! 4*(-=%*!

:%*$#-*,9! -4(,,! 7+%=-7A! 7&%K=*! (23! &7+*%! :(%(4*7*%-;!/-! 7+*!

*Y:*$7*3!4(Y#4=4!7+%=-7!&5!*($+!%&7&%!#-!&%3*%!&5!CJ!6%(4-A!

-*2-&%! -+&=,3!+()*!($$=%($9!8*77*%! 7+(2!J;O!6%(4-! 5&%$*! 7&!

($+#*)*! (2! *%%&%! &5! ,*--! 7+(2! Ok;! "(29! -#26,*'%&7&%! 7*-7!

8*2$+*-!+(3!8**2!3*)*,&:*3!(23!7*-7*3!(7!N@/U!-#2$*!EJJT!

BCTD;! <+*! -7=39! #-! -(7#-5#*3! 8=7! (,,! &5! 7+*4! (%*! &2,9! 7>&!

$&4:&2*27-! .7+%=-7! (23! 7&%K=*1;! N@/U!3*)*,&:*3!2*>!+#6+!

:%*$#-#&2! O'$&4:&2*27! 2(2&! -7#26! 8(,(2$*! #2! EJJZ;! <+%=-7!

(23!7&%K=*!&5!$&(Y#(,!2(2&!%&7&%!>*%*!&8-*%)*3!89!7+#-!+#6+!

:%*$#-#&2! 2(2&! -7#26! 8(,(2$*! 8=7! 7+*9! (%*! X=-7! 4*(-=%*3!

7&6*7+*%! BCED;! b&>! NACR! #-! 4&%*! (23! 4&%*! $+(,,*26#26!

-#2$*!7+*!&8X*$7#)*!#-!7&!4*(-=%*!)*%9!:*7#7*!#25,=*2$*!&5!7#,7'

(26,*! &5! 7+*! %&7&%! #2! :(%7#$=,(%! &2! 7+*! ,&>*%! %&7&%;! [&7&%!

4=-7!8*!-*:(%(7*,9!#3*27#5#*3;!

!

!
!

!
!
!

!
!

_#6=%*!TV!b=4*%#$(,!@#4=,(7#&2!&5!c&(Y#(,!b(2&![&7&%!3&2*!89!]#=;!

!

!
_#6=%*!TV!UY:*%#4*27(,!@*7!=:!&5!<#,7'[&7&%!#2!NACR!:%&X*$7;!

!

<&! -=$$*--5=,,9! #2)*-7#6(7*! 7+*! %&7&%-A! (,,! 5&%$*-! (23!

4&4*27-! -+&=,3! 8*! &8-*%)*3;! <+*%*5&%*A! 7+*9! +()*! 7&! 8*!

#3*27#5#*3! 89! 7+*! O'$&4:&2*27! 8(,(2$*;! f*7A! &2,9! &2*! O'

$&4:&2*27! 8(,(2$*! #-! ()(#,(8,*;! b*>! -&,=7#&2! -+&=,3! 8*!

5&=23;!_&,,&>#26! 7+*! 5($7! 7+(7!8,&>#26! #23=$*3!5,&>!&5! 7+*!

=::*%! %&7&%! #-! -7%&26,9! 5(-7*%! 7+(2! -=$7#&2! #23=$*3! 5,&>! &5!

7+*!,&>*%!%&7&%A!7+*!:%*-=4:7#&2!#-!(::,#*3;!<+*!=::*%!%&7&%!
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!

!

!

!

6#)*-!&2,9! 7+%=-7! (,#62*3! 7&! 7+*!4&7&%!(Y#-!>+#,*! 7+*! ,&>*%!

%&7&%!4(9! :%&3=$*! &7+*%! ,(7*%(,! 5&%$*-! d! 4&4*27-;! <+=-A! (!

2*>!*Y:*%#4*27(,!7*-7!-*7!=:!#-!#2-7(,,*3;!<+*!=::*%!%&7&%!#-!

4&=27*3!89!7+*!2(2&!8*2$+!(23!7+*!,&>*%!%&7&%!#-!$(%*5=,,9!

-=::&%7*3!89!O'$&4:&2*27!2(2&!-7#26!8(,(2$*!(-!#,,=-7%(7*3!

#2! _#6=%*! T;! H&7+! 8(,(2$*-! (%*! #2-7(,,*3! 7&6*7+*%;! <+*!

4*$+(2#$(,! -*7! =:! (,,&>-! 5&%! (3X=-7(8,*! 3#-7(2$*! (23! 7#,7'

(26,*;!@&!2&%4(,! 5&%$*-A!-#3*!5&%$*A!:#7$+!(23!9(>!4&4*27!

&5!,&>*%!%&7&%!$(2!8*!4*(-=%*3!8*-#3*!7+%=-7d7&%K=*!&5!8&7+!

%&7&%-;! /,,! *,*$7%#$! :(%(4*7*%-! (23! %&7&%! -:**3-! >#,,! 8*!

4*(-=%*3!(-!>*,,;!!

5 STRUCTURE

"(#2! 5=2$7#&2! &5! -7%=$7=%*! 5&%! NACR! #-! +&,3#26! (23!

$&22*$7#26!4&7&%-! (23! (,,! &7+*%! $&4:&2*27-;!b*)*%7+*,*--A!

-#2$*!7+*!$&4:&2*27-!-*,*$7*3!5&%!NACR!4=-7!8*!)*%9!,#6+7A!

7+*9! (%*! =-=(,,9! 5%(6#,*;! <+*2A! #7! #-! 6%*(7! 7&! >*,,! :%&7*$7!

7+*4;!<+*%*5&%*A! 7+*!-7%=$7=%*!&5!NACR! #-!3*-#62*3!7&!+&,3!

(23!$&)*%!(,,!&7+*%!$&4:&2*27-;!<+*!,#6+7!(23!-7#55!4(7*%#(,!

4=-7!8*!$(%*5=,,9!-*,*$7*3;!I2!-+*,5!$(%8&2!%&3!#-!&57*2!=-*3!

5&%! 7+*! -7%=$7=%*! &5!"/0-! -=$+! (-! -**2! 89!Vision’Air! (23!

Link MAV! #2!_#6=%*!Z;!<+#-!4(7*%#(,!+(-!(,%*(39!:%&)*3!#7-!

-7#552*--;!!
!

! !
!

_#6=%*!ZV!"/0;!
]*57V!C-7!)*%-#&2!&5!Vision’Air!&5!N@/U!.EJJR1!

[#6+7V!Link MAV!&5!]#2?&:#26!j2#)*%-#79!.N"/0JRA!<&=,&=-*1!

!

! !
!

_#6=%*!CJV!_#%-7!/77*4:7!&5!@7%=$7=%*!Q*-#62;!

!

L&>*)*%A! #7! #-! 2&7! *(-9! 7&! 5#23! 7+*! %#6+7! (23! &:7#4#M*3!

3#4*2-#&2!&5!$(%8&2!%&3!8*$(=-*!7+*!3#(4*7*%!&5!)*+#$,*!#-!

)*%9! -4(,,! .(%&=23! T! $41;! I55'7+*'-+*,)*-! J;O44! $(%8&2!

%&3-!$(22&7!8*!-+(:*3!7&!(!$#%$,*!5&%4A!>+#,*!7+(7!&5!J;F44!

#-!7&&!-4(,,!(23!-&57;!N2!(33#7#&2A!#7!#-!2&7!*(-9!7&!4(?*!7+*!

$&22*$7#&2!8*7>**2!*($+!:(%7!89!&2'-+*,5!$(%8&2!%&3;!!!

Q=*! 7&! 7+*! -7%=$7=%*! &5! NACR! >+#$+! +(-! 4(29!

$&22*$7#&2-A! 5(8%#$(7#&2! 89! %(:#3! :%&7&79:*! 4($+#2*! +(-!

8**2! $(%%#*3! &=7;! <+*! -7%=$7=%*! >(-! 3*-#62*3! 89! c/<N/!

._#6=%*!CJ',*571A!(23!-*27!7&!(!cbc!4($+#2*;!<+*!&=7$&4*!#-!

:%*-*27*3!#2!_#6=%*!CJ'%#6+7;!L&>*)*%A!7+*!-7%=$7=%*!#-!)*%9!

5%(6#,*!-#2$*!7+*!4($+#2*!5&,,&>-!c(%7*-#(2!:(7+!,#2*-;!!
!

! !
!

_#6=%*!CCV!j2#'Q#%*$7#&2!c(%8&2!N2'L&=-*!b/0!@7%=$7=%*!@&,=7#&2;!

!

_#2(,,9A! $(%8&2! 4(7*%#(,! +(-! 8**2! %*'$&2-#3*%*3;! j2#'

3#%*$7#&2! $(%8&2! (23! *:&Y9! #-! =-*3! 5&%! (!>*7! ,(9=:;! N2! 7+*!

5#%-7! (77*4:7A! 7+*! >*7'$(%8&2! #-! 5&%4*3! 89! (! -#4:,*!

$9,#23%#$(,! 7=8*;! /-! #,,=-7%(7*3! #2! _#6=%*! CCA! (! -:#%(,!

-7%=$7=%*!#-! 7%#*3!>#7+!7+*!*Y:*$7(7#&2!&5!5,*Y#8#,#79!8*7>**2!

7>&!%&7&%-;!<+*!>*#6+7!&5!7+#-!5#%-7!(77*4:7!#-!(8&=7!E;O6;!!!

6 SMART ACTUATORS TEST

UY:*%#4*27(,! 7*-7! #-! $&23=$7*3! 7&! $+(%($7*%#M*! 7+*!

:*%5&%4(2$*! (23! *55#$#*2$9! &5! 2*>! -4(%7! ($7=(7&%-;! /-! (!

-7%(7A!-#4:,*!(23!8(-#$!7*-7-!>*%*!:*%5&%4*3!(-!-+&>2!#2!_#6;!

CE.(1;!<+*!($$=%(7*! 7#:!3#-:,($*4*27!=23*%!-*)*%(,!*Y7*%2(,!

$&2-7(27! 5&%$*-! >(-! 4*(-=%*3! 89! (! +#6+! %*-&,=7#&2! ,(-*%!

3*)#$*! >#7+! 7+*! ($$=%($9! &5! C$4! :*%! )&,7;! "*$+(2#$(,!

:%&:*%79! &5! 7+#-! N\"c! $(2! 8*! (2(,9M*3;! <+*! *Y:*%#4*27(,!

-*7=:! >#7+! 4#$%&! 8(,(2$*! 4*(-=%*4*27! -9-7*4! BCZD!

($$&%3#26! 7&! 7+*! %*5*%*2$*! #-! 7+*2! :%&:&-*3! 7&! 8*! =-*3! 5&%!

5&%$*! 7*-7#26! &5! N\"c! -(4:,*-;! \%&:*%! -:*$#5#$(7#&2-! 5&%!

N"\c!3*-#62!($$&%3#26!7&!b/0!%*K=#%*4*27-!(%*!*Y7%($7*3;!

<+*! N\"c! 7*-7*3! #2! 7+#-! -7=39! +(-! (! -#M*!&5! GJYCJYJ;F44!

(23!(!4(--!&5!J;G6;!

/-! 7+*! (::,#$(7#&2! &5! N\"c! >+*2! #2-7(,,*3! 7&! 7+*!

:%&7&79:*! #-!2&7!-#4:,*! #2! 7+*!5#%-7! 7*-7A! 7+*! 5&,,&>#26!>&%?!

>#,,! 8*! 7&! 7*-7! N\"c-! =23*%! 7+*! 6*2*%#$! *2)#%&24*27! 7*-7!

8*2$+;! <+*! (--=4:7#&2! #-! 4(3*! 7+(7! >+*2! 7+*! 7#,7'(26,*! #-!

#2$%*(-*3A! 5,#6+7! -:**3! (23! 2&%4(,! 5&%$*! &2! %&7&%! #2$%*(-*;!

<+*%*5&%*A! 7+*! $&2-7(27! *Y7*%2(,! ,&(3! 4*(-=%*4*27! #2! 7+*!

:%*)#&=-!-*7!=:!#-!2&7!*Y($7,9!7%=*;!b*>!-*7!=:!#-!%*:%*-*27*3!

#2!_#6=%*!CE.81;!`2&>2':%&:*%79!4#2#(7=%*!8*(4!#-!=7#,#M*3!

7&! -#4=,(7*! 7+*! *Y7*%2(,! 5&%$*! >+#$+! #-! (! 5=2$7#&2! &5! 7#,7'

(26,*!(23!,*267+!&5!8*(4;!!!

<+*!2=4*%#$(,!4&3*,-!&5!3#55*%*27!-7%=$7=%*-!(%*!8*#26!-*7!

=:! #2!)#*>! 7&! *-7(8,#-+!:%&:*%! $&27%&,! ,&&:-! 7&! ($+#*)*! 7+*!

&8X*$7#)*!&5!:%*$#-#&2!$&27%&,!&5! N\"c!($7=(7&%A!>+#$+! #-! (!

$%#7#$(,!:%&$*--!5&%!b/0-!5,#6+7!-7(8#,#79;!

!
.(1!

_#6=%*!CEV!N\"c!c+(%($7*%#M(7#&2!<*-7!H*2$+;!
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!
_#6=%*!CEV!N\"c!c+(%($7*%#M(7#&2!<*-7!H*2$+!.$&27;1!

7 ELECTRONIC COMPONENTS

<+#-!#-!(2&7+*%!)*%9!#4:&%7(27!7&:#$!&5!NACR;!b&%4(,,9A!

*,*$7%&2#$! &5! 5,9#26! %&7(%9'>#26! [c! $&2-#-7-! &5! (! %*$*#)*%A!

-:**3! $&27%&,,*%A! 69%&-$&:*A! -*%)&-! &%! ($7=(7&%-! (23! 7+*!

,#6+7*-7! 4(--! &5! *($+! $&4:&2*27! 7+(7! $(2! 8*! 5&=23!

$&44*%$#(,,9! (%*! J;FA! J;EA! E;FA! J;G6A! %*-:*$7#)*,9;! NACR!

%*K=#%*-!(!:(#%!&5! %&7&%-!(23!(!4#2#4=4!&5!&2*!($7=(7&%!-&!

7+*! 7&7(,! 4(--! &5! *,*$7%&2#$! $&4:&2*27-! #-! *K=(,! 7&! O;R6;!

"&%*&)*%A! 7&! ($+#*)*! (=7&2&4&=-A! $&27%&,,*%! (23! &7+*%!

-*2-&%!(%*!%*K=#%*3!&2!8&(%3;!<+*%*5&%*!#7!#-!2&7!:&--#8,*!7&!

=-*!&2'-+*,5!$&4:&2*27-!(-!*,*$7%&2#$-!:(%7!&5!NACR;!@4(,,!

(23! 4#2#(7=%*! (#%! )*+#$,*! 2**3-! -:*$#(,! $&4:&2*27!

4=,7#3#-$#:,#2(%9! &:7#4#M*3! 3*-#62! -=$+! (-! -+(:*! (23!

-7%=$7=%*! 7&! 8*! (-! ,#6+7! (-! :&--#8,*;! /,,! *,*$7%&2#$!

$&4:&2*27-A! -=$+! (-! -:**3! $&27%&,A! -*2-&%-A! ($7=(7&%A! (23!

*7$;A! 4(9! 8*! #27*6%(7*3! &2! 8&(%3;! \cH! 8&(%3! &5! *,*$7%&2#$!

$(2!8*!(!:(%7!&5! -7%=$7=%*!(-!>*,,;!<+*!3*-#62!&5!*,*$7%&2#$!

$&4:&2*27-! #-! 8*#26! $&&:*%(7*3! >#7+! &7+*%! 3*:(%74*27! &5!

N@/U;!<+*!&8X*$7#)*! #-! 7&! %*($+!O6%(4-!&5!*,*$7%&2#$!8&(%3!

#2$,=3#26!-*2-&%-;!!

8 CONCLUSION

/!2*>!$&2$*:7!&5!$&(Y#(,!%&7&%!b(2&!/#%!0*+#$,*!.b/01!

+(-! 8**2! :%*-*27*3! #2! 7+#-! :(:*%;! <+*! =::*%! %&7&%! $(2! 8*!

7#,7*3! #2! &%3*%! 7&! :%&)#3*! %&,,! (23! :#7$+! $&27%&,! >+#,*!

3#55*%*27#(,!7+%&77,*!:%&)#3*-!$&27%&,!#2!9(>;!/4&26!-*)*%(,!

*,*$7%&'($7#)*!($7=(7&%-A!N\"c!+(-!8**2!-*,*$7*3!8*$(=-*!&5!

7+*! ,&>! 3%#)#26! )&,7(6*! (23! 7+*! %*(-&2(8,*! (4:,#7=3*!

:%&)#3*3;! H*5&%*! 3*-#62#26! (! 5,9#26! :%&7&79:*A! N\"c!

($7=(7&%-! 2**3! 7&! 8*! 7*-7*3! (23! $&4:(%*3! >#7+! *Y#-7#26!

($7=(7&%-;! <+*! :%&:*,,*%! #27*%($7#&2!>#,,! 8*! -7=3#*3! =-#26! (!

2*>! 7*-7! 8*2$+! 3*)&7*3! 7&! *Y7%*4*,9! ,&>! 7+%=-7! 5&%$*! (-!

:%&3=$*3!89!(!$&(Y#(,!2(2&!%&7&%;! N2! 7+*!2*(%! 5=7=%*A!(! 7#,7'

%&7&%!$&2$*:7!>#,,!8*!*)(,=(7*3!89! -$(,#26!=:! 7+*!:,(75&%4;!

<+*! :%&7&79:*! 89! (! 5($7&%! &5! EA! $(,,*3! "N$%&! c&(Y#(,!

cI=27*%'%&7(7#26! [&7&%-! .MICCOR1A! >#,,! 8*! 4(3*! (7!

`(-*7-(%7! j2#)*%-#79;! /! %(3#&'$&27%&,,*3! :%&7&79:*! >#,,! 8*!

*K=#::*3!>#7+!7+%**!69%&-$&:*-;!!
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ABSTRACT

Concept of disс-wing MAV with propeller in a wing slot has a 

number of advantages and disadvantages. The concept is used 

by MIPTEAM for solving the problem of fixed wing MAV 

indoor flight by means of lift maximization for wing with low 

aspect ratio. There are only few investigations of disс-wing 

MAV aerodynamics with propeller in a wing slot. Present work 

describes numerical investigation technique and aerodynamic 

characteristics obtained. The main results are: good stall 

characteristics of this concept, low lift/drag ratio (further 

improvement is possible) and sophisticated flow pattern. It was 

obtained that the main part of the lift is created by wing surface 

in front of the actuator disk. Also, leading edge separation area 

produces small impact at the lift even at high angles of attack. 

It was found that increasing of the propeller thrust decreases 

maximum lift/drag ratio. Flow features in numerical results 

correspond to the known experimental results and flight tests. 

1 INTRODUCTION

1.1 Background 

/! 3#-?! >#26! :%&)#3*-! 4(Y#4=4! -=%5($*! (23A!

$&2-*K=*27,9A! 7(?*&55! >*#6+7! .(7! *K=(,! &7+*%! $&23#7#&2-1! (7!

7+*!5#Y*3!,(7*%(,!3#4*2-#&2;!@&A!#7!#-!&5!7+*!6%*(7!#27*%*-7!5&%!

7+*!=-(6*!#2!"/0;!<+*!*Y:*%#4*27(,!(#%$%(57!>#7+!5#Y*3!3#-?!

>#26!>(-!:%*-*27*3!89!"N\<U/"!(7! 7+*!N23&&%!Q92(4#$-!

c&4:*7#7#&2! 3=%#26! 7+*! N"/0'EJCJ! BCD! ._#6=%*! C1;! N7-!

4(2*=)*%(8#,#79! #-! :%&)#3*3! 89! 7+%**! 5($7&%-V! =-(6*! &5! 7+*!

,&>! (-:*$7! %(7#&! >#26A! ,&>! >#26! ,&(3! (23! :%&:*,,*%'>#26!

#27*%($7#&2!7+(7!2**3-!5=%7+*%!#2)*-7#6(7#&2!BED;!!

!

!
_#6=%*!CV!Q#-?'>#26!(#%$%(57!:%*-*27*3!89!"N\<U/"!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
 ! U4(#,!(33%*--V!2;3;(6**)W64(#,;$&4!

!

U26#2**%#26! 4*7+&3-! (,&26! >#7+! 5,#6+7! *Y:*%#4*27! (%*!

=-=(,,9!=-*3!5&%!$(,$=,(7#&2!(23!#4:%&)*4*27!&5!7+*!(#%$%(57!

:*%5&%4(2$*;!!

_=%7+*%! (*%&392(4#$! #4:%&)*4*27! &5! 7+*! (::(%(7=-!

%*K=#%*-!4&%*!#25&%4(7#&2!(8&=7!7+*!5,&>!:(77*%2!(%&=23!7+*!

(#%$%(57;! _,&>! :(77*%2! $(2! 8*! &87(#2*3! 5%&4! *Y:*%#4*27(,!

3(7(! .5&%! *Y(4:,*A! 89! 4*(2-! &5! \N01! &%! 5%&4! 2=4*%#$(,!

4&3*,#26! BFDA! BGD;! \%($7#$(,,9! 7+*%*! (%*! 2&! *Y:*%#4*27(,! &%!

2=4*%#$(,!#2)*-7#6(7#&2-!&5!7+*!3#-?'>#26!(#%$%(57!>#7+!7+*!(#%!

-$%*>!-#7=(7*3!(7! 7+*! -,&7! #2! 7+*!>#26;!<+*%*5&%*A!2=4*%#$(,!

#2)*-7#6(7#&2!7*$+2#K=*!#-!&5!6%*(7!:%($7#$(,!#4:&%7(2$*;!!

1.2 Notations 

<+*! 5&,,&>#26! -9-7*4! &5! (*%&392(4#$-! $&*55#$#*27-! (23!

(::%&Y#4(7#&2-!#-!($$*:7*3!#2!7+#-!(%7#$,*V!

!

L!m!]#57!5&%$*!

D!m!Q%(6!5&%$*!

F!m!\%&:*,,*%!7+%=-7!

M!m!"(--!&5!7+*!(#%$%(57!

V!m!_,#6+7!-:**3!

P!m!@7(7#$!:%*--=%*!

ρ!m!/#%!3*2-#79!

q – N2#7#(,!392(4#$!:%*--=%*!.q!e!0.5ρV2
e!CG;TCEO!\(1!

α!m!/26,*!&5!(77($?!./&/1!
S!m!c+(%($7*%#-7#$!(%*(!.S!e!0.25πdiameter2 = J;JCE!4E1!

CL!m!]#57!c&*55#$#*27S!L=CLqS 

CD!m!Q%(6!c&*55#$#*27S!D=CDqS 

CDJ!m!Q%(6!$&*55#$#*27!(7!M*%&!,#57!

CP!m!\%*--=%*!$&*55#$#*27S!CP= (P-P
∞
)/q 

CL (CD)!#-!(::%&Y#4(7*3!89!CD = CD0+A1CL+A2CL
2

!

2 PROBLEM FORMULATION

2.1 General formulation 

<+*!:%&8,*4!#-!7&!$(,$=,(7*!(*%&392(4#$-!$&*55#$#*27-!(23!

5,&>!:(77*%2!(%&=23! 7+*!(#%$%(57A! %*:%*-*27*3!89!"N\<U/"!

BCDA! (7! 7+*! )*,&$#79! *K=(,! 7&! (2! ()*%(6*! 5,#6+7! -:**3! &5! 7+*!

(::(%(7=-! (7! 7+*! N"/0'EJCJ;! <+*! $+(%($7*%#-7#$! 7#4*! &5!

*)*%9! N"/0! ,(:! #-! T! -*$&23-;! ]*267+! &5! 7+*! ,(:! #-! (8&=7!

GJ!4A! ()*%(6*! 5,#6+7! -:**3! V! e! O! 4d-;! [*92&,3-! 2=48*%!

$(,$=,(7*3! (7! 7+*! $+&%3! &5! 7+*! >#26! .*K=(,! 7&! J;F! 41! #-!

CJF!FJJ;!/2!*-7#4(7*!&5!7+*!(#%!-$%*>!7+%=-7!#-!(,-&!%*K=#%*3;!

_&%!7+*!(::(%(7=-!>#7+!4(--!M!e!RJ!6!>#7+!(!CL/CD %(7#&!F;O!

7+*!%*K=#%*3!7+%=-7!#-!J;E!b;!<+*!5,#6+7!7+%&77,*!#-!?2&>2!7&!8*!

(8&=7! GJk! &5! 4(Y#4=4! 7+%=-7! .Fmax! e! J;O! b1;! <+*-*! 7>&!

*-7#4(7*-! (6%**! >*,,! (23! 6#)*! (! 7+%=-7! F! e! J;E!b;! /57*%!

:%*,#4#2(%9!$(,$=,(7#&2-!#7!>(-!5&=23!7+(7!7+*!%*K=#%*3!7+%=-7!

#2! $%=#-*!4&3*!>(-! +#6+*%! 7+(2! *-7#4(7*3A! -*$&23! -7(6*! &5!

$(,$=,(7#&2-!>(-!$(%%#*3!&=7!>#7+!7+%=-7!F!e!J;FEG!b;!

b=4*%#$(,!#2)*-7#6(7#&2!&5!3#-$'>#26!"/0!>#7+!

:%&:*,,*%!#2!(!>#26!-,&7!
b;!Q;!/6**)A!!!

Q*:(%74*27!&5!/*%&4*$+(2#$-!(23!_,#6+7!U26#2**%#26!&5!!

"&-$&>!N2-7#7=7*!&5!\+9-#$-!(23!<*$+2&,&69A!g(6(%#2!CPA!v+=?&)-?9!

Proceedings of the International Micro Air Vehicle conference and flight competition 2011 summer edition

27



ht
tp

://
w

w
w

.im
av

s.
or

g/
IMAV2011-5 INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION IMAV 2011

SEPTEMBER 12-15, 2011, ’T HARDE, THE NETHERLANDS 31

!

!

!

!

2.2 Geometric model and mesh 

<+*! 6*&4*7%9! &5! 7+*! (::(%(7=-! >(-! -#4:,#5#*3! .5#2(,!

6*&4*7%9! #-!-+&>2!#2!_#6=%*!E1;!c&27%&,!-=%5($*-!(%*! 5#Y*3;!

<+*!:%&:*,,*%! #-!-#4=,(7*3!89!(2!($7=(7&%!3#-?!($$&%3#26! 7&!

BGD;!<+=-A!->#%,#26!&5!7+*!:%&:*,,*%!-7%*(4!>(-2h7!$&2-#3*%*3!

#2!7+*!>&%?;!

!
_#6=%*!EV!g*&4*7%#$!4&3*,!

!

<+*! 7+#$?2*--! &5! 7+*! ($7=(7&%! 3#-?! #-! *K=(,! 7&! 7+*!

4(Y#4=4!!7+#$?2*--!&5!7+*!:%&:*,,*%;!c&4:=7(7#&2(,!3&4(#2!

(%&=23! 7+*! =2#7! +(-! 3#4*2-#&2-! EJYEJYEJ! 3#(4*7*%-! &5! 7+*!

>#26;! <+*! 4&3*,! =2#7! #-! ,&$(7*3! #2! 7+*! $*27*%! &5! 7+*!

$&4:=7(7#&2(,! 3&4(#2;! <+*! -*,*$7*3! -#M*! &5! 7+*!

$&4:=7(7#&2(,! 3&4(#2! :%&)#3*-! $&%%*$7! -#4=,(7#&2! &5! 7+*!

)&%7*Y!-9-7*4!&5!7+*!>#26!(7!(2!($$*:7(8,*!$&4:=7#26!$&-7;!!

c&4:=7(7#&2(,! 3&4(#2! $&27(#2-! =2-7%=$7=%*3! 7*7%(+*3%(,!

4*-+!>#7+!:%#-4(7#$!,(9*%-!._#6=%*!F1;!<+#-!79:*!&5!7+*!4*-+!

:%&)#3*-! -(7#-5($7&%9! K=(,#79! &5! 7+*! 5,&>! -*:(%(7#&2!

-#4=,(7#&2;! <+*! -#M*! &5! 7+*! $*,,-! &2! 7+*! 4&3*,! -=%5($*!

3&*-2h7!*Y$**3!E!44;!g*2*%(,!4(Y#4=4!$*,,!-#M*!#-!*K=(,!7&!

CET!44;!<+*!$*,,!-#M*!6%&>7+!%(7#&!#-!C;JTA!>+#$+!:%&)#3*-!

-=55#$#*27,9!3*7(#,*3!-#4=,(7#&2;!<+*!7&7(,!6%#3!+(-!P!PRR!GGT!

*,*4*27-;!0&,=4*!4*-+! #-! 6*2*%(7*3! 5%&4!-=%5($*!4*-+!89!

#4:%&)*3!Q*,(=2(9!(,6&%#7+4;!<+*%*!(%*!ZC!EEJ!*,*4*27-!&2!

7+*!-=%5($*!&5!7+*!(#%$%(57!.>#7+&=7!3#-?1!(23!CG!GRF!*,*4*27-!

(7!7+*!-=%5($*-!&5!7+*!($7=(7&%!.>+#$+!#-!4=$+!4&%*!7+*2!=-*3!

#2!BGD1;!!\%#-4!,(9*%-!(%*!$%*(7*3!&2!7+*!-=%5($*!&5!7+*!4&3*,;!

<&7(,! 7+#$?2*--! &5! 7+*! :%#-4! ,(9*%! #-! E;OT! 44A! >+#$+!

:%&)#3*-! $(%*5=,! -#4=,(7#&2! &5! 7+*! 8&=23(%9! ,(9*%! (7! 6#)*2!

[*92&,3-! 2=48*%! .CJF!FJJ1;! \%#-4! ,(9*%! :%&)#3*-!

Y+max=F;OP;!!

!

!
_#6=%*!FV!"*-+!(%&=23!7+*!4&3*,!

!

<*-7! $(,$=,(7#&2-! -+&>*3! 6&&3! (6%**4*27! 8*7>**2! 7+*!

%*-=,7-!5%&4!7+#-!4*-+!(23!4*-+!>#7+!CG!4#,,#&2-!*,*4*27-;!!!!!!!

2.3 Boundary conditions 

H&=23(%9! $&23#7#&2-! &2! 7+*! >(,,-! &5! 7+*! $&4:=7(7#&2(,!

3&4(#2! (%*! -7(23(%3V! 5%&27! (23! 8&77&4! >(,,-! &5! 7+*!

$&4:=7(7#&2(,! 3&4(#2! '! #2,*7A! %*(%! (23! 7&:! m! &=7,*7A! -#3*! m!

5%**! -,#:!>(,,;!<+*!(#%! -$%*>! #-!4&3*,*3!89!(2!&=7,*7!(7! 7+*!

5%&27! -=%5($*!&5! 7+*!($7=(7&%A! #2,*7! (7! 7+*! %*(%!-=%5($*;!"(--!

5,&>! %(7*! #-! -*7! 7+%&=6+! 7+*! ($7=(7&%! $&%%*-:&23#26! 7&! 7+*!

-:**3!(7!7+*!:%&:*,,*%A!$(,$=,(7*3!89!7+*!7+*&%9!&5!7+*!($7#)*!

3#-?!BOD;!<+*!-#3*!>(,,!&5! 7+*!($7=(7&%!#-!(!5%**!-,#:!&2*;!/-!

-+&>2!89!7*-7!$(,$=,(7#&2-A!7+#-!4*7+&3!(,,&>-!7+*!-#4=,(7#&2!

&5!7+*!:%&:*,,*%!7&!8*!($$=%(7*!*2&=6+!7&!-#4=,(7*!7+%=-7!>#7+!

:%*-*%)#26! 7+*! $&27#2=#79! &5! 7+*! )*,&$#79! 7+%&=6+! 7+*!

($7=(7&%;!@7%*(4!->#%,#26!#-!2*6,*$7*3!#2!7+#-!(::%&Y#4(7#&2;!

!
_#6=%*!GV!Cp!3#-7%#8=7#&2!(23!-=%5($*!-+*(%!-7%*--!-7%*(4,#2*-!(7!M*%&!(26,*!

&5!(77($?!!

!

3 SOLUTION, VERIFICATION AND VALIDATION

3.1 Solution 

[/b@! -9-7*4! &5! 6&)*%2#26! *K=(7#&2-! >#7+! 7+*! @@<!

7=%8=,*2$*!4&3*,!>(-!-&,)*3!89!7+*!-&,)*%!/b@f@!c_ix;!

@&,)#26! #-! $(%%#*3! &=7! >#7+! (2! #2$&4:%*--#8,*! )#-$&=-!

5,=#3!4&3*,!>#7+!:(%(4*7*%-!$&%%*-:&23#26!7&!(#%!(7!EOc;!!

<&:!

H&77&4!
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!

!

!

!

<+*! :%&8,*4! #-! -&,)*3! #2! (! -7(7#&2(%9! %*6#4*! >#7+! 7+*!

(::%&Y#4(7#&2!-$+*4*!&5! 7+*!-*$&23'&%3*%;!I2*!$(,$=,(7#&2!

7(?*-!ROJ!#7*%(7#&2-!#2!()*%(6*;!@7&:!$&23#7#&2!#-!5#Y(7#&2!&5!

7+*! 7+#%3! -#62#5#$(27! 3#6#7! #2!4(62#7=3*! &5! 7+*! (*%&392(4#$!

5&%$*-!($7#26!(7!7+*!4&3*,;!!

! \%*:(%(7#&2! 5&%! $(,$=,(7#&2-! 7&&?! 2*(%! 7>&! >**?-A! &2*!

:&#27! *Y7%($7#&2! 7&&?! R! +&=%-! &5! $(,$=,(7#&2! 7#4*! (7! #R'ZPJ!

.F;J!gLMA!G!:+9-#$(,!$&%*-1!:%&$*--&%;!

3.2 Verification  

_&%! )*%#5#$(7#&2! -+*(%! -7%*--! ,#2*-! (%*! 8=#,7! &2! 7+*!4&3*,!

-=%5($*!(7!M*%&!(26,*!&5!(77($?!._#6=%*!G1;!!

g*2*%(,! 5,&>!:(77*%2!.(7!(,,! #2)*-7#6(7*3!/&/1!#-! #2!6&&3!

($$&%3(2$*! >#7+! *Y:*%#4*27(,! 3(7(! BPD;! _,&>! -*:(%(7#&2!

%*6#&2-!2*(%!-+(%:!*36*-!(%*!-#4=,(7*3;!!\*%5&%4(2$*!&5!7+*!

($7=(7&%! -7%*(4! $&%%*-:&23-! 7&! 7+*! ($7#)*! 3#-?! 7+*&%9! BOD!

K=(,#7(7#)*,9V!7+*!X*7!2(%%&>-!8&7+!#2!5%&27!(23!8*-#3*-!&5!7+*!

($7=(7&%;!0&%7*Y! -9-7*4! &5! 7+*!>#26! #-! :%*-*27! (7! (29! 2&2'

M*%&! (26,*! &5! (77($?! (23! $(2! 8*! )#-=(,#M*3! 89! :%*--=%*!

#-&-=%5($*! >#7+! ,&>! -7(7#$! :%*--=%*! ._#6=%*! O1;! Q#-7(2$*! &5!

7+*! )&%7*Y! -9-7*4! 7%($*!4&3*,#26! #-! ,(%6*! *2&=6+! .(8&=7! E!

41;!

!
_#6=%*!OV!N-&-=%5($*!&5!,&>!:%*--=%*!(%&=23!7+*!4&3*,!(7!GJ!3*6%**-!(26,*!

&5!(77($?!

!

!H&=23(%9!,(9*%!#-!-#4=,(7*3!(7!(,,!7+*!-=%5($*!&5!7+*!>#26;!

]&>! )*,&$#79! (%*(-! 8*-#3*-! 7+*! 4&3*,! (%*! &8-*%)*3;! <+=-A!

7+*! 3(7(! (6%**! >*,,! >#7+! 7+*! 7+*&%9! :%*3#$7#&2-! (23!

*Y:*%#4*27!BPDA!(23!$(2!8*!-=8X*$7*3!7&!5=%7+*%!(2(,9-#-;!

3.3 Validation  

[*-=,7-! &5! 7+*! $&4:=7(7#&2-! -+&>! 7+*! 6&&3! ($$&%3(2$*!

8*7>**2!()*%(6*!:%*--=%*!3%&:! .7+(7! #-!(8&=7!EO!\(1!&2! 7+*!

($7=(7&%! (23! 7+*! :%&:*,,*%! 7+%=-7!F=J;FEGb;!"(62#7=3*! &5!

7+*!$(,$=,(7*3!,#57!&5! 7+*!)*+#$,*!,*7! #7!5,9!-7(8,*!(7!7+*!(26,*!

&5! (77($?! &5! CO! 3*6%**-! (23! *)*2! :*%5&%4! (*%&8(7#$-A! (-! #7!

>(-! -**2! (7! 7+*! N"/0'EJCJ;!A2=0.4225 $(,$=,(7*3! 5&%! 7+*!

(26,*-! &5! (77($?! J'EJ!3*6%**-! #-! (,-&! #2! (! 6&&3! ($$&%3(2$*!

>#7+!7+*!*Y:*%#4*27(,!3(7(!&87(#2*3!#2!BRD!.A2=0.45 5&%!7+#-!

>#261;!

4 RESULTS

!

CL (CD) 5=2$7#&2 #-!-+&>2!#2!_#6=%*!P;!CD0eJ;E!#-!6%*(7*%!

7+(2! *-7#4(7*3! 5&%! 7+#-! 79:*!&5!"/0! .CD0=J;JF;;;J;C1;!<+*!

4(#2! :(%7! &5! 7+*!CD0! #-! :%*--=%*! 3%(6! .(8&=7! TOk1;! ! ](%6*!

:%*--=%*!3%(6!$(2!8*!*Y:,(#2*3!89!#25,=*2$*!&5!7+*!5=-*,(6*A!

-*%)&-A! 8,=27! *36*-!>#7+! -+(%:! $&%2*%-! (23! -,&7! (%&=23! 7+*!

:%&:*,,*%;!

CL(CD)

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

CD

C
L

!
_#6=%*!PV!CL !(-!5=2$7#&2!&5 CD 

/-!&2*!$(2!-**A! 7+*!6%*(7*-7!)(,=*-!&5!7+*!:%*--=%*!(%*!(7!

,*(3#26! *36*-! &5! 7+*! >#26! (23! 5=-*,(6*! (23! (7! 7+*! ,*(3#26!

-,&7!*36*;!!

!
_#6=%*!RV!Cp!3#-7%#8=7#&2!(23!-=%5($*!-+*(%!-7%*--!-7%*(4,#2*-!(7!(26,*!&5!

(77($?!&5!CO!3*6%**-!

!

<&:!

H&77&4!
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!

!

\%*--=%*!3#-7%#8=7#&2!(,&26!>#7+!-+*(%!-7%*--!-7%*(4,#2*-!(7!

$%=#-*! (26,*! &5! (77($?! .CO! 3*6%**-1! #-! -+&>2! #2! _#6=%*! R;!!

<+*! -7(7#$! :%*--=%*! 3*$%*(-*! (7! 7+*! %*(%! 5=-*,(6*! (23! -*%)&!

-=%5($*-!#-!(,-&!$(=-*3!89!:%&:*,,*%!>&%?;!!

<+=-A!6%*(7!(4&=27!&5!7+*!3%(6!(7!7+*!>#26!#-!#23=$*3!89!

:%&:*,,*%;!!

<+*! (#%! -$%*>! (,-&! ,&-*-! -&4*! 7+%=-7! 3=*! 7&! ,&>'-:**3!

M&2*-!8*-#3*-!7+*!5=-*,(6*!(23!7+*!>#26;!!

CL(alpha)

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

0 5 10 15 20 25 30 35 40 45 50

Angle of Attack (deg)

C
L

!
_#6=%*!TV!CL (-!5=2$7#&2!&5!/26,*!&5!/77($?!

!

I2*!&5! 7+*!4&-7! #4:&%7(27! %*-=,7-!&87(#2*3! #-! 7+(7! 7+* CL

(CD)! 5=2$7#&2! $&*55#$#*27! A2! $(,$=,(7*3! 5&%! 7+*! (26,*-! &5!

(77($?! J'EJ! 3*6%**-! #-! J;GEEO! 7+(7! #-! #2! (! 6&&3! (6%**4*27!

>#7+!7+*!*Y:*%#4*27(,!3(7(!.J;GO1!BRD;!H=7!(7!7+*!+#6+!(26,*-!

&5! (77($?! 7+*! A2! 8*$&4*-! 6%*(7*%;! N7! #-! $(=-*3! 89! 7+*!

#27*2-#5#$(7#&2!&5! 7+*!)&%7#$*-!(23!#2$%*(-*!&5!7+*!)&%7*Y!,#57!

%&,*!7+(7!$(2!8*!:%&)*3!89!$&4:(%#-&2!&5!7+*!5,&>!:(77*%2-!(7!

3#55*%*27! (26,*-! &5! (77($?! (23!89! #2)*-7#6(7#&2!&5! 7+*!CL! (-!

5=2$7#&2! 5%&4! (26,*! &5! (77($?;! /-! #7! >(-! *Y:*$7*3A!CL .α1!
3*:*23*2$*!+(-!#2$%*(-#26!3*%#)(7#)*!(7!(26,*-!&5!(77($?!2*(%!

O'CO! 3*6%**-! ._#6=%*! T1;! b&2'M*%&! ,#57! (7! M*%&! /&/! #-!

(--&$#(7*3!>#7+!(2!(-944*7%#$!(#%!-$%*>!:&-#7#&2!%*,(7#)*!7&!

7+*! ,&26#7=3#2(,! (Y#-! &5! 7+*! (#%$%(57! .(#%! -$%*>! $*27*%! #-!

+#6+*%!7+(2!7+*!,&26#7=3#2(,!(Y#-S Cp!3#-7%#8=7#&2!(7!M*%&!/&/!

#-!-+&>2!#2!_#6=%*!G1;!

@7(,,!$&4*-!(7! 7+*!(26,*!&5!(77($?!2*(%!GO!3*6%**-!7+(7! #-!

6&&3A! 8=7! :*%+(:-! $(2! 8*! 8*77*%;! @*:(%(7#&2! M&2*-! (7! 7+#-!

/&/!(%*!7+*!,(%6*-7!&2*-;!<+=-A!5,&>!:(77*%2!(7!7+#-!(26,*!&5!

(77($?!#-!7+*!4&-7!#27*%*-7#26;!!

_,&>! -7%=$7=%*! (8&)*! 7+*!>#26! (7! 7+*! (26,*! &5! (77($?! GJ!

3*6%**-! #-! )#-=(,#M*3!89! 7+*!:%*--=%*!3#-7%#8=7#&2! (23!-+*(%!

-7%*--! -=%5($*! -7%*(4,#2*-! #2! _#6=%*! Z;! <+*! 5,&>! +(-! 7+%**!

4(#2! 5*(7=%*-V! (! -7%&26! )&%7*Y! -9-7*4! &5! 7+*! >#26! .$(2! 8*!

&8-*%)*3! #2! _#6=%*! O1A! ,&>! ,#57! (7! 7+*!>#26! -=%5($*! 8*-#3*-!

7+*!(#%-$%*>!(23!>*(?!*55*$7!&5! 7+*!,*(3#26!*36*!-*:(%(7#&2!

.(7!CP!3#-7%#8=7#&2!(23!$&2-*K=*27,9!CL1;!

@7%&26! )&%7*Y! -9-7*4! &5! 7+*! >#26! #-! $&2$*%2*3!>#7+! 7+*!

,&>! (-:*$7! %(7#&! (23! 7+*! :%&:*,,*%'>#26! #27*%($7#&2;! N7!

#2$%*(-*-!/&/!&5!-7(,,A!8=7!3*$%*(-*-!7+*!CL/CD!%(7#&;!!

@4(,,!,#57!(7!7+*!>#26!(%*(!-#7=(7*3!8*-#3*-!7+*!(#%!-$%*>!#-!

(--&$#(7*3! >#7+! 7+*! %*$7#59#26! &5! 7+*! 5,&>! 8*-#3*-! 7+*!

:%&:*,,*%! (23! +(-! 7+%**! $&2-*K=*2$*-;! /7! 5#%-7A! 7&7(,! ,#57!

3*$%*(-*-;!<+*!&7+*%!$&2-*K=*2$*!#-!7+(7!(*%&392(4#$!5&$=-!

-+#57-!$,&-*%! 7&! 7+*! ,*(3#26!*36*! 7+(7!4(?*-!7+*!(#%$%(57! ,*--!

-7(8,*;! /23! 7+*! ,(-7! $&2-*K=*2$*! #-! 7+(7! $*27*%! &5!

(*%&392(4#$!5&%$*!(::,#$(7#&2!-+#57-!7&!7+*!,*(3#26!*36*A!7+(7!

%*3=$*-! 8(,(2$*! ,&-*-;! @&A! 7+#-! :%&8,*4! %*K=#%*-! 5=%7+*%!

#2)*-7#6(7#&2;!!

!

!

]#77,*! *55*$7! &5! 7+*! ,*(3#26! *36*! :%#4(%9! -*:(%(7#&2! #-!

$&2$*%2*3! >#7+! 7+*! #25,=*2$*! &5! 7+*! )&%7*Y! -9-7*4! 7+(7!

$%*(7*-!(!%*)*%-*!5,&>!M&2*!#2!5%&27!&5!7+*!>#26!(23!:%&)&?*-!

(! -*$&23(%9! -*:(%(7#&2! 8*-#3*-! &5! 7+*! :%#4(%9! &2*;! <+=-A!

*55#$#*2$9! &5! 7+*! 3*5,*$7*3! ,*(3#26! *36*! %*K=#%*-! 5=%7+*%!

#2)*-7#6(7#&2;!

CL /CD!%(7#&!(-!5=2$7#&2!&5!CL!#-!:%*-*27*3!#2!_#6=%*!CJ;!I2*!

$(2!-**!7+(7!5,#6+7!(7!7+*!N"/0'EJCJ!>(-!$(%%#*3!&=7!(7!7+*!

%*6#4*!$,&-*!7&!7+*!4(Y#4=4!CL/CD   4&3*;!]&>!4(62#7=3*!

&5!7+*!4(Y#4=4!CL /CD!%(7#&!$(=-*3!89!7>&!%*(-&2-V!+#6+!

CD0!(23!+#6+!A2!&5!7+*!)*+#$,*;!<+*!5#%-7!%*(-&2!#-!$&2$*%2*3!

>#7+!7+*!3%(6!&5!7+*!8,=27!5=-*,(6*!(%&=23!7+*!(#%-$%*>!7+(7!

$(2!8*!%*3=$*3!89!-,#6+7!6*&4*7%9!4&3#5#$(7#&2A!7+*!-*$&23!

&2*!m!>#7+!,&>!(-:*$7!%(7#&!7+(7!$(2h7!8*!-=55#$#*27,9!$+(26*3!

89!6*&4*7%9!4&3#5#$(7#&2!.#2!7+*!$&2$*:7!&5!4(Y#4=4!,#57!(7!

7+*!5#Y*3!,(7*%(,!3#4*2-#&21;!

!!
_#6=%*!ZV!Cp 3#-7%#8=7#&2!(23!-=%5($*!-+*(%!-7%*--!-7%*(4,#2*-!(7!(26,*!&5!

(77($?!&5!GJ!3*6%**-!!

!

N5!F=J;Eb 4(Y#4=4!CL/CD %(7#&! #-! *K=(,! 7&! E;G! (23! #-!

%*($+*3! (7! ,&>*%! /&/A!CD0eJ;CE! 7+(7! $&25#%4-! *Y#-7#26! &5!

7+*! %*,(7#&2-+#:-! 8*7>**2! 7+*! CD0A! A2! (23! 7+*! :%&:*,,*%!

7+%=-7;!!

<&:!

H&77&4!
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!

!

!

!

5 CONCLUSION

g&&3! (6%**4*27! 8*7>**2! 7+*! %*-=,7-! &87(#2*3! (23!

*Y:*%#4*27(,d5,#6+7! 7*-7! 3(7(! #-! %*($+*3;! @&4*! #27*%*-7#26!

5,&>!5*(7=%*-!(%&=23!7+*!)*+#$,*!(%*!*Y7%($7*3V!)&%7#$*-A!5,&>!

-*:(%(7#&2! (%*(-! (23! -4(,,! ,#57! (%*(! 8*-#3*-! &5! 7+*! ($7=(7&%!

3#-?;!<+*!,(-7!5*(7=%*!%*K=#%*-!5=%7+*%!$&4:,*Y!.392(4#$!(23!

(*%&392(4#$1!#2)*-7#6(7#&2;!!
CL/CD ratio (CL)

0

0,5

1

1,5

2

2,5

3

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8

CL

C
L
/C

D

!
_#6=%*!CJV!CL/CD %(7#&!(-!5=2$7#&2!&5 CL 

!

]*(3#26!*36*!-*:(%(7#&2!:%&3=$*-!-4(,,!#4:($7!(7!7+*!,#57!

&5! 7+*! )*+#$,*;! N2$%*(-#26! 7+*! :%&:*,,*%! 7+%=-7! %*3=$*-!

4(Y#4=4!CL/CD!%(7#&;!N7!#-!&87(#2*3!7+(7!7+*!,#57!$(2!:%&)#3*!

4(2*=%(8#,#79! &5! 7+*! (::(%(7=-;! ! "(#2! (*%&392(4#$!

%*,(7#&2-+#:-! >*%*! &87(#2*3! (23! $(2! 8*! =-*3! #2! 5=%7+*%!

(*%&392(4#$! %*-*(%$+! (23! 3*)*,&:4*27;! N7! >(-! 5&=23! 7+(7!

5=%7+*%!>&%?!&2! %*3=$#26! 7+*!CD0! #-! (::%&:%#(7*;!L&>*>*%A!

#2! 7+*! 4&3*,! =-*3! 5&%! $(,$=,(7#&2-! :%&:*,,*%! -7%*(4! >(-!

-#4:,#5#*3!89!4*(2-!&5!X*7!>#7+&=7!->#%,#26;!!

!
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!

Abstract!

This paper is about the development of a novel type of non 

coplanar hex rotor with the ability to decouple translational 

and attitude dynamics. The proposed design features six 

variable pitch rotors arranged in three different rotor planes in 

order to point the thrust and torque vectors independently of 

body attitude. It is envisaged that this design could be 

beneficial for operations in confined spaces where the 

requirements for translational control authority design 

outweigh the reduced hover efficiency compared to coplanar 

multi rotors, such as quad rotors. 

The rotor arrangement leads to design and modeling 

challenges which are very different from those of conventional 

planar multi rotor vehicles. The key engineering challenge lies 

in the requirement to generate sufficient thrust for weight 

support with two rotors alone. This paper shows how this 

challenge was overcome by the use of high thrust/weight 

electric variable pitch units and a low airframe mass fraction. 

The design of avionics and indoor positioning solutions is 

discussed and the control strategies are outlined. The 

development and wind tunnel validation of a simulation model 

is discussed and operational modes are presented which satisfy 

the key constraints, linearise the thrust response and optimise 

hover efficiency. 

The feasibility of the concept was demonstrated through the 

flight testing of fixed-pitch design in 2009 and a flight 

demonstration of the variable pitch design is planned for 

IMAV 2011.!

1 INTRODUCTION

! <+#-!:(:*%!:%*-*27-!7+*!*26#2**%#26!3*-#62!&5!(!2&)*,!2&2!

:,(2(%! +*Y%&7&%! )*+#$,*! >#7+! 7+*! $(:(8#,#79! 7&! 3*$&=:,*!

7%(2-,(7#&2(,!(23!(77#7=3*!392(4#$-!BPD;!<+#-! #-!($+#*)*3!89!

(%%(26#26! 7+*! -#Y! %&7&%-! &2! 7+%**! -*:(%(7*! :,(2*-! -=$+! 7+(7!

7+*!7+%=-7!(23!7&%K=*!)*$7&%-!$(2!8*!:&#27*3!#23*:*23*27,9;!!

<+*! s<=48,*>**3t! +*Y%&7&%! $&2$*:7! >(-! &%#6#2(,,9!

3*)*,&:*3! (-! (! %&7(%9! >#26! )*+#$,*! 5&%! &:*%(7#&2! #2! 7+*!

#27*%5($*! M&2*! 8*7>**2! =%8(2! -7%=$7=%*-! (23! 7+*! (#%-:($*!

(3X($*27! 7&! 7+*-*! -7%=$7=%*-;!<+*! $(:(8#,#79! 7&!)*$7&%! 7+%=-7!

#23*:*23*27! &5! 8&39! (77#7=3*! *2(8,*-! 4(2&*=)%#26! #2!

$&25#2*3!-:($*-!(23!:%&)#3*-!7+*!(8#,#79!7&!,(23!(23!7(?*!&55!

(7! (%8#7%(%9! 8&39! (77#7=3*-;! <+*-*! :*%5&%4(2$*!

#4:%&)*4*27-!$&4*!(7!7+*!$&-7!&5!%*3=$*3!+&)*%!*55#$#*2$9!

(23! #2$%*(-*3!4(--!$&4:(%*3! 7&!:,(2(%! %&7&%$%(57! -&,=7#&2-!

(23! +*2$*! 7+*%*! +(-! 7&! 8*! (! -=#7(8,*! 7%(3*! &55! 8*7>**2!

#4:%&)*3!4(2&*=)%(8#,#79! (23! %*3=$*3!:(9,&(3A! %(26*! (23!

*23=%(2$*;!

!

/!:%&7&79:*!)*+#$,*!>#7+!5#Y*3!:#7$+!:%&:*,,*%-!(23!5,&>2!

#2! (! -#4#,(%! 4(22*%! 7&! (! $&2)*27#&2(,! :,(2(%! %&7(%9! >#26!

)*+#$,*! >(-! 5,&>2! #2! EJJZ;! <+*! :%*-*27! +*Y%&7&%! >&%?! #-!

3#-7#2$7! 7&! :%*)#&=-! :=8,#-+*3! >&%?! &2! 4=,7#'%&7&%! j/0-A!

*;6;!BC'FDA!>+#$+!$&2-#3*%-!&2,9!$&:,(2(%!%&7&%!-9-7*4-!(23!

#-! :%*3&4#2(27,9! 8(-*3! &2! 5#Y*3':#7$+! %&7&%-;! /! -#4#,(%!

&:*%(7#26! :%#2$#:,*! 7&! 7+*! +*Y%&7&%! >(-! #27%&3=$*3! 89!

@(,(M(%! BGD! >+&! =-*3! (! 5#Y*3':#7$+! K=(3%&7&%! >#7+! 5&=%!

7+%=-7*%-! 7&!:%&)#3*!-#3*'5&%$*-;!/,7+&=6+! 7+#-!$&2$*:7!(,-&!

:%&)#3*-! 4*(2-! 7&! 3*$&=:,*! (77#7=3*! (23! 7%(2-,(7#&2(,!

392(4#$-! #7! %*K=#%*-!(7! ,*(-7!T! %&7&%-!(23!$(2!&2,9!8*!=-*3!

&)*%!(!,#4#7*3!%(26*!&5!8&39!(77#7=3*-;!

!

!

_#6=%*!CV!<*-7!5,#6+7!&5!(!5#Y*3':#7$+!+*Y%&7&%!#2!b&)*48*%!EJJZ!

I=%!:%*)#&=-!>&%?!&2! 7+*!+*Y%&7&%! BOA!PD! #27%&3=$*3! 7+*!

$&2$*:7A! 3*-$%#8*3! (::%&:%#(7*! $&27%&,! -7%(7*6#*-! (23!

3*4&2-7%(7*3! :%($7#$(,! 5*(-#8#,#79! #2! 2*(%! +&)*%! $&23#7#&2-;!

<+#-!:(:*%!6&*-!5=%7+*%!89!:%*-*27#26!7+*!*26#2**%#26!3*-#62!

(23! 4&3*,,#26! &5! (! )(%#(8,*! :#7$+! +*Y%&7&%! -9-7*4! >#7+!

#2$%*(-*3!$&27%&,!(=7+&%#79!$&4:(%*3!7&!7+*!:%*)#&=-!5#Y*3'

:#7$+!3*-#62;!N7!#-!-+&>2!+&>!-=$+!(!)*+#$,*!$(2!8*!3*-#62*3!

=-#26! &55'7+*'-+*,5! -9-7*4-A! &:*2! -&=%$*! *,*$7%&2#$-! (23!

%(:#3! :%&7&79:#26! -&,=7#&2-;! _=%7+*%4&%*A! (! $&,,*$7#)*'

:#7$+d%:4! *2)*,&:*! #-! :%*-*27*3! 7+(7! -(7#-5#*-! 7+*! 3*-#62!

$&2-7%(#27-! >+#,-7! &:7#4#-#26! 7+*! $&48#2*3! *,*$7%#$! (23!

(*%&392(4#$!*55#$#*2$9!5&%!79:#$(,!&:*%(7#26!$&23#7#&2-;!<+*!

5*(-#8#,#79! &5! 7+*! :%&:&-*3! 3*-#62! #-! 3*4&2-7%(7*3! 7+%&=6+!

-#4=,(7#&2-!(23!>#23!7=22*,!7*-7#26;!

!

2 VEHICLE DESIGN SPECIFICATION

2.1 Systems concept 

!

_#6=%*!EV!I%7+&6&2(,!5($*'$*27%*3!+*Y%&7&%!$&25#6=%(7#&2!(23!8&39!

$&&%3#2(7*!-9-7*4!

/2!*26#2**%#26!3*)*,&:4*27!&5!(!2&)*,!+*Y%&7&%!

)*+#$,*!5&%!FQ!(::,#$(7#&2-!
Q;!](26?(4:A!g;![&8*%7-A!/;!@$#,,#7&*A!N;!]=22&2A!/;!],&:#-'\(-$=(,A!a;!v(4*$2#?A!@;!\%&$7&%A!";!

[&3%#6=*M'_%#(-A!";!<=%2*%A!/;!](2M&2!(23!^;!c%&>7+*%!!

j2#)*%-#79!&5!"(2$+*-7*%A!g*&%6*!H*66!H=#,3#26A!@($?)#,,*!@7%**7A!"CF!Z\]Aj`!

!

U4(#,!(33%*--V!3()#3;,(26?(4:W:&-76%(3;4(2$+*-7*%;($;=?!
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!
!

<+*!>(9! #2!>+#$+! 7+*! -#Y! %&7&%-! (%*! (%%(26*3! #27&! 7+%**!

%&7&%! :,(2*-! #-! (! 7%(3*'&55! 8*7>**2! +&)*%! *55#$#*2$9! (23!

7&%K=*!$&27%&,!(=7+&%#79! .7+*! #27*%*-7*3! %*(3*%! #-! %*5*%%*3! 7&!

BPD! 5&%! 3*7(#,-1;! L&>*)*%A! 7+*! +#6+*-7! (=7+&%#79! (23! 4&-7!

*2*%69! *55#$#*27! 7+%=-7! )*$7&%#26! &$$=%! >+*2! 7+*! 5&%$*!

$+(%($7*%#-7#$! (Y*-! (%*! &%7+&6&2(,! -=$+! (-! #2! 7+*!

$&25#6=%(7#&2! -+&>2! #2! _#6=%*! E;! <+#-! #-! 7+*! 4&-7! *2*%69!

*55#$#*27! $&25#6=%(7#&2! 5&%! (! +*Y%&7&%! >#7+! 3*$&=:,*3!

7%(2-,(7#&2(,! (23! (77#7=3*! 392(4#$-A! 8*$(=-*! #-! +(-! 7+*!

,(%6*-7!%&7&%!3#-?!(%*(!:%&X*$7*3!&2!7+*!+&%#M&27(,!:,(2*!(23!

+*2$*! 7+*! #23=$*3! :&>*%! %*K=#%*4*27;! <+*! 3*5(=,7!

&%#*27(7#&2!&5!7+*!)*+#$,*!#-!-=$+!7+(7!*K=(,!>*#6+7!-=::&%7!#-!

:%&)#3*3!89!*($+!%&7&%!(23!7+*!*(%7+'M!(Y*-!(,#62-!>#7+!7+*!

%*-=,7(27!&5!B'CA'CA'CD!#2!8&39!$&&%3#2(7*-;!!

N2!&%3*%!7&!:%&)#3*!5=,,!(=7+&%#79!.G:#!-7*%(3#(2-1!&5!7+%=-7!

(23! 7&%K=*! )*$7&%#26! &2! (! +&)*%! $(:(8,*! +*Y%&7&%!

$&25#6=%(7#&2!7>&!?*9!3*-#62!$&2-7%(#27-!2**3!7&!8*!4*7V!(1!

7+*!3#%*$7#&2!&5! 7+%=-7!4=-7!8*! %*)*%-#8,*!(23!81! 7>&!%&7&%-!

4=-7!8*!(8,*! 7&!:%&)#3*!-=55#$#*27! 7+%=-7! 7&! ,#57! 7+*!)*+#$,*;!

<+*! ,(77*%! :%&)*3! 7&! 8*! 7+*! +(%3*-7! $&2-7%(#27! -#2$*! #7!

%*-=,7*3! #2! #2$%*(-*3! :%*--=%*! &2! $&4:&2*27! :*%5&%4(2$*!

(23!4(--!7(%6*7-!$&4:(%*3!7&!7+&-*!5&%!79:#$(,!:,(2(%!4=,7#'

%&7&%! 3*-#62-;! <+*! (::%&($+! 7(?*2! >(-! 7&! 3*-#62! 7+*!

:%&:=,-#&2! 6%&=:! 5&%! 4(Y#4=4! 7+%=-7d>*#6+7! %(7#&! (7! 7+*!

*Y:*2-*!&5!:=%*!+&)*%!*55#$#*2$9;!<+*%*!>(-!(,-&!(66%*--#)*!

:%&6%(44*!7&!4#2#4#-*!-7%=$7=%(,!4(--;!

<+*! -9-7*4!-#M#26!>(-!8(-*3!&2! (2! *,*$7%#$(,,9!:&>*%*3!

)*+#$,*! #2! 7+*! C?6! $,(--! -=#7(8,*! 5&%! #23&&%! &:*%(7#&2-;! /!

c/Q!#,,=-7%(7#&2!&5!7+*!:%&7&79:*!#-!-+&>2!#2!_#6=%*!F;!

!

!

_#6=%*!FV!c/Q!%*23*%#26!&5!:%&7&79:*!)*+#$,*!-+&>#26!7+*!&%7+&6&2(,!%&7&%!

:,(2*-;![&7&%!3#(4*7*%!J;EO4!

!

2.2 Electric Variable Pitch Propulsion 

!

!

_#6=%*!GV!U0\!=2#7!3%#)*2!89!(!3#6#7(,!-*%)&!

U,*$7%#$! 0(%#(8,*! \#7$+! \%&:=,-#&2! .U0\1! -9-7*4-! (%*!

$&44&2,9! =-*3! 5&%! FQ! (*%&8(7#$! 4&3*,! (#%$%(57;! U0\!

-9-7*4-! 79:#$(,,9! $&2-#-7! &5! (! Qc! *,*$7%#$! 4&7&%! (23! (!

+&,,&>! -+(57;! /! $&22*$7#26! %&3! :(--*-! 7+%&=6+! 7+*! +&,,&>!

-+(57! (23! #-! -*$=%*3! 7&! (! :#7$+! +&%2! -&! 7+(7! 7+*! $&,,*$7#)*!

:#7$+! &5! 7+*! -944*7%#$(,! 8,(3*-! $(2! 8*! )(%#*3! 89!

:=-+#26d:=,,#26! 7+*! $&22*$7#26! %&3;! <+*! :#7$+! ($7=(7#&2!

4*$+(2#-4!+(3!7&!:%&)#3*!%(:#3!:#7$+!$+(26*-!(7!(!5#2*!:#7$+!

%*-&,=7#&2! >+#$+! #-! 79:#$(,,9! 2&7! %*K=#%*3! 5&%! 5#Y*3'>#26!

(*%&8(7#$!(#%$%(57;!!

/! :#7$+! $&27%&,! 4*$+(2#-4! $&2-#-7#26! &5! (! 3#6#7(,! 4#$%&!

-*%)&! (23! -,&77*3! -*%)&! +&%2! >(-! $+&-*2! ._#6=%*! G1;! <+*!

-*%)&!+&%2!#-!-,&77*3!7&!:%*)*27!7+*!7%(2-5*%!&5!,(7*%(,!5&%$*-!

7&!7+*!:#2!+*2$*!%*3=$#26!7+*!8*23#26!4&4*27!*Y:*%#*2$*3!

89! 7+*! $&22*$7#26! %&3;! /! ,&>*%! 8*23#26! 4&4*27! &2! 7+*!

$&22*$7#26!%&3!4*(2-!,*--!5%#$7#&2!8*7>**2!#7!(23!7+*!+&,,&>!

4&7&%!-+(57A!>+#$+!,*(3-!7&!6%*(7*%!:#7$+!$&27%&,!(=7+&%#79!(7!

+#6+!%&7(7#&2(,!-:**3-;!<+*!4*$+(2#-4!(,,&>-!5&%!(!7%(3*'&55!

8*7>**2! :#7$+! %*-&,=7#&2! (23! :#7$+! %*-:&2-*! -:**3S! (! ,(%6*!

-*%)&! 4&4*27! (%4! 6#)*-! (! %(:#3! :#7$+! %*-:&2-*! 8=7! :&&%!

:#7$+! %*-&,=7#&2A! >+#,*! (! -4(,,! 4&4*27! (%4! ,*(3-! 7&! 7+*!

&::&-#7*;! <+*! 4*$+(2#-4! (,-&! :%&)#3*-! 5&%! (2! *Y7%*4*,9!

$&4:($7! 6*&4*7%9! (23! *(-9! 7&! -*7'=:! 3*-#62;! <+*! -*%)&!

:&-#7#&2!>(-! $(,#8%(7*3! (6(#2-7! 7+*! 8,(3*!:#7$+! =23*%! -7(7#$!

$&23#7#&2-!(23!7+*!%*:*(7(8#,#79!>(-!7*-7*3!=-#26!7+%=-7!(23!

4&7&%!,&(3#26!3(7(;!!!

!

!H(-*3! &2! :%*,#4#2(%9! )*+#$,*! -#M#26! (23! :%&:=,-#&2!

-9-7*4!4(--!5%($7#&2-A!7&!($+#*)*!5,#6+7!(!7+%=-7d>*#6+7!%(7#&!

&5! (::%&Y#4(7*,9! P;P! #-! %*K=#%*3! 5%&4! *($+! U0\! -9-7*4;!

H(-*3!&2!7+*!U0\!=2#7!4(--!8%*(?3&>2!(-!-+&>2!#2!<(8,*!C!

7+#-! *K=(7*-! 7&! (! 7+%=-7! &5! P;F! b! :*%! U0\! =2#7;! I7+*%!

#4:&%7(27! %*K=#%*4*27-! (%*! (2! #3*27#$(,! :*%5&%4(2$*!>+*2!

%=22#26! #2! 8&7+! $,&$?>#-*! (23! (27#'$,&$?>#-*! %&7(%9!

3#%*$7#&2-S! (! -944*7%#$(,! 7+%=-7! )*%-*-! :#7$+! $=%)*! >#7+! (!

,(%6*! ,#2*(%! %*6#&2! 7&! -#4:,#59! $&27%&,S! -4(,,! 3#4*2-#&2-S!

(23! (! 4*$+(2#$(,,9! -#4:,*! 3*-#62;! <+*! :%&:=,-#&2! -9-7*4!

7+%=-7d>*#6+7! %(7#&! #-!(7! 7+*! ,#4#7!&5!$&44*%$#(,,9!()(#,(8,*!

U0\!-9-7*4-A!+*2$*!($+#*)#26!7+*!%*K=#%*3!4(Y#4=4!7+%=-7!

#-! (!?*9!$+(,,*26*;!_#2(,,9A!3=*! 7&! 7+*! ,($?!&5! (! -#62#5#$(27!

#2$&4#26!(#%5,&>!+*(7#26!#--=*-!>*%*!*Y:*$7*3;!!

!

Component Weight (g) 

H%=-+,*--!4&7&%! GO!

@*%)&! T!

U0\!@9-7*4A!L=8!(23!8,(3*-! CZ!

EO/!U@c! CR!

\&>*%!$&22*$7&%-! R;O!

Total =  ZP;O!

<(8,*!CV!"(--!8%*(?3&>2!&5!(2!U0\!=2#7!8(-*3!&2!7+*!/iN!EEJTdEJ!

<(8,*! C! -+&>-! 7+*! 4(--! 8%*(?3&>2! &5! 7+*! U0\! =2#7;!

^+#,-7!4&-7!$&4:&2*27-!(%*!$&4:(%(8,*!#2!4(--!7&!-#4#,(%!

-#M*3! 5#Y*3':#7$+! -9-7*4-A! 7+*%*! #-! (!4(--! :*2(,79! &5! (8&=7!

CJ'EJk!3=*!7&!7+*!2**3!5&%!(2!(33#7#&2(,!($7=(7&%!5&%!8,(3*!

:#7$+!$&27%&,!(23!7+*!#2$%*(-*3!4(--!&5!7+*!%&7&%!+=8;!

!

2.3 Structural design 

<+*!4(#2!$&2-7%(#27!&2!7+*!(#%5%(4*!-7%=$7=%(,!3*-#62!>(-!7&!

4#2#4#-*! 4(--! #2! &%3*%! 7&! *2(8,*! +&)*%#26! &2! 7>&! %&7&%-;!

<+*!:%*,#4#2(%9!7(%6*7!4(--!5&%!7+*!(#%5%(4*!>(-!3*5#2*3!(-!

Connecting 
rod

Slot 

Servo horn 

Digital Micro 
Servo
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!

!
!

CJk!.yCJJ61!&5!7+*!7&7(,!7(?*&55!4(--;!_=%7+*%!%*K=#%*4*27-!

>*%*!-#4:,#5#*3!$&2-7%=$7#&2!(23!%*:(#%!5&,,&>#26!3(4(6*;!

<+*!%&7&%!(%4-!(%*!&55!7+*!-+*,5!$(%8&2!5#8%*!7=8#26A!$=7!7&!

,*267+! =-#26! +(23! 7&&,-;! <+*! -#M#26! &5! 7+*! $(%8&2! 5#8%*!

7=8#26! >(-! 8(-*3! &2! -7(7#$! (23! 392(4#$! 5#2#7*! *,*4*27!

(2(,9-#-! (23! >(-! $+*$?*3! *Y:*%#4*27(,,9A! $+&-*2! 5&%!

4#2#4(,!8*23#26!3*5&%4(7#&2!(23!(!2(7=%(,!5%*K=*2$9!(8&)*!

7+*!4&7&%!%:4!%(26*;!

!/,,! &7+*%! $&4:&2*27-! (%*! 4(2=5($7=%*3! 5%&4! /H@!

:,(-7#$! =-#26! (2! #2'+&=-*! ,&>! $&-7! (33#7#)*! FQ! :%#27*%!

.-7*%*&',#7+&6%(:+91;! j-#26! 7+#-! 7*$+2&,&69! $&4:,*Y! :(%7-A!

-=$+!(-!4&7&%!4&=27-!*2-=%#26!7+*!$&%%*$7!(,#624*27!&5!7+*!

%&7&%!&%#*27(7#&2A!$(2!8*!:%&3=$*3;!<+#-!-(4*!4*7+&3!$(2!8*!

=-*3! 7&!($$=%(7*,9!(,#62! 7+*! %&7&%-! #2! 7+*! 7+%**! %&7&%!:,(2*-!

89!:%#27#26!$&4:&2*27-!5&%!(2!(--*48,9!X#6;!!<+*!-7%*267+!7&!

>*#6+7!%(7#&!&5!7+*-*!$&4:&2*27-!#-!-=55#$#*27!5&%!7+*4!7&!8*!

*)(,=(7*3!&2! 7+*! )*+#$,*;!/! -7%#$7!4(--! %*3=$7#&2!:,(2!>(-!

5&,,&>*3!=-#26!$&44*%$#(,!5#2#7*!*,*4*27!-&57>(%*!7&!*2-=%*!

7+*! $&4:&2*27-! >&=,3! 2&7! 5(#,! =23*%! 4(Y#4=4! ,&(3;! /2!

*Y(4:,*! 5&%! 7+#-! 7+*! 4(--'4#2#4#-(7#&2! -7%(7*69! #-! 7+*!

&:7#4#-*3!$*27%*':#*$*!-+&>2!#2!_#6=%*!O;!<+*!=-*!&5!7+*!#2'

+&=-*! :%#27*%! 4*(2-! 3*-#62! #7*%(7#&2-! (%*! #2! 7+*! &%3*%! &5!

4#2=7*-! &%! +&=%-A! (23! %*:,($*4*27! $&4:&2*27-! 5&%! %*:(#%-!

$(2!8*!%*:%&3=$*3!K=#$?,9;!

!

!

_#6=%*!OV!c/Q!4&3*,!&5!7+*!+*Y%&7&%!$*27%*!:#*$*!-+&>#26!7+*!4(--!

4#2#4#-(7#&2!*55&%7-!

!

<+*! )*+#$,*h-! ,(23#26! 6*(%! $&2-#-7-! &5! 7+%**! 7%#:&3-!

$&2-#-7#26! &5! $(%8&2! 5#8%*! -7%=7-! (23! (! 5&(4! 8(,,;! <+*!

,(23#26! 6*(%! -7%=7-! >*%*! -#M*3! 7&! *2-=%*! -=55#$#*27! %&7&%!

6%&=23! $,*(%(2$*! (7! (! ,(23#26! =:! 7&! (! GOz! :#7$+! &%! %&,,!

(77#7=3*;! <+*! $+&-*2! (%%(26*4*27! :%&)#3*3! (2! *(-#,9!

%*:,($*(8,*! ,(23#26! 6*(%! (-! >*,,! (-! (! 3*-#%*3! -7%=$7=%(,!

5(#,=%*! :&#27A! 4#2#4#-#26! 3(4(6*! 7&! 7+*! )*+#$,*A! >#7+!

4#2#4(,!4(--!:*2(,79;!!

!

2.4 Indoor positioning solutions 

c,&-*3! ,&&:! :&-#7#&2! (23! (77#7=3*! $&27%&,! %*K=#%*-!

(8-&,=7*! 4*(-=%*4*27! &5! :&-#7#&2! (23d&%! (77#7=3*;! N2! 7+*!

(8-*2$*! &5!g\@! 5&%! #23&&%! 7*-7#26A! 7>&! %*,(7#)*,9! ,&>! $&-7!

:&-#7#&2#26!-9-7*4-!+()*!8**2!$&2-#3*%*3;!<+*!5#%-7!#-!8(-*3!

&2! 7+*! =-*! &5! 7#4*! &5! 5,#6+7!4*(-=%*4*27-! 5%&4! =,7%(-&2#$!

8*($&2-! (23! 7+*! -*$&23! #-! (2! &:7#$(,! 8(-*3! -9-7*4! =-#26!

(=64*27*3!%*(,#79!4(%?*%-;!

!!! _&%!7+*!=,7%(-&2#$!-&,=7#&2!(!4(-7*%!=2#7!*K=#::*3!>#7+!

4=,7#:,*! %*$*#)*%-! #-!4&=27*3! &2! 7+*! )*+#$,*;! ! U($+!&5! 7+*!

*Y7*%2(,!-,()*!=2#7-!.$=%%*27,9!F1!#-!$&44(23*3!)#(!7+*!%(3#&!

4&3*4!7&!*4#7!(!:=,-*;!!<+*!4(-7*%!=2#7!7+*2!$(,$=,(7*-!7#4*!

&5!5,#6+7!(23!7+*%*5&%*!3#-7(2$*!7&!-,()*!=2#7!5&%!*($+!&5!7+*!

)*+#$,*! %*$*#)*%-;! !<+#-!:%&)#3*-!8&7+!:&-#7#&2!(23!(77#7=3*!

7&!7+*!5,#6+7!$&27%&,,*%!)#(!7+*!@\N!8=-;!

N2! 7+*! )#-=(,! -9-7*4A! /=64*27*3! [*(,#79! ./[1! 4(%?*%-!

(%*! =-*3! (-! (2! (8-&,=7*!4*7%#$! 5&%! ,&$(7#&2! 3*7*$7#&2;! <+#-!

(::%&($+!$&2-#-7-!&5! 7+*!=-*!&5!(!-7(23(%3! ,&>!$&-7!$(4*%(!

(23! $=-7&4! -&57>(%*! 3*)*,&:*3! 7&! #3*27#59! (23! ,&$(,#M*!

-:*$#(,,9!3*-#62*3!/[!4(%?*%-;!!

<+*!$(4*%(!#-!#2#7#(,,9!$(,#8%(7*3!&55,#2*!=-#26!(2!*Y#-7#26!

"/<]/H!7&&,8&Y!BRD;!/,6&%#7+4-!5%&4!7+#-!7&&,8&Y!*Y7%($7!

7+*! $(4*%(h-! #27%#2-#$! :(%(4*7*%-! #2$,=3#26S! 5&$(,! ,*267+A!

:%#2$#:,*! :&#27A! -?*>A! 3#-7&%7#&2! (23! :#Y*,! *%%&%;! <+*-*!

:(%(4*7*%-!(%*!=-*3!5&%!-&57>(%*!$&25#6=%(7#&2!(,,&>#26!7+*!

$(4*%(!7&!8*!=-*3!(-!(!:%&X*$7#)*!-*2-&%;!N2!&%3*%! 7&!3*7*$7!

7+*! 4(%?*%-! (! 4&3#5#*3! )*%-#&2! &5! BZD! #-! =-*3! 7&! %&8=-7,9!

3*7*$7! *36*! :#Y*,-! (23! 7+*2! $&,,*$7! 7+*4! 7&! $%*(7*! ,#2*!

-7%=$7=%*-!=-#26![/b@/c;!/!$&(%-*!6%#3!-9-7*4!#-!=-*3!7&!

&87(#2!%*(,'7#4*!:*%5&%4(2$*;!!

<+*!/[!4(%?*%-!>*%*!-:*$#(,,9!3*-#62*3!7&!8*!#3*27#5#*3!

>#7+#2! 7+#-!j/0! *2)#%&24*27! (23! &:*%(7*! #2! $&,&=%! -:($*!

%(7+*%! 7+(2! 6%(9! -$(,*! (-! #-!4&%*! =-=(,;! I2$*! 7+*!4(%?*%-!

+()*!8**2!3*7*$7*3! 7+*!$&%2*%!:&#27-!>*%*!=-*3! 7&!$%*(7*!(!

-*%#*-! &5! :&#27-! 7+(7A! >+*2! $&48#2*3! >#7+! 7+*! $(4*%(!

:%&:*%7#*-!%*-=,7!#2!7+*!:&-#7#&2!&5!7+*!$(4*%(!%*,(7#)*!7&!7+*!

4(%?*%-;! <+*! -&57>(%*! >(-! 3*)*,&:*3! #2! c{{A! =-#26!

I:*2c0! BTD! 5&%! :,(75&%4! #23*:*23*2$*! (23! 5&%! $&44&2!

#4(6*!:%&$*--#26!5=2$7#&2-;!

<+*!4(#2!#--=*!>#7+!7+*!$=%%*27!/[!(::%&($+!#-!7+(7!7+#-!

-9-7*4! &2,9! >&%?-! >#7+! (! -#26,*! $(4*%(A! +&>*)*%! 7&! 6*7!

(3*K=(7*! $&)*%(6*! &5! (! 7*-7! (%*(! 4=,7#:,*! $(4*%(-! >#,,! 8*!

2**3*3;!<+*%*!(%*!(,-&!#--=*-!7&!8*!%*-&,)*3!>#7+!*%%&%-!3=*!

7&!7+*!2&2'=2#5&%4!,#6+7#26!&5!7+*!/[!4(%?*%-;!

!

!

Marker Size 1.5m 2m  2.5m 3m 

T$4! CJJk! TJk! EJk! Jk!

CJ$4! CJJk! CJJk! OJk! EJk!

CE$4! CJJk! CJJk! CJJk! CJJk!

<(8,*!EV!I:7#$(,!:&-#7#&2#26!-9-7*4!:*%5&%4(2$*!(6(#2-7!3#-7(2$*!&5!$(4*%(!

5%&4!)*+#$,*!.:*%$*27!&5!-=$$*--5=,,9!%*$&62#M*3!4(%?*%-1!

!

/,7+&=6+!7+#-!4*7+&3!#-!$=%%*27,9!,#4#7*3!89!7+*!*55*$7#)*!

3*7*$7#&2!%(26*A!>#7+!7+*!%#6+7!$&27%&,!&5!7+*!$(4*%(!7+*!=-*!

&5!/[!4(%?*%-!$(2!8*!=-*3!(-!:(%7!&5!(!$&4:,*7*!-&,=7#&2!5&%!

j/0!,&$(,#M(7#&2!>#7+#2!(!$&27%&,,*3!7*-7!(%*(;!

!

!

_#6=%*!PV!UY(4:,*!&5!7+*!/[!4(%?*%-!!

!

!
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!

!
!

!

!

2.5 Avionics solution 

N2!&%3*%!7&!%*3=$*!$&-7-!(23!%*3=$*!3*)*,&:4*27!7#4*A!7+*!

&28&(%3! *,*$7%&2#$-! :($?(6*! #-! 8(-*3! &2! 7+*! =-*! &5! &:*2'

-&=%$*!+(%3>(%*!(23!&:*2!-&=%$*!-&57>(%*;!

@7(8#,#M(7#&2! (23! 6=#3(2$*! #-! $&27%&,,*3! =-#26! (2! &:*2'

-&=%$*! (=7&:#,&7! =2#7! $(,,*3!/%3=\#,&7!"*6(! BCJD! <+*! =2#7!

$&4:%#-*-!&5V!

!

• /<"*6(!CETJ!4#$%&:%&$*--&%!

• F'(Y#-!69%&-!(23!F!(Y#-!($$*,*%&4*7*%-!

• /8-&,=7*!:%*--=%*!-*2-&%!

• I2'8&(%3!3(7(,&66#26!

!

<+*!3*-#62! #-!$&4:(7#8,*!>#7+!3*)#$*-!5%&4!7+*!/%3=#2&!

:%&X*$7! BCCDA! >+#$+! 5&$=-*-! &2! -#4:,*! 7&! =-*! 3*)#$*-! 5&%!

:%&7&79:#26! *48*33*3! (::,#$(7#&2-;! ! /%3=\#,&7! =-*-! 7+*!

-(4*! -&57>(%*! *$&-9-7*4! 8=7! >#7+! (! 5&%4! 5($7&%! 4&%*!

-=#7(8,*!5&%!4#$%&'()#&2#$-!=-*;!

c&27%&,! -&57>(%*! #-! 8(-*3! =:&2! $&3*! 5%&4! 8&7+! 7+*!

/%3=\#,&7! (23! /*%&q=(3! :%&X*$7-! BCCDS! 7+#-! %*3=$*-!

3*)*,&:4*27!7#4*!89!:%&)#3#26!:%&)*2!,#8%(%#*-!5&%!$&44&2!

(=7&:#,&7! 7(-?-! 7&! >+#$+! 7+*! =2#K=*! $&27%&,! (,6&%#7+4-!

%*K=#%*3!5&%!7+#-!:%&X*$7!(%*!8*#26!#4:,*4*27*3;!

Q#6#! iH**! E;G! \%&! >#%*,*--! 4&3*4-! :%&)#3*! 8#'

3#%*$7#&2(,! 7*,*4*7%9! (23!4(2=(,! $&27%&,! #-! )#(! (! -7(23(%3!

@:*?7%=4! E;GgLM! CE! $+(22*,! 7%(2-4#77*%! (23! (! E;GgLM!

Q@"E!%*$*#)*%! 7&!4#2#4#M*! #27*%5*%*2$*! #--=*-;!/!3*$#-#&2!

>(-!4(3*! 7&!=-*!H]'c<]!0C;E! -:**3! $&27%&,,*%-! 5%&4! 7+*!

"#?%&?&:7*%! BCED! :%&X*$7;! <+*-*! =2#7-! :%&)#3*! &:*2! -&=%$*!

($$*--!7&!$&27%&,,*%!(,6&%#7+4-A!(,,&>!7+*!5,#6+7!$&27%&,,*%!7&!

K=*%9! *($+! :%&:=,-#&2! =2#7! (8&=7! $=%%*27! 3%(>A! %&7(7#&2(,!

)*,&$#79! (23! 7*4:*%(7=%*! (23! (%*! (,-&! (::%&Y#4(7*,9! EO'

FOk! ,#6+7*%! 7+(2! -#4#,(%! -:*$#5#$(7#&2! $&44*%$#(,! -:**3!

$&27%&,,*%-;!

\&>*%! #-! -=::,#*3! 89! (! $&44*%$#(,,9! ()(#,(8,*! F'$*,,!

,#7+#=4':&,94*%! 8(77*%9A! (23! #-! 3#-7%#8=7*3! 7&! (,,! -:**3!

$&27%&,,*%-!(23!()#&2#$-!)#(!(!$&44&2!:&>*%!8=-;!

!

!

!

!

!

3 CONTROL STRATEGIES

3.1 Bi-state control principle 

H*$(=-*!&5!7+*!2&)*,!($7=(7#&2!(%$+#7*$7=%*!&5!7+#-!)*+#$,*!

-7(23(%3! K=(3%&7&%! $&27%&,! (,6&%#7+4-! (%*! 2&7! -=#7(8,*;!!

N2-7*(3A! 7+*! )*+#$,*! =-*-! >+(7! #-! %*5*%%*3! 7&! (-! (! 8#'-7(7*!

$&27%&,! -$+*4*V! ! ! N2! 7+*! 7%(2-,(7#&2(,! -7(7*! 7+*! )*+#$,*!

%&7(7#&2(,!(Y*-!(%*!5#Y*3!%*,(7#)*!7&!*(%7+!(Y#-!(23!7+*!)*+#$,*!

#-! $&44(23*3! 7&! 7%(2-,(7*! #2! 7+*! U(%7+! 5#Y*3! YA! 9! (23! M!

3#%*$7#&2-;! N2! 7+*! %&7(7#&2(,! -7(7*A! 7+*! )*+#$,*! :&-#7#&2! #-!

5#Y*3!(23!$&27%&,!#2:=7-!(%*!=-*3!7&!$+(26*!7+*!&%#*27(7#&2!&5!

7+*!)*+#$,*;!c&27%&,!#2:=7-!4(9!8*!%&7(7#&2-!.&%!%(7*-1!(8&=7!

*#7+*%! 7+*! )*+#$,*! 8&39! (Y*-! &%! 7+*! *(%7+! 5#Y*3! (Y*-;!!

[&7(7#&2! (23! :&-#7#&2! (%*! :*%-#-7*3! ($%&--! -7(7*! $+(26*-!

(,,&>#26! 7+*! &:*%(7&%! 7&! %&7(7*! 7+*! )*+#$,*! #27&! 7+*! $&%%*$7!

&%#*27(7#&2! 8*5&%*! 7%(2-,(7#26! 7&>(%3! 7+*! %*6#&2! &5! #27*%*-7!

.>#7+#2!7+*!,#4#7-!&5!($7=(7&%!-(7=%(7#&21;!

3.2 Static mapping control strategy 

<&! %*3=$*! 7+*! 7+%=-7! 7#4*! $&2-7(27! &5! 7+*! :%&:=,-#&2!

-9-7*4! 7+*! :%&:&-*3! 4&3*! &5! &:*%(7#&2! #-! 7&! %=2! 7+*!

:%&:=,-#&2! -9-7*4! (7! (! $&2-7(27! 8(-*! %&7(7#&2(,! -:**3! (23!

($+#*)*!$&27%&,!7+%&=6+!)(%#(8,*':#7$+!(,&2*;!

_=,,!-7(7*!5**38($?!$&27%&,!5&%!7+*!)*+#$,*!+(-!:%*)#&=-,9!

8**2! -927+*-#-*3! (23! :%*-*27*3! #2! BPD;! <+#-! -*$7#&2! #-!

#2$,=3*3! #2! &%3*%! 7&! &=7,#2*! -&4*! &5! 7+*! #4:,*4*27(7#&2!

#--=*-!*2$&=27*%*3;!

<+*!3*$&=:,#26!&5!5&%$*!(23!7&%K=*!#2+*%*27!#2!7+*!3*-#62!

&5! 7+*! )*+#$,*! #4:,9! (! 3*$&=:,#26! 8*7>**2! 7%(2-,(7#&2! (23!

(77#7=3*;! ! <+*%*5&%*A! 7+*! )*+#$,*! *55*$7#)*,9! +(-! 7>&!

$&27%&,,*%-A!>+#$+!#23*:*23*27,9!$(,$=,(7*!7+*!%*K=#%*3!5&%$*!

(23!7&%K=*!)*$7&%-!5&%!7+*!)*+#$,*;!!/!4(::#26!5=2$7#&2!7+*2!

7%(2-,(7*-! 7+*-*! )*$7&%-! #27&! (! :#7$+! $&44(23! 5&%! *($+!

:%&:=,-#&2!=2#7;!

<+*! $&27%&,,*%-! (%*! #4:,*4*27(7#&2! -:*$#5#$S! *Y(4:,*!

$&27%&,,*%-!3*%#)*3!=-#26!$,(--#$(,!7+*&%9!$(2!8*!5&=23!#2!BPD!

(23! 7+*-*! $&27%&,,*%-! 5&%4! 7+*! 8(-#-! &5! 7+*! &2*-! =-*3! &2!

8&(%3!7+*!$=%%*27!)*+#$,*;!<+*!4(::#26!5=2$7#&2!+&>*)*%!#-!

&5! #27*%*-7! (-! #7! #-! -:*$#5#$! &2,9! 7&! 7+*! 6*2*%(,! )*+#$,*!

$&25#6=%(7#&2;!

_&%! (! %*K=#%*3! 5&%$*! (23! 7&%K=*! %*-:&2-*A! (--=4#26! -7(7#$!

$&23#7#&2-! -=$+! (-! (%&=23! +&)*%A! (! %*K=#%*4*27! )*$7&%!

[ ]T
uuuuuu POGFEC

!$(2!8*!3*5#2*3!=-#26!!

_#6=%*!RV!/)#&2#$-!-9-7*4!8,&$?!3#(6%(4!+#6+,#6+7#26!4(X&%!$&4:&2*27-!
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<+*!%*K=#%*3!:#7$+!(26,*-!5&%!*($+!%&7&%A iθ A!(%*!$(,$=,(7*3!

89! -=8-7#7=7#26! 7+*! %*K=#%*4*27-! )*$7&%!

[ ]T
uuuuuu POGFEC

!!#27&!UK=(7#&2!E;!

[ ]POG θθθ !(%*!7+*2!-=8-7#7=7*3!#2!UK=(7#&2!F!7&!&87(#2!

7+*!$&4:,*7*!:#7$+!%*K=#%*4*27!)*$7&%;!
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"(2=(,! $&27%&,! &5! 7+*! )*+#$,*! 89! 7+*! &:*%(7&%! $(2! 8*!

#4:,*4*27*3! 89! =-#26! (! -7(23(%3! [c! $&27%&,,*%! 7&! $&27%&,!

*#7+*%! Jf &%! bt )#(! (::%&:%#(7*! -$(,#26! (23! 3(4:#26;! ! <+*!

=2$&27%&,,*3!)*$7&%!#-!-#4:,9!-*7!7&!J!.7+*!5&%$*!#2:=7!)*$7&%!

#2$,=3*-!(!6%()#7(7#&2(,!$&4:*2-(7#&2!7*%41;!

!

H&7+! $&27%&,! w! 4(::#26! 5=2$7#&2-! (%*! -#62#5#$(27,9! 4&%*!

$&4:=7(7#&2(,,9! *Y:*2-#)*! 7+(2! 7+&-*! &5! (! 7%(3#7#&2(,!

K=(3%&7&%;! N4:,*4*27(7#&2! &5! 7+*! $&27%&,,*%-! (23! 4(::#26!

5=2$7#&2! #2! 7+*!/%3=\#,&7! $&27%&,,*%! #2)&,)*-! 7%(2-,(7#&2! &5!

7+*! %*K=#%*3! (,6&%#7+4-! #27&! 7+*!^#%#26! ,(26=(6*! =-*3! 89!

/%3=#2&! $&4:(7#8,*! *48*33*3! $&27%&,,*%-! -=$+! (-! 7+*!

/%3=\#,&7!"*6(;!

<+#-! :%&$*3=%*! #-! -&4*>+(7! $&4:,#$(7*3! 89! 7+*! ,($?! &5!

2(7#)*! 4(7%#Y! -=::&%7! #2! ^#%#26! #7-*,5;! ! _=%7+*%4&%*A! 7+*!

/<4*6(! CETJ! ,($?-! (! 5,&(7#26':&#27! =2#7! (23! 7+*%*5&%*!

5,&(7#26':&#27! (%#7+4*7#$! 4=-7! 8*! $(,$=,(7*3! #2! -&57>(%*;!!

<+*!69%&! (23! ($$*,*%&4*7*%! -*2-&%! 5#,7*%#26! (,%*(39!4(?*-!

+*()9! =-*! &5! 5,&(7#26':&#27! $(,$=,(7#&2-A! %*-7%#$7#26! c\j!

$9$,*-!()(#,(8,*!5&%!&7+*%!:(%7-!&5!7+*!5,#6+7!$&27%&,!-&57>(%*;!!

^+#,-7! 7+#-! #-! 2&7! (2! #--=*! >#7+! 7+*! $=%%*27! $,(--#$(,!

$&27%&,,*%-A! #4:,*4*27(7#&2! &5! 4&%*! $&4:=7(7#&2(,,9!

*Y:*2-#)*! $&27%&,,*%-! 4(9! %*K=#%*! 7+*! $&27%&,! w! 4(::#26!

(,6&%#7+4-!7&!8*!:&%7*3!7&!=7#,#M*!5#Y*3':&#27!&%!*)*2!#27*6*%!

(%#7+4*7#$;!!<+#-!-+&=,3!8*!:&--#8,*!>#7+!,#77,*!&%!2&!,&--!&5!

$&27%&,! K=(,#79! (23! >&=,3! 9#*,3! -#62#5#$(27! :*%5&%4(2$*!

#4:%&)*4*27;!

!

3.3 Hardware in the loop simulation 

N4:,*4*27(7#&2!&5! 7+*!2*>!U0\!-9-7*4!5&%! 7+*!+*Y%&7&%!

)*+#$,*!%*K=#%*-!3*)*,&:4*27!&5!(!2*>!5,#6+7!$&27%&,!-9-7*4!

#2! 7*%4-! &5! 5,#6+7! $&27%&,! +(%3>(%*! (23! -&57>(%*;;! _&%! 7+*!

:=%:&-*-! &5! #2#7#(,! 6%&=23! 7*-7#26! (! +(%3>(%*'#2'7+*',&&:!

-#4=,(7#&2! (::%&($+! +(-! 8**2! (3&:7*3;! <+#-! (,,&>-! 7*-7#26!

&5! 7+*! :+9-#$(,! *48*33*3! 5,#6+7! $&27%&,,*%! 89! 6*2*%(7#26!

)#%7=(,!N"j!-*2-&%!3(7(!(23!5**3#26!7+*4!#27&!7+*!$&27%&,,*%!

=23*%! 7*-7;! <+*! 6*2*%(7#&2! &5! )#%7=(,! 3(7(! #-! 3&2*! 89! (!

@#4=,#2?! 4&3*,! &5! 7+*! )*+#$,*;! <+*! $&27%&,,*%! %*-:&2-*! #-!

7+*2!3*7*%4#2*3!*#7+*%!89!3#%*$7!4*(-=%*4*27!&5!7+*!$&27%&,!

%*-:&2-*!-#62(,!&%!89!4*(-=%#26!7+*!:+9-#$(,!%*-:&2-*!&5!7+*!

-9-7*4! #2! 7*%4-! &5! 7+*! $&,,*$7#)*! :#7$+! (26,*! (23! 7+*!

%&7(7#&2(,!-:**3!&5!7+*!%&7&%!8,(3*-;!!!!

!

!

_#6=%*!TV!\%&:&-*3!+(%3>(%*!#2!7+*!,&&:!-*7=:!

0#%7=(,!K=(27#7#*-!5%&4!7+*!-#4=,(7#&2!4&3*,!(%*!-*27!&)*%!

(! -*%#(,! $&44=2#$(7#&2! $+(22*,! 7&! (2! *,*$7%#$(,! *4=,(7&%A!

>+#$+!#-!(,-&!8(-*3!&2!7+*!/%3=#2&!:,(75&%4;!<+#-!*4=,(7&%!

7+*2!7%(2-5&%4-!7+*!-#4=,(7*3!3#6#7(,!3(7(!#27&!(!:%&:&%7#&2(,!

(2(,&6=*!)&,7(6*!-#62(,!>+#$+!#-A!#2!7=%2A!5*3!(-!#2:=7!7&!7+*!

5,#6+7!$&27%&,,*%;!!!

!

<+#-!-#4=,(7#&2!(::%&($+!(,,&>-!)*%#5#$(7#&2!&5!7+*!8(-#$!

5=2$7#&2(,#7#*-! &5! 7+*! 4#$%&$&27%&,,*%! #2! %*-:&2-*! 7&! 7+*!
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!

!
!

-#4=,(7*3! *2)#%&24*27;! <+#-!4*7+&3! #-! -=#7(8,*! 5&%! 7*-7#26!

&:*%(7#&2'$%#7#$(,! -9-7*4-!-=$+!(-! 5,#6+7!$&27%&,,*%-!>#7+&=7!

7+*! %#-?! &5! 3(4(6#26! 7+*! )*+#$,*;!/33#7#&2(,! %*-:&2-*! 3(7(!

.*;6;! &)*%(,,! 7+%=-7A! 4&4*27-A! *7$;1! >#,,! 8*! &87(#2*3! 89!

:,($#26! 7+*! #27*6%(7*3! )*+#$,*! &2! (2! (::%&:%#(7*! -#Y!

$&4:&2*27!5&%$*!8(,(2$*;!!!!

4 SYSTEM MODELLING

4.1 Modelling concept 

/! -#4=,(7#&2! *2)#%&24*27! 5&%! 7+*! +*Y%&7&%! )*+#$,*! >(-!

$%*(7*3! (-! 7&&,! 5&%! :%*,#4#2(%9! 3*-#62! (23! $&27%&,,*%!

)(,#3(7#&2;! <+*! 4&3*,! #-! #4:,*4*27*3! #2! (! 4&3=,(%!

@#4=,#2?! -9-7*4! (23! 3%(>-! &2! (! %(26*! &5! -7(23(,&2*!

-#4=,(7#&2! 8,&$?-!>+#$+! $&=,3! 8*! $+(26*3! 7&! ,&>*%d+#6+*%!

5#3*,#79! 4&3*,-! (-! %*K=#%*3;! <+*! -#4=,(7#&2! 4&3*,! (,-&!

#2$,=3*-! 6=#3(2$*A! )#-=(,#-(7#&2! 8,&$?-! (23! :#,&7! #27*%5($*!

8,&$?-A!-&!7+(7!&:*%(7#&2-!$(2!8*!-#4=,(7*3!(23!)#-=(,#-*3!=:!

7&!(!4#--#&2!,*)*,;!

4.2 Airframe model 

<+*! (#%5%(4*! #7-*,5! #-! 4&3*,,*3! (-! %#6#3! 8&39! >#7+! 7+*!

4(--! (23! #2*%7#(,! :%&:*%7#*-! &87(#2*3! 3#%*$7,9! 5%&4! (!c/Q!

4&3*,;! <+*! %*,(7#)*,9! $&4:,*Y! 2(7=%*! &5! 7+*! )*+#$,*!

6*&4*7%9! 4*(2-! 7+(7! #7! #-! $&2)*2#*27! 7&! 3*5#2*! 8&7+! (!

$&2)*27#&2(,! 8&39! (Y*-! $&&%3#2(7*! 5%(4*! >#7+! Y! :&#27#26!

5&%>(%3-A!9!7&!-7(%8&(%3!(23!M!3&>2!(23!(2!(33#7#&2(,!8&39!

5#Y*3!5%(4*!(,#62*3!>#7+!7+*!%&7&%!:,(2*-!(-!-+&>2!#2!_#6=%*!

E;!@=#7(8,*!%&7(7#&2!4(7%#$*-!>*%*!*4:,&9*3!7&!%*-&,)*!*(%7+!

(Y*-!)*,&$#7#*-!(23!7+*!,&$(,!5&%$*-!&2!7+*!%&7&%!3#-?-;!

"&-7! :=8,#-+*3! >&%?! &2! 4=,7#'%&7&%! )*+#$,*-A! #2$,=3#26!

&=%! :%*)#&=-! >&%?! BPDA! 7%*(7-! 5=-*,(6*! (*%&392(4#$-! (-!

#2-#62#5#$(27! 2*(%! +&)*%;! <&! #4:%&)*! 7+*! 5#3*,#79! &5! 7+*!

-#4=,(7#&2! (7! 2&2! +&)*%! $&23#7#&2-! 7+*! (#%5%(4*!

(*%&392(4#$-!(%*!4&3*,,*3!=-#26!(Y#(,!(23!2&%4(,!5&%$*-!(-!

5=2$7#&2-!&5!8&39!(77#7=3*;!<+*!4&3*,!>(-!$(,#8%(7*3!=-#26!

>#23! 7=22*,! 3(7(! 5%&4! 7*-7-! &2! -#4#,(%'-#M*3! 4=,7#'%&7&%!

5=-*,(6*!3*-#62-!(7!(!%(26*!&5!:%($7#$(,!8&39!(77#7=3*-;!

!

4.3 Rotor aerodynamics modelling 

<+*!(*%&392(4#$!4&3*,,#26!&5! 7+*!%&7&%-!>(-!&2*!&5! 7+*!

?*9! 4&3*,,#26! $+(,,*26*-! -#2$*! 7+*! =2$&2)*27#&2(,!

(%%(26*4*27!&5! 7+*!%&7&%-! ,*(3! 7&!%&7&%!3#-?!(26,*!&5!(77($?!

>+#$+! (%*! 2&7! 79:#$(,,9! 5&=23! &2! (#%$%(57! :%&:*,,*%-! &%!

+*,#$&:7*%! %&7&%-! =23*%! 2&%4(,! &:*%(7#26! $&23#7#&2-;! <+*!

-#4=,(7#&2! +(3! 7&! 3*,#)*%! P'3&5! 5&%$*-d4&4*27-! (23! 7+*!

%*K=#%*3!%&7&%!:&>*%!5&%!(2!#2#7#(,,9!=2?2&>2!%&7&%!,&(3!(23!

(7! (,,! )*,&$#79! )*$7&%-! &5! :%($7#$(,! #27*%*-7;! H(-*3! &2! 7+*-*!

%*K=#%*4*27-! (23! 7+*! 2**3! 7&! &87(#2! %(:#3! -&,=7#&2-! >#7+!

4&3*-7! $&4:=7#26! %*-&=%$*-A! (! 2=4*%#$(,! 8,(3*! *,*4*27!

4&3*,!>(-!3*)*,&:*3;!_=%7+*%!3*7(#,-!&5! 7+*!4&3*,!(23! 7+*!

>#23! 7=22*,! )(,#3(7#&2! *Y:*%#4*27-!>*%*! :=8,#-+*3! #2! BCFA!

CGD!&2,9!(!8%#*5!-=44(%9!#-!:%*-*27*3!+*%*;!!

<+*! #2:=7-! 7&! 7+*! 8,(3*! *,*4*27! (*%&392(4#$-! 5=2$7#&2!

(%*! 7+*! $=%%*27! )*,&$#79! )*$7&%! &27&! 7+*! %&7&%! 3#-?A! 7+*!

%&7(7#&2(,! -:**3! (23! 7+*! $&,,*$7#)*! :#7$+! (26,*;! /*%&5&#,!

$+&%3A!:#7$+!(23!-*$7#&2!(%*!7%*(7*3!(-!5=2$7#&2-!&5!7+*!%&7&%!

%(3#=-! (23! -927+*7#$! (#%5&#,! 3(7(! #-! =-*3! 7&! %*:%*-*27! 7+*!

2&2,#2*(%!,#57!(23!3%(6!$&*55#$#*27-!(7!7+*!,&$(,!8,(3*!*,*4*27!

[*92&,3-! 2=48*%! 5&%! (! {d'CTJ! z! (26,*! &5! (77($?! %(26*;! /!

5#%-7!&%3*%!5,(::#26!4&3*,!#-!=-*3!7&!(::%&Y#4(7*!7+*!7#:!:(7+!

:,(2*!5&%!(!+#26*,*--!%&7&%!-9-7*4;!!

<+*! #23=$*3! )*,&$#79! #-! (::%&Y#4(7*3! 89! $&48#2#26! (!

%(3#(,! #25,&>! )(%#(7#&2! >#7+! (! C-7! &%3*%! +(%4&2#$! #25,&>!

4&3*,!5&%!5&%>(%3!5,#6+7!BCOD!&%!(!"(26,*%!w!@K=#%*!4&3*,!

BCPD! 5&%! (3)(2$*! %(7#&-! 6%*(7*%! 7+(2! J;C;! <+*! #23=$*3!

)*,&$#79!4&3*,!#-!=-*3!#2!(2!#7*%(7#&2!,&&:!8(-*3!&2!7+*!,&$(,!

)*,&$#79! )*$7&%! (23! ,&(3#26! &5! *)*%9! 8,(3*! *,*4*27;! <+*!

#7*%(7#&2! ,&&:! #-! -7(8#,#-*3!=-#26!(2!&)*%! %*,(Y(7#&2! -$+*4*!

8(-*3!&2!7+*!8,(3*!*,*4*27!,&(3#26;!

<+*!,&$(,!*,*4*27!,&(3#26!#-!%*-&,)*3!#27&!3#-?!5&%$*-!(23!

4&4*27-! (23! 5*3'8($?! #27&! 7+*! )*+#$,*! -#4=,(7#&2!

*2)#%&24*27;! @#2$*! 7+*! $=%%*27! 4*7+&3! #-! 7+(7! #7! 3&*-! 2&7!

$&%%*$7,9! :%*3#$7! )&%7*Y! %#26! -7(7*! $&23#7#&2-! (2! ($$*:7(8,*!

)*+#$,*! )*,&$#79! *2)*,&:*! +(3! 7&! 8*! 4(::*3! &=7A! -&! 7+(7!

2&2*!&5!7+*!#23#)#3=(,!%&7&%-!>&=,3!8*!-=8X*$7!7&!)&%7*Y!%#26!

-7(7*! $&23#7#&2-;! N7! #-! (,-&! 2&7*3! 7+(7! #27*%5*%*2$*! *55*$7-!

8*7>**2! %&7&%-! (%*! #62&%*3! (23! 7+#-! (--=4:7#&2! #-! 7*-7*3!

*Y:*%#4*27(,,9;!

4.4 Electric systems modelling 

<+*!8%=-+,*--!4&7&%!#-!4&3*,,*3!=-#26!(!-7(23(%3!C-7!&%3*%!

Qc!4&7&%! 4&3*,A! -=$+! (-! :%*-*27*3! 89! Q%*,(! BCRD! (23! #2!

:%*)#&=-! K=(3%&7&%! 3*-#62! :%&X*$7-! BCTDA! (23! $&48#2#26! #7!

>#7+!-,#6+7!4&3#5#$(7#&2-!7&!($$&=27!5&%!7+*!:(%7#$=,(%!2(7=%*!

&5! 8%=-+,*--! 4&7&%-;! H(-*3! &2! -#4:,*! :(%(4*7*%-! 5%&4!

4&7&%! 3(7(-+**7-! &%! 4*(-=%*4*27-! 7+*! *,*$7%#$! :&>*%!

$&2-=4:7#&2A! $=%%*27! 3%(>! (23! *,*$7%#$! *55#$#*2$9! $(2! 8*!

*-7#4(7*3;!

/! 5#%-7! &%3*%! 4&3*,! 5&%4! BCTD! 5&%! ,#7+#=4':&,94*%!

8(77*%#*-!#-!=-*3!>#7+!(!5&$=-!&2!7+*!8(77*%9!)&,7(6*!3%&:!(23!

,&--*-! 5&%! (! 6#)*2! ,&(3;! N7! #-! (,-&! =-*3! 7&! *2-=%*! :%($7#$(,!

,#4#7-!&2!7+*!8(77*%9!3#-$+(%6*!#2!7+*!-#4=,(7#&2!4&3*,;!!

4.5 Rotor-motor dynamics 

<+*! 392(4#$-! &5! 7+*! :%&:=,-#&2! -9-7*4! $(2! 8*! %&=6+,9!

8%&?*2! 3&>2! #27&! 7>&! *55*$7-V! 7+*! %&7&%! (*%&392(4#$-! (23!

7+*! #2*%7#(! &5! 7+*! %&7&%'4&7&%! -9-7*4! 7+(7! #-! (55*$7#26! 7+*!

7#4*!$&2-7(27!5&%!$+(26*-!#2!%&7(7#&2(,!-:**3;!

0(%#(8,*'-:**3!%&7&%!-9-7*4-!$(2!*Y:*%#*2$*!(!-#62#5#$(27!

3*,(9! #2! 7+*! %&7(7#&2(,! -:**3! %*-:&2-*! >+#$+! #-! ,(%6*,9!

3%#)*2!89!7+*!#2*%7#(!&5!7+*!-9-7*4!BCD;!H9!=-#26!(!)(%#(8,*'

-:**3!3*-#62!7+#-!*55*$7!$(2!8*!()&#3*3A!8=7!#7!#-!(::%*$#(7*3!

7+(7!5=%7+*%!>&%?!#-!%*K=#%*3!7&!*-7(8,#-+!7+*!392(4#$-!&5!7+*!

%:4!6&)*%2&%!$&27%&,!,&&:-;!

_&%!)(%#(8,*':#7$+! %&7&%-! 7+*%*! #-!(! 7#4*!3*,(9!8*7>**2!(!

:#7$+! ($7=(7#&2! (23! 7+*! $&%%*-:&23#26! 7+%=-7! $+(26*;! <+#-!

3*,(9! $(2! 8*! 4&3*,,*3! =-#26! 7+*! 7#4*! $&2-7(27! &5! 7+*!

392(4#$!#25,&>!IQU!BCPD!

!

.G1 �� �
�����

��	


�
!

_&%!(!79:#$(,!+*Y%&7&%!+&)*%!%:4!&5!TJJJ!.� � 
�������

�1A!(23!(!4*(2!+&)*%!#25,&>!%(7#&!.��� � �����1!7+#-!9#*,3-!(!

7#4*!$&2-7(27!&5!F!4-;!<+#-!3*,(9!#-!C'E!&%3*%-!&5!4(62#7=3*!

-4(,,! 7+(2! &2! 5=,,! -#M*3! +*,#$&:7*%-! (23! >(-! $&2-#3*%*3!

#2-#62#5#$(27!5&%!7+*!:=%:&-*!&5!7+#-!-7=39;!

4.6 Experimental validation 

UY:*%#4*27-! >*%*! $(%%#*3! &=7! 7&! *)(,=(7*! 7+*! %&7&%!

:*%5&%4(2$*! (23! *-7(8,#-+! 7+*! 4(62#7=3*! &5! %&7&%!

#27*%5*%*2$*!*55*$7-;!!
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!

!

!

_#6=%*!ZV!0(%#(8,*!:#7$+!>#23!7=22*,!7*-7!%#6!>#7+!5&%$*!8(,(2$*!(23!%:4!

-*2-&%;![&7&%!3#(4*7*%!e!EOG!44!

<+*! %&7&%! :*%5&%4(2$*! >(-!4*(-=%*3! &2! (! -7(7#$! 7*-7%#6!

(23!#2!>#237=22*,!7*-7-!(!%&7&%!-#4#,(%!7&!7+*!%&7&%-!=-*3!&2!

7+*! 5#2(,!3*-#62;!<+*! 7*-7! %&7&%-!+(3!(! %(3#=-!&5!J;CER!4A!(!

-&,#3#79!&5!J;JZZ!(23!-944*7%#$(,A!=27>#-7*3!>#7+!(!$&2-7(27!

$+&%3!8*7>**2!GJ'CJJk!%(3#=-;!<+*! %&7&%!>(-! 7*-7*3! #2!(2!

&:*2'$#%$=#7! 8,&>!3&>2! ,&>! -:**3! 7=22*,!>#7+! (! J;ZYCC;4!

7*-7!-*$7#&2!(23!(!7=%8=,*2$*!,*)*,!&5!J;Ok;!!/!P'(Y#-!5&%$*!

8(,(2$*!>(-! 5#77*3! 8*7>**2! 7+*!4&7&%! (23! 7+*! -=::&%7! (%4!

(23!(2!&)*%+*(3!9(>!$&27%&,!4*$+(2#-4!>(-!=-*3!7&!(,,&>!

5&%!(!FPJz!%&7(7#&2;!<+*!(--*48,9!>(-!*K=#::*3!>#7+!(!L(,,!

*55*$7! -*2-&%! 5&%! 7+*! %&7(7#&2(,! -:**3! (23! :%*--=%*!

7%(2-3=$*%-!5&%!7+*!7=22*,!)*,&$#79;!

[*(,'7#4*! 3(7(! ($K=#-#7#&2! *K=#:4*27! >(-! =-*3! 7&! -*7!

3*4(23-! 5&%! $&,,*$7#)*! :#7$+! (23! %:4! (23! 5&%! 7(?#26!

-#4=,7(2*&=-! 4*(-=%*4*27-! &5! (,,! -*2-&%-;! <+*! 3(7(! >(-!

:&-7':%&$*--*3! (23! *Y:%*--*3! #2! 2&23#4*2-#&2(,! 5&%$*!

$&*55#$#*27!(23!(3)(2$*!%(7#&-!>+#$+!$&=,3!8*!=-*3!7&!:(%7,9!

)(,#3(7*! 7+*! 8,(3*! *,*4*27! 4*7+&3! &)*%! 7+*! %(26*! &5! 5,&>!

$&23#7#&2-!&5!:%($7#$(,!#27*%*-7;!_=%7+*%!3*7(#,-!&5!7+*!7*-7#26!

(23!*Y:*%#4*27-!$(2!8*!5&=23!#2!BCFA!CGD;!

<+*! %&7&%'%&7&%! #27*%5*%*2$*! &5! 7+*! :%&:&-*3! +*Y%&7&%!

%&7&%!(%%(26*4*27!>(-!-7=3#*3!=-#26!(!6*&4*7%#$(,,9!-#4#,(%!

5#Y*3':#7$+! +*Y%&7&%! 4&=27*3! &2! (! P'$&4:&2*27! 5&%$*!

8(,(2$*;! _&%$*-! (23!4&4*27-! >*%*! 3*4(23*3! 7+%&=6+! 7+*!

-7(7#$! 4(::#26! %*,(7#&2-+#:-! 3*-$%#8*3! #2! F;E! (23! 7+*!

,#2*(%#79! (23! &55'(Y*-! %*-:&2-*! >(-! -7=3#*3;! N2! +&)*%!

#27*%5*%*2$*! >(-! 5&=23! 7&! +()*! 2*6,#6#8,*! *55*$7-! &2! 2*7!

5&%$*-! (23! 4&4*27-! BPDA! (,7+&=6+! 2&! X=36*4*27! $(2! 8*!

4(3*!&2!#27*%($7#&2!*55*$7-!#2!5&%>(%3!5,#6+7;!

!

5 RESULTS

5.1 Variable pitch operating mode and performance 

_&%! (2! *,*$7%#$! )(%#(8,*! :#7$+! -9-7*4! 7+*! 7+%=-7! 3*4(23!

$(2!8*!4**7!>#7+!(! %(26*!&5!$&,,*$7#)*!:#7$+!(23! %&7(7#&2(,!

-:**3! $&48#2(7#&2-;! j-#26! -#4=,(7#&2-! (23! *Y:*%#4*27(,!

)(,#3(7#&2!(2!&:*%(7#26!4&3*!>(-!3*5#2*3!7&!-(7#-59!7+*!?*9!

$&2-7%(#27! &5! +&)*%#26! &2! 7>&! %&7&%-!>+#,-7! &:7#4#-#26! 7+*!

$&48#2*3! (*%&392(4#$! (23! 4&7&%! *55#$#*2$9! 5&%! 79:#$(,!

+&)*%!$&23#7#&2-;!

!

!

_#6=%*!CJV!L&)*%!:*%5&%4(2$*!)(,#3(7#&2!(23!*55#$#*2$9!&5!(!-#26,*!U0\!

=2#7!

_#6=%*! CJ! -+&>-! -#26,*! %&7&%! 7+%=-7! (23! $&48#2*3!

*55#$#*2$9! (6(#2-7! $&,,*$7#)*! :#7$+;! N7! 3*4&2-7%(7*-! 7+*!

-=#7(8#,#79! &5! 7+*! :%&:&-*3!U0\! -9-7*4A! 8*$(=-*! 7+*!>&%-7!

$(-*! 3*-#62! $&2-7%(#27! &5! ,#57#26! 7+*! )*+#$,*! &2! 7>&! %&7&%-!

.<ePb1! $(2! 8*! -(7#-5#*3! #5! 7+*! -9-7*4! #-! &:*%(7*3! (7! (!

-=55#$#*27,9! +#6+! 8(-*! %:4! &5! CEOJJ;! <+#-! %&7(7#&2(,! -:**3!

(,-&!4(Y#4#-*-! 7+*! -9-7*4! *55#$#*2$9! (%&=23! 79:#$(,! +&)*%!

$&23#7#&2-! .\#7$+! e! Z;OzA! <eF;Ob1! 5&%! >+#$+! 7+*! >*#6+7!

-=::&%7!#-!:%&)#3*3!89!(,,!-#Y!%&7&%-;!/%&=23!7+*-*!&:*%(7#26!

$&23#7#&2-! 7+%=-7! %*-:&23-! ,#2*(%,9! 7&! -4(,,! $+(26*-! #2!

$&,,*$7#)*!:#7$+;!!

<+*! )*+#$,*! *23=%(2$*! (7! 7+*! :%&:&-*3! &:*%(7#26!

$&23#7#&2-!>(-!-7=3#*3!(-!(!5=2$7#&2!&5!)*+#$,*!4(--;!H(-*3!

&2! 7+*! ()(#,(8#,#79! &5! -=#7(8,*! 8(77*%#*-! (23! 7+*! 7%(3*'&55!

8*7>**2! (33#7#&2(,! 8(77*%9! $(:($#79! (23! #2$%*(-*3! :&>*%!

3*4(23! 7+*!4(Y#4=4! *23=%(2$*! 5&%! 7+*! $=%%*27! 3*-#62! #-!

*-7#4(7*3! (%&=23! P'R! 4#2=7*-! >#7+! (! F;O/+! F'$*,,! ,#7+#=4!

:&,94*%!8(77*%9;!^+#,-7!7+#-!*23=%(2$*!#-!$&2-#3*%(8,*!,&>*%!

7+(2! &2! -#4#,(%,9! -#M*3! :,(2(%! %&7&%$%(57! )*+#$,*-A! 7+#-! #-! (!

2*$*--(%9!7%(3*'&55!%*-=,7#26!5%&4!7+*!=2#K=*!$(:(8#,#7#*-!&5!

7+*!+*Y%&7&%!3*-#62;!

!

5.2 Current state of the project 

H(-*3! &2! 7+*!4*7+&3! (23! *Y:*%#4*27-! :%*-*27*3! #2! 7+#-!

:(:*%! (! :%&7&79:*! &5! 7+*! )*+#$,*! +(-! 8**2! 3*-#62*3! =-#26!

$&44*%$#(,,9! ()(#,(8,*! :(%7-! (23! &:*2'-&=%$*! *,*$7%&2#$-!

-&,=7#&2-;!<+*!5,#6+7!$(:(8,*!)*%-#&2!&5!7+*!:%&7&79:*A!(-!&5!

/=6=-7!EJCCA!$(2!8*!-**2!#2!_#6=%*!CC;!

!

!

_#6=%*!CCV!_,#6+7'$(:(8,*!:%&7&79:*!&5!7+*!)(%#(8,*':#7$+!+*Y%&7&%!>#7+!

(--*48,*3!U0\!=2#7-!(23!(2!/%3=:#,&7!4*6(!
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!

_=%7+*%! -7(7#$! (23! 5%**! 5,#6+7! 7*-7#26! &5! 7+*! +*Y%&7&%! #-!

:,(22*3!5&%!@*:7*48*%!EJCC;!

<+*! 7(?*! &55! 4(--! &5! 7+*! :%&7&79:*! #-! C;E?6;! <+*! 4(--!

8%*(?3&>2! #2! _#6=%*! CE! #-! K=#7*! 3#55*%*27! 5%&4! 7%(3#7#&2(,!

$&:,(2(%!)*+#$,*-!3=*!7&!7+*!+#6+!:%&:=,-#&2!6%&=:!(23!,&>!

(#%5%(4*!4(--!5%($7#&2;!!

!

!

_#6=%*!CEV!0*+#$,*!4(--!8%*(?3&>2!

6 CONCLUSIONS

<+*!*26#2**%#26!3*-#62!5&%!(!2&)*,!+*Y%&7&%!)*+#$,*!>#7+!

)(%#(8,*':#7$+! %&7&%-! +(-! 8**2! #27%&3=$*3! >+#$+! +(-! 7+*!

(8#,#79! 7&! :&#27! 7+*! 7+%=-7! )*$7&%! #23*:*23*27! &5! 7+*! 8&39!

(77#7=3*;!<+*!?*9!$&27%#8=7#&2!&5! 7+#-!:(:*%! #-! 7&!:%*-*27!(2!

*26#2**%#26!(23!-#4=,(7#&2!(::%&($+!7+(7!*2(8,*-!7+*!3*-#62!

&5! -=$+! (! )*+#$,*!>#7+! $&44*%$#(,,9! ()(#,(8,*! $&4:&2*27-!

(23!,(%6*,9!&:*2!-&=%$*!8(-*3!-&57>(%*!-&,=7#&2-;!

N7!#-!-+&>2!7+(7!7+*!?*9!3*-#62!$&2-7%(#27!7+(7!(%#-*-!5%&4!

7+*!+*Y%&7&%!$&2$*:7!#-!7+*!2**3!7&!:%&)#3*!-=55#$#*27!7+%=-7!

>#7+!7>&!%&7&%-!7&!,#57!7+*!*27#%*!)*+#$,*A!-&!7+(7!7+%=-7!$(2!8*!

)*$7&%*3!(7!(29!(77#7=3*;!<+#-! %*K=#%*4*27!+(-!8**2!4*7!89!

3*-#62#26!(2!(#%5%(4*!>#7+!(!4(--!5%($7#&2!&5!(%&=23!Tk!&5!

7+*! (,,! =:! >*#6+7! (23! 7+*! -*,*$7#&2! &5! (2! *,*$7%#$! )(%#(8,*!

:#7$+! :%&:=,-#&2! -9-7*4! 8(-*3! &2! (! 4(Y#4=4! :%&:=,-#&2!

=2#7!7+%=-7!7&!>*#6+7!%(7#&!%(7+*%!7+(2!*55#$#*2$9;!!

@#4=,(7#&2! (23! 7*-7#26! -7%(7*6#*-! 5&%! 7+*! =2#K=*! %&7&%!

(%%(26*4*27! >*%*! :%*-*27*3! (23! 7+*! 5*(-#8#,#79! &5! 7+*!

:%&:=,-#&2! =2#7! -7(7#$! 7+%=-7! %*-:&2-*! >(-! 3*4&2-7%(7*3!

7+%&=6+!6%&=23!7*-7#26!(23!-#4=,(7#&2;!

!
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Closing the gap between simulation and reality
in the sensor and motion models

of an autonomous AR.Drone
Arnoud Visser, Nick Dijkshoorn, Martijn van der Veen and Robrecht Jurriaans∗

ABSTRACT

This article describes a method to develop an
advanced navigation capability for the standard
platform of the IMAV indoor competition: the
Parrot AR.Drone. Our development is partly
based on simulation, which requires both a re-
alistic sensor and motion model. This article de-
scribes how a visual map of the indoor environ-
ment can be made, including the effect of sensor
noise. In addition, validation results for the mo-
tion model are presented. On this basis, it should
be possible to learn elevation maps, optimal
paths on this visual map and to autonomously
avoid obstacles based on optical flow.

Keywords: Quadrotor, visual SLAM, monocular vision,
SURF features, noise models

1 INTRODUCTION

Small quadrotors with on-board stabilization which can
be bought off-the-shelf, like the Parrot AR.Drone, make it
possible to shift the research from basic control of the plat-
form towards applications that make use of their versatile
scouting capabilities. Possible applications are surveillance,
inspection and search & rescue. Still, the limited sensor suite
and the fast movements make it quite a challenge to fully au-
tomate the navigation for such platform. One of the prereq-
uisites for autonomous navigation is to capability to make a
map of the environment.

2 RELATED WORK

Our approach was inspired by Steder et al. [1], who pre-
sented a system that allows aerial vehicles to acquire visual
maps of large environments using comparable setup with an
inertia sensor and low-quality camera pointing downward. In
their approach the inertia sensor was used to estimate a num-
ber of parameters in the spatial relation between two camera
poses, which reduces the dimensionality of the pose to be es-
timated. Equivalent with our approach, Steder uses Speeded-
Up Robust Features (SURF) [2] that are invariant with re-
spect to rotation and scale. By matching features between
different images, one can estimate the relative motion of the

∗Intelligent Systems Lab Amsterdam, Universiteit van Amsterdam

camera, and thus, construct the graph that serves as input to
the TORO-based network optimizer [3].

Prior to 2011 no standard platform existed in the Micro
Air Vehicle competition1, which allowed to participants to
construct optimal sensor configurations. For instance, the
team from MIT [4] installed a Hokuyo laser scanner on their
UAV and where able apply many techniques developed for
ground robotics on their flying robot. Another example is the
approach of the team from Canterbury [5], where an omni-
directional camera was mounted on the platform, which was
used to acquire an heading estimation from the optical flow.
At the latest edition of the Micro Air Vehicle competition2

an Parrot AR.Drone was extended with an infrared camera
to be able to follow people [6]. Because the AR.Drone is
a quite novel development, the number of studies based on
this platform is limited. A recent publication is from Cornell
University [7], where an AR.Drone is used to automatically
navigate corridors and staircases based on visual clues.

Figure 1: 3D model of a gym with realistic ground and wall
textures which represents the Micro Air Vehicle pylon chal-
lenge.

As indicated in [8]; an accurate simulation of a quadrotor
is a valuable asset, which allows safe and efficient develop-
ment of control algorithms. Additionally, it gives direct ac-
cess to ground truth values and allows to design repeatable
experiments. To be used in such a way, not only the models
of the actuators and sensors have to be validated. Another key
feature is that the simulation environment is equipped with an
editor which allows detailed modifications to the simulated

1http://www.emav2009.org, http://www.imav2010.org
2http://www.springimav2011.com
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environment so that the details needed for the experiment can
be easily added as indicated in Figure 1. The environment se-
lected is USARsim [9], which allows physical realistic simu-
lations and a versatile environment editor.

3 METHODS

3.1 Map stitching
Our approach uses image stitching to build a visual map

of an indoor environment. The frames from the AR.Drone’s
low-resolution down-looking camera are aligned together and
drawn on a canvas object. A set of matches between two
camera frames is used to estimate a homographic model for
the apparent image motion. This model can be composed
with the estimated motion of the rest of images in order to
build a mosaic. The sonar sensor is used to detect obstacles
and mask these obstacles in the camera image to make the
image stitching more robust.

The first camera frame I0 is added at the center of the
canvas object without any image transformation. This image
determines the scale of the map, because consecutive images
are related to this image. Each next image is related to the
previous image by calculating a local perspective transforma-
tion H(i−1)i. This perspective transformation H(i−1)i is used
to transforms image Ii such that it matches the scale, orienta-
tion and translation of image Ii−1.

H(i−1)i is computed by matching point features from two
consecutive images. A certain degree of image overlap is re-
quired in order to find features that are present in both im-
ages. We use Speeded-Up Robust Features (SURF) [2] that
are invariant with respect to rotation and scale. Each feature
is represented by a descriptor vector and its position, orienta-
tion, and scale in the image. Each features from image Ii is
matched with a feature from image Ii−1 that has the shortest
Euclidean distance.

The local perspective transformation H(i−1)i is calcu-
lated by minimizing the back-projection using a least-squares
algorithm. However, if not all of the point pairs fit the rigid
perspective transformation (i.e. there are some outliers), this
initial estimate will be poor. We use Random Sample Con-
sensus (RANSAC) [10] to filter the set of matches in order to
detect and eliminate erroneous matches. RANSAC tries dif-
ferent random subsets of four corresponding point pairs. It
estimates the homography matrix using this subset and then
computes the quality of the computed homography by count-
ing the number of inliers.

Now that image Ii is related to image Ii−1, it can be re-
lated to the first image I0 (canvas) by multiplying the local
perspective transformation with the local perspective trans-
formations from all previous matched frames.

Ĥj0 =
1∏

k=j

H(k−1)k (1)

The resulting transformation Ĥj0 is used to warp image Ij .

Finally, the warped image Iwj is added to the canvas.
The local transformations between consecutive images

can be composed to obtain the global transformation of the
current frame, but local errors lead to a progressive drift in
the transformation of future frames. One faulty local trans-
formation can have disastrous impact on the image stitching.
Therefore, we included several methods to detect faulty lo-
cal transformations. Once a faulty local transformation is de-
tected, the corresponding frame is dropped.

The first method to detect faulty transformations is count-
ing the percentage of outliers. If the percentage exceeds
threshold γ1 the frame is being dropped (ignored). All fea-
ture points from image Ij are transformed with local transfor-
mation H(i−1)i. Then, the Euclidean distance between each
transformed point from image Ii and the matched point from
image Ii−1 is measured. If the distance is larger then thresh-
old ǫ the point is marked as outlier.

Another method to detect faulty transformations is by cal-
culating the relative change of the global transformation when
a new local transformation H(i−1)i is added. Large relative
changes indicate unlikely local transformations, because con-
secutive frames are likely to have only small differences in
translation, rotation and scaling. If the relative change intro-
duced by a frame’s local transformation exceeds threshold γ2
the frame is being dropped (ignored). The relative change δH
introduced by frame Ij and its local transformation H(i−1)i

is calculated as following:

δH = Ĥ(i−1)0./Ĥi0 (2)

where ./ is a per-element division. The frame is dropped if
〈| δH |〉 > γ2.

Processing a single frame and merging it into the visual
map requires approximately 150ms. The AR.Drone’s framer-
ate is fixed at 15fps, which is too high to process each single
frame in realtime. In order to achieve realtime map stitch-
ing, frames that are receiving while another frame is still be-
ing process, are dropped. However, this reduces the vehicle’s
maximum speed that provides enough overlap between con-
secutive frames. For example, when flying at 1m altitude, the
camera (64 degree FOV) perceives 1.24m floor. The max-
imum horizontal speed to achieve 50% overlap at 15fps is
9.3m/s, which is nearly twice the actual maximum speed of
the AR.Drone (5m/s). With reduced framerate (6.67fps in-
stead of 15 fps), the maximum horizontal speed is 4.13m/s,
83% of the actual maximum speed.

3.1.1 Obstacle masking

The map stitching method just described assumes that the ter-
rain is approximately flat. However, this assumption does not
hold when flying at low altitude. The parallax effect results
in faulty local transformations and errors in the map.

A method to prevent the parallax effect is by removing
obstacles from the camera frames, such that a flat terrain re-
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mains. The sonar sensor is used to create an elevation map.
This elevation map is being generated simultaneously with
the visual map and has the same scale and size. When im-
age Ii is received, the corresponding piece from the eleva-
tion map is extracted by transforming the elevation map with
Ĥ−1

i0 . Now, the extracted elevation map has the same size and
scale as the received image. All pixels from image Ii with an
elevation greater then γ3 are masked and not being used for
feature detection. The method is currently under study, de-
tails will be published elsewhere.

3.1.2 Inertia

The motion was in the previous sections purely estimated on
visual clues only. The AR.Drone is equipped with a num-
ber of additional sensors which give constants updates about
the motion. The AR.Drone’s inertial sensor data (body ac-
celeration and attitude) can be used to estimate the current
position. To get a robust estimate an Extended Kalman Fil-
ter is applied. The state vector comprises a position vector
pW , velocity vector vW , acceleration vector aW and attitude
vector qW .

x = [pW vWaW qW ] (3)

The resulting position estimate can be used as input for
the map stitching algorithm. This method is applied in one
experiment to study if the map stitching algorithm could ben-
efit from this additional information.

3.2 Simulation model

The AR.Drone is a stabilized system (see Figure 2).
When no control signals are given the quadrotor hovers on
the same location, which is accomplished by a feedback loop
which uses the sonar (for altitude) and the bottom camera
(for horizontal position). The simulation makes use of this
assumption. When no control signal is given, the AR.Drone
stays at the same location. When a control signal for an lon-
gitudinal or lateral velocity is given, it calculates the force
needed to reach that velocity (and assuming that the drag
force Db increases linearly with the velocity). When the con-
trol signal stops, the drag force Db slows the quadrotor down
until it hovers again. The USARSim quadrotor model uses
the Karma physics engine (part of the Unreal Engine [11])
to simulate the force and torque acting on the aircraft. Yet,
only the overall trust is calculated, the differential trust is not
used. When moving in the horizontal plane, a real quadrotor
changes its angle of attack (which is the defined as the an-
gle between direction of motion eV and the body frame eN
[12]). The Karma physics engine does not need this angle to
calculate the resulting horizontal movement. Yet, this angle
of attack has direct consequences for the viewing directions
of the sensors, so the roll and the pitch should be adjusted in
correspondence with horizontal movements.

Figure 2: Free body diagram of a quadrotor helicopter (Cour-
tesy Hoffman et al. [13]). Note that a right-handed orthogo-
nal coordinate system is used with the z-axis pointing down.
Each of the 4 motors has a trust Ti and momentum Mi. To-
gether the motors should generate sufficient vertical trust to
stay airborne, which is indicated by the gravity force mg in
the direction eD. Differential trust between the motors can
provide roll φ and pitch θ torques, which lead to an angle of
attack α. This can result in fast movements of the helicopter
(e.g. in the horizontal plane) in the direction eV which a re-
sulting drag force Db.

Control signals for vertical and rotational movements
(around the z-axis) are calculated in the same manner. For
vertical movements not only the drag force Db is taken into
account. In this case also the gravitational force mg is in-
cluded in the equation. Rotations around the z-axis stop quite
quickly when no control signal is given. For this rotational
movement a 20x larger drag force Dr is used to model the
additional inertia.

Figure 3: 3D model of the Parrot AR.Drone. This is a simpli-
fied model, based on the highly detailed model provided by
Parrot SA.

The result is a simulation model (see Figure 3),
which maneuvers close to the actual AR.Drone. Both
the simulated and real system have the same di-
mensions (0.525, 0.515, 0.115)m. The principal el-
ements of inertia are calculated correspondingly to
(0.0241, 0.0232, 0.0451)kg ·m2, assuming a homoge-
neous distribution of the mass.
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4 RESULTS

4.1 Map stitching

Three types of experiments have been carried out to eval-
uate the map stitching approach. Each experiment is per-
formed with the AR.Drone and the simulated AR.Drone us-
ing USARSim.

The first experiment measures the performance of the
method without obstacle masking. Four large puzzle pieces
are lead out on the floor within a square of 1.6m x 1.6m.
These puzzle pieces are used as landmarks that are easily rec-
ognizable in the map. Each landmark has a label (A, B, C,
etc). The distance between the centers of the landmarks is
1.3m, except for the distance B-D (

√
1.32 ∗ 1.32 = 1.84m).

Smaller puzzle pieces are lead out inside the square to provide
enough texture for feature detection.

The realtime map stitching method is performed on the
floor as described above. The distances between the land-
marks inside the generated map (red lines) are compared to
the know ground truth to compute the error of the stitched
map.

Figure 4: Map created by the map stitching method. Camera
images are taken by the AR.Drone flying at approximately
0.85m.

The results of this experiment can be found in Table 1
and Figures 4 (real AR.Drone) and 5 (simulated AR.Drone).
Both for the simulated and real AR.Drone a visual map is
created with enough quality for human navigation purposes.
The visual map created by the simulated AR.Drone contains
fewer errors than the map of the real AR.Drone. This is not
an intended result. Care has been taken to reproduce the cir-
cumstances in simulation as good as possible; the camera im-
ages in simulation are post-processed (decreased saturation,
increased brightness, down-sampled resolution) to mimic the
real images as close as possible. The difference between
real and simulated visual map could also be explained by

Figure 5: Map created by the map stitching method. Camera
images are taken by the simulated AR.Drone flying at approx-
imately 0.80m.

landmarks A-B B-C C-D D-A B-D
AR.Drone
mean error (m) 0.385 0.146 0.608 0.156 0.445
error (%) 29.6 11.2 46.8 12.0 24.1
USARSim simulator
mean error (m) 0.019 0.047 0.026 0.075 0.028
error (%) 1.46 3.62 2.00 5.77 2.15

Table 1: Accuracy of the realtime stitched map by measuring
the distance between landmarks. The maps are creating using
the AR.Drone (Figure 4) and the USARSim simulator (Figure
5) .

smoother movements between the frames in simulation. Yet,
also here care has been taken to mimic the dynamics of the
AR.Drone as close as possible (as described in Section 4.2).
Visual inspection of the video stream shows that there are
equivalent changes in the movements between frames. Our
hypothesis is that the remaining difference between simula-
tion and reality are due to the effect of automatic white bal-
ancing of the real camera. In the next experiment this hypoth-
esis will be further studied.

A second experiment is performed to study our hypothesis
that the real AR.Drone produces less accurate maps caused
by the automatic white balancing of the camera. The post-
processing step from the images in simulation is extended
with an additional filter, which changes the brightness ran-
domly (including a non-linear gamma correction). With this
additional error source the map of the simulated AR.drone
(Figure 6) close resembles the map of the real AR.Drone
(Figure 4). Also the quantitive comparison of Table 1 and
2 show now that the errors in simulation increased from max-
imal 7.5cm to 25.4cm, which means an improvement in re-
alism. The maximum error in the real visual map is still a bit
larger (60.8cm), but this can be attributed to a scaling error
(a systematic error in the attitude measurement of the sonar
sensor).
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Closer inspection shows that the white balance variations
reduce the stability of the detected features, i.e., less of the
same features are found between consecutive frames. This
finding is supported by a statistical measure: the average Eu-
clidean distance of features that are matched across consec-
utive frames. The post-processing increases the average fea-
ture distance from 22.1px to 32.9px. This resembles the av-
erage feature distance of the real AR.Drone (32.7px).

Figure 6: Map created by the map stitching method. Camera
images are taken by the simulated AR.Drone that mimics the
real AR.Drone’s white balance variations.

landmarks A-B B-C C-D D-A B-D
USARSim simulator (white balance variations)
mean error (m) 0.031 0.181 0.215 0.254 0.190
error (%) 2.21 12.93 15.36 18.14 10.27

Table 2: Accuracy of the realtime stitched map by measuring
the distance between landmarks. The map is creating using
the USARSim simulator (Figure 6) with post-processing of
the camera images to increase realism.

The floorplan from the first and second experiment is re-
peated 3 times in both directions. Now, the texture on the
floor covers 4.8m x 4.8m. The AR.Drone flew in a 8-shape
above the floor to capture an intermediate loop (point A and
E from Figure 7). This experiment is performed on the simu-
lated AR.Drone to show how this method scales up under fa-
vorable conditions (without additional white balance noise).

The third experiment shows the limit of the current
approach without loop-closure or information from other
sources (inertia measurements and controls). Figure 7 and
Table 3 reveal the accumulative error propagation of the cur-
rent stitching method, which was not clearly visible from first
experiment. The error at point A-E can only be reduced with
a global optimization routine. In section 6 an indication is
given how this accumulative error propagation can be battled.

Figure 7: Map created by the map stitching method. Camera
images are taken by the simulated AR.Drone flying at approx-
imately 0.80m.

landmarks A-B B-C C-D D-E E-F
mean error (m) 0.220 0.87 0.579 0.220 0.523
error (%) 10.48 19.33 27.57 4.89 24.90
landmarks F-G G-H H-A B-G
mean error (m) 0.011 0.244 0.788 0.14
error (%) 0.24 11.62 17.51 2.20

Table 3: Accuracy of the realtime stitched map (Figure 7)
by measuring the distance between landmarks. The map is
creating using the USARSim simulator.

To show the effect of additional information, the last ex-
periment is repeated with data from the AR.Drone’s inertial
sensor. The information from this sensor (body acceleration
and attitude) is used in an Extended Kalman Filter to estimate
the current position, as described in Section 3.1.2.

landmarks A-B B-C C-D D-E E-F
mean error (m) 0.029 0.689 0.049 0.565 0.013
error (%) 1.38 15.31 2.33 12.56 0.62
landmarks F-G G-H H-A B-G
mean error (m) 0.596 0.080 0.720 0.243
error (%) 13.24 3.81 16.0 3.83

Table 4: Accuracy of the EKF-based stitched map (Figure 8)
by measuring the distance between landmarks. The map is
creating using the USARSim simulator.

Figure 8 clearly shows that the AR.Drone flew a 8-shaped
trajectory. Also the quantitative comparison showed that the
relative error drops from maximum 27.57% in Table 3 is re-
duced to 16.0% in Table 4.
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Figure 8: Map created by an Extended Kalman Filter (EKF).
Camera images are taken by the simulated AR.Drone flying
at approximately 0.80m.

4.2 Validation of the simulation model

To evaluate the USARSim quadrotor model, a set of ma-
neuvers is flown with the actual AR.Drone and simulated
AR.Drone. The differences between the maneuvers are stud-
ied in detail. To enable multiple repetitions of the same ma-
neuver it is described as a set of time points (milliseconds
since initialization) each coupled to a movement command.
We wrote wrappers for the AR.Drone programming inter-
face and for USARSim interface which read these scripts
and output a control signal, using the system clock to man-
age the timing independently from the game engine and the
AR.Drone hardware. Orientation, altitude and horizontal
speed are recorded at a frequency of 200Hz during the ma-
neuvers. These are gathered through the AR.Drone’s inter-
nal sensors and the build-in algorithms, which are also used
by the controller to operate the drone. The filtered output
of the MEMS gyroscope is used for estimating orientation.
The filtered output of the ultrasound distance sensor is used
for estimating altitude. The optical flow algorithm using the
bottom camera is used for estimating the horizontal (linear
and lateral) speeds. The simulator has equivalent sensors. In
addition, simulation can provide ground-truth data. Also for
the real maneuvers an attempt was made to generate ground
truth via an external reference system; the movements were
recorded with a synchronized video system consisting of with
four firewire cameras, capturing images at 20 frames per sec-
ond at a resolution of 1024 x 768 pixels. The position of the
AR.Drone in each frame has been annotated by hand.

Corresponding to NIST guidelines [14] a set of exper-
iments of increasing complexity was performed. For the
AR.Drone four different experiments were designed. The
first experiment is a simple hover, in which the drone tries
to maintain its position (both horizontal and vertical). The
second experiment is linear movement, where the drone ac-
tuates a single movement command. The third experiment

is a small horizontal square. The last experiment is a small
vertical square.

4.2.1 Hovering

Quadrotors have hovering abilities just like a helicopter. The
stability in maintaining a hover depends on environmental
factors (wind, underground, aerodynamic interactions) and
control software. If no noise model is explicitly added, the
USARSim model performs a perfect hover; when no control
signal is given the horizontal speeds are zero and the altitude
stays exactly the same.

For the AR.Drone, this is a good zero-order model. One
of the commercial features of the AR Drone is its ease of op-
eration. As part of this feature it maintains a stable hover
when given no other commands, which is accomplished by
a visual feedback loop. So, the hovering experiment is per-
formed indoors with an underground chosen to have enough
texture for the optical- flow motion estimation algorithm.

As experiment the AR Drone maintains a hover 35 sec-
onds. This experiment was repeated 10 times, collecting 60k
movement samples for a total of 350 seconds. Over all sam-
ples the mean absolute error in horizontal velocity (the Eu-
clidean norm of the velocity vector) is 0.0422m/s with a
sample variance of 0.0012m2/s2. From the samples we ob-
tain the distribution of the linear and lateral velocity compo-
nents.

From the velocity logs the position of the AR Drone dur-
ing the 35 second flight was calculated. The mean absolute
error of the horizontal position is 0.0707m with a sample
variance of 0.0012m2.

4.2.2 Horizontal movement

In this experiment the drone is flown in a straight line. It is
given a control pulse with a constant signal for 5 different
time periods: 0.1s, 1s, 2s, 3s, and 5s. Each pulse is followed
by a null signal for enough time for the drone to make a full
stop and a negative pulse of the same magnitude for the same
period, resulting in a back and forth movement. In Figure
9 the red line shows the control signal, the blue line the re-
sponse of the AR.Drone. The experiment was repeated for 5
different speeds. The control signal s specifies the pitch of
the drone as a factor (between 0 and 1) of the maximum ab-
solute tilt θmax which was set to the default value3. The trails
were performed with the values of 0.05, 0.10, 0.15, 0.20, 0.25
for the control signal s.

Robots in USARSim are controlled with a standardized
interface, which uses SI units. A robot in USARSim ex-
pects a DRIVE command with a speed in m/s and not the
AR.Drone native signal s. Thus in order to fly comparable tri-
als the relation between the drone’s angle of attack α and the
corresponding velocity v has to be investigated. When flying

3ARDrone firmware (1.3.3)
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Figure 9: Response of the real AR.Drone on a number of
pulses with a amplitude of s = 0.15 .

straight forwards, the angle of attack α is equivalent with the
pitch θ. In order to do this the samples from the logs where
the drone has achieved maximum velocity has to be selected.
Closer inspection of the velocity logs show that in each trial
there is still constant increase of velocity for the first three
pulses. For the last two pulses there is obvious plateauing,
which indicates that the last two seconds of the five-second
pulses is a good indication for the maximum velocity. There-
fore the velocity at those last two seconds was used to com-
pute mean absolute speeds v̄, which are combined with the
mean absolute pitch θ̄ as measured by the MEMS gyroscope.
The estimates for v̄ and pitch θ̄ are presented in Table 5 to-
gether with their standard deviation. Extrapolating the mean
pitch θ̄ ≃ 7.5o at control value s = 0.25 to the maximum
control signal gives an indication of the drone’s maximum
pitch θmax ≃ 30o value. For typical usage, the angle of at-
tack never exceeds 12o degrees.

Control signal s
0.05 0.10 0.15 0.20 0.25

v̄ (m/s) 0.4044 0.6284 1.4427 1.7587 2.2094
σv (m/s) 0.096 0.226 0.070 0.126 0.165
θ̄ (deg) 1.4654 2.9025 4.1227 5.7457 7.4496
σθ (deg) 0.455 0.593 0.482 0.552 0.921

Table 5: Averaged velocity v̄ measured at the end of a 5 sec-
onds pulse of the control signal s, including the correspond-
ing pitch θ̄ as measured by the gyroscope.

To convert the drone’s control signal s to USARSim com-
mands v a least-squares fit through the points of Table 5
is made for the linear function v = c · θ, which gives us
c = 0.2967. Equation 4 gives the final conversion of a control
signal s to a velocity v in m/s given the drone’s maximum
pitch θmax in degrees.

v = 0.2967 · s · θmax (4)

The USARSim model has a parameter Pθ for calculating

the angle in radian given the velocity, which is the value P̂θ =
0.057, as used in subsequent simulations.

The next experiment checks the acceleration of the real
and simulated AR.Drone. First we give an estimate of how
quickly the drone’s controller changes its pitch to match the
commanded pitch and how well it can keep it. For this we
select all samples from 100ms after the start of the 2s, 3s,
and 5s pulses till the first sample at which the commanded
pitch has been reached. This corresponds to the time-span
between which the drone has started to act on the change in
the control signal until it reaches the commanded pitch. The
result is illustrated in Figure 10.

Figure 10: Response of the real (red) and simulated
AR.Drone (blue) on the same pulses as shown in Figure 9.

As one can see, the acceleration has for the real and sim-
ulated AR.Drone nearly the same slope. The deceleration
of the simulated AR.Drone is slightly slower. In the real
AR.Drone the feedbackloop based on the optical flow of the
ground camera actively decelerates the system. Overall, the
dynamic behavior of the simulator closely resembles the dy-
namic behavior of the real system. Additionally, tests with
more complex maneuvers (horizontal and vertical square)
have been recorded, but unfortunately not yet analyzed in de-
tail.

5 CONCLUSION

The current map stitching method is able to map small ar-
eas visually with sufficient quality for human navigation pur-
poses. Both the AR.Drone and USARSim simulator can be
used as source for the mapping algorithm. The visual map
created by the simulated AR.Drone contains fewer errors than
the map of the real AR.Drone. An experiment showed that the
difference can be explained by the effect of automatic white
balancing of the real camera.

The validation effort of the hovering and the forward
movement shows that the dynamic behavior of the simulated
AR.Drone closely resembles the dynamic behavior of the real
AR.Drone. Further improvement would require to include the
characteristics of the Parrot’s proprietary controller into the
simulation model.
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6 FUTURE WORK

Future work will use visual slam to build the map and
estimate the position of the robot. Such methods can han-
dle loop-closures events when places are revisited and cor-
rects for drift. Other future work is the integration of graphic
framework to display a visual elevation map similar to [1].

A further improvement would be to include the images of
the high-resolution front camera into the process. Those im-
ages can be used to calculate the optical flow from monocular
stereo vision, which serves as the basis for both creating a dis-
parity map of the environment. The disparity map can be used
to detect obstacles ahead, which can be used in autonomous
navigation. When combined with a time to contact method,
the measurements can be used for a crude 3D reconstruction
of the environment and another source for estimating the ego-
motion.

Once the visual map exists, this map can be extended with
range and bearing information towards landmarks (as the py-
lons from the IMAV challenge). On close distance the bear-
ing information could be derived directly from perception.
By modeling this as an attractive force, the correct heading
could be spread over the map by value iteration. In addi-
tion, obstacles visible in the disparity map of the front camera
could be used as basis for a repulsive force. Both forces could
be combined to a force field that guides a robot on the map.
The availability of a realistic simulation model will add in the
training of these machine-learning approaches.
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Abstract— A planar surface extraction method is proposed 

for the indoor navigation of a micro-air vehicle (MAV). The 

algorithm finds planar clusters from the unorganized 

pointclouds. This is achieved by implementing a novel 

approach that first segments the data points into clusters and 

then each cluster is estimated for its planarity. The method is 

tested on indoor point cloud data obtained by 3D PrimeSense 

based sensor. In order to validate the algorithm, a simulated 

model containing a set of planes has been constructed, with 

noise injected into the model. The results of the empirical 

evaluation suggest that the method performs well even in the 

presence of the noise and non-planar objects, suggesting that 

the method will be a viable one for use in MAV navigation in 

the presence of noisy sensor data. 

I. INTRODUCTION 
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~H,*?#26*!N2-7#7=7*!&5!<*$+2&,&69A!FRCRZ!`(%,-?%&2(!@>*3*2;!

<
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!

!

<+#-!(%7#$,*! #-!&%6(2#M*3!(-! 5&,,&>-V! !@*$7#&2! NN!:%&)#3*-!

3*7(#,-! &5! 7+*! :%&:&-*3! (,6&%#7+4;! N2! @*$7#&2! NNN! 7+*!

(%$+#7*$7=%*! &5! 7+*! 7(%6*7! "/0! :,(75&%4! #-! 3*-$%#8*3;!

UY:*%#4*27(,!%*-=,7-!(%*!:%*-*27*3!#2!-*$7#&2!N0!(23!-*$7#&2!

0!:%*-*27-!&=%!$&2$,=-#&2-;!!

II. METHODOLOGY 

N2! 7+#-! -*$7#&2A! 7+*! 4*7+&3&,&69! =-*3! 5&%! *Y7%($7#26! 7+*!

:,(2(%! -=%5($*-! 5%&4! 7+*! *2)#%&24*27! #-! 3*-$%#8*3;! _#%-7!

7+*%*! #-! (! 8%#*5! 3*-$%#:7#&2!&5!bc=7! (23! 7+*2! 7+*! #4:%&)*3!

>*#6+7#26!5=2$7#&2!#-!:%*-*27*3!7+(7!#-!=-*3!#2!7+*!-7=39;!<+*!

(,6&%#7+4!#-!6#)*2!#2!7+*!,(7*%!:(%7!&5!7+*!-*$7#&2;!

!

/;Normalized Cuts 

<+*! -*64*27(7#&2! &5! (! :&#27! $,&=3! $(2! 8*!4&3*,*3! (-! (!

6%(:+! :(%7#7#&2#26! :%&8,*4;! U($+! :&#27! #2! FQ! -:($*! #-!

4&3*,*3! (-! (! 2&3*! Vi! (23! (2! *36*! Eij! #-! 5&%4*3! 89!

$&22*$7#26! 7>&! 2&3*-! #2! (! >*#6+7*3! =23#%*$7*3! 6%(:+!

g.0AU1;! <+*! >*#6+7! 5&%! *($+! *36*! #-! 7+*! 5=2$7#&2! &5! 7+*!

3#-7(2$*! 5%&4! &2*! :&#27! 7&! 7+*! &7+*%! :&#27! #2! (! :(#%! >#7+!

-4(,,!3#-7(2$*!%*-=,7#26!#2!,(%6*%!>*#6+7-;!<+#-!%*:%*-*27-!(!

5=2$7#&2!&5!-#4#,(%#79!8*7>**2!7+*!2&3*-d:&#27-;!^*!>(27!7&!

-*64*27!7+*!:&#27!$,&=3!#27&!3#-X&#27!-*7!&5!:&#27-!&%!$,=-7*%-!

V1, V2, V3,…,Vm! -=$+! 7+(7! 7+*! -#4#,(%#79! &5! 2&3*-! #2! Vi! #-!

4(Y#4#M*3! (23! -#4#,(%#79! ($%&--! 7+*! 2&3*-! &5! Vj! #-!

4#2#4#M*3;! /$$&%3#26! 7&! 7+*! bc! .b&%4(,#M*3! c=71!

(,6&%#7+4A! 7+*! &:7#4(,! 8#:(%7#7#&2! &5! (! 6%(:+! #27&! 7>&! -=8'

6%&=:-!/!(23!H!#-!&87(#2*3!89!4#2#4#M#26!7+*!b$=7!)(,=*!(-!

5&,,&>-V!

!

!

!.C1!! !! ������, �	 
 �����,��
	

����,���

�����,��
	

����,��! !

!

>+*%*! $=7./AH1! e! ∑ 
��, �	��∈�,�∈�� ! %*:%*-*27! 7+*!

3#--#4#,(%#79! 8*7>**2!/! (23!H! (23!>.#A! X1! #-! 7+*! -#4#,(%#79!

8*7>**2!7+*!2&3*!i!(23!j;!(--&$./A01!#-!7+*!7&7(,!$&22*$7#&2!

5%&4!2&3*-!&5!/!7&!(,,!7+*!&7+*%!2&3*-!(23!(--&$.HA01!#-!7+*!

7&7(,!$&22*$7#&2!5%&4!2&3*-!&5!H!7&!(,,!&7+*%!2&3*-;!]*7!x!8*!

(2! be�0�! 3#4*2-#&2(,! )*$7&%! 5&%! (! :(%7#7#&2! 7+(7! 3#)#3*-!

6%(:+!0!#27&!7>&!-*7-!/!(23!H!-=$+!7+(7!xie!C!#5!i!#-!#2!A!(23!

'C! &7+*%>#-*;! ]*7! di =!∑ 
��, �	� ! 8*! 7+*! 7&7(,! $&22*$7#&2-!

5%&4! 2&3*! i 7&! (,,! &7+*%! 2&3*-;! /$$&%3#26! 7&! BZD! (2!

(::%&Y#4(7*!3#-$%*7*!-&,=7#&2!7&!4#2#4#M*!b$=7./AH1!$(2!8*!

&87(#2*3!89!-&,)#26!7+*!5&,,&>#26!*K=(7#&2V!

!

!.E1!!!!!!arg����������	 
 ���� ��������
���� ! !

!

^+*%*!Qe!3#(6.d1, d2, d3,…,dn1A!di =!∑ 
��, �	� A!W! e! B>#XDA!

(23! 9!e! .C{Y1!m! .C'Y1!
∑ ������ ∑ ������� ;!j-#26! !y ∈ �! .E1!

$(2!8*!-&,)*3!89!7+*!6*2*%(,!U#6*2!)(,=*!-9-7*4V!

!

!.F1!!!!!!!�� ��	� 
 	 	��	! ! !
!

H;  Planar Dissimilarity 

<+*!$&%*!&5!bc=7!#-! 7+*!%*:%*-*27(7#&2!&5! 7+*!(--&$#(7#&2!

(4&26! 7+*!:&#27-;!<+#-! #-! 3&2*! =-#26! (!>*#6+7#26! 5=2$7#&2!

3*-$%#8#26! 7+*! -#4#,(%#79d3#--#4#,(%#79! &5! 7+*! 3(7(;! /-!

4*27#&2*3!#2!BZDA!7+#-!5=2$7#&2!#-!(::,#$(7#&2!-:*$#5#$S!+*2$*!

#7!2**3-!7&!8*!4&3#5#*3!#2!&%3*%!7&!>&%?!&2!7+*!7(%6*7!:&#27!

$,&=3! 3(7(;! <+*! (--&$#(7#&2! 5=2$7#&2! #2! #7-! &%#6#2(,! 5&%4!

%*:%*-*27#26!7+*!>*#6+7-!5&%!*($+!*36*!#-!6#)*2!89!BZDV!

!

.G1!!!!!!!!� 
	!
����

�
�
�

!!

!

>+*%*!�� ! #-! 7+*!3#-7(2$*! 5%&4!2&3*! i 7&!2&3*! j!(23!"! #-!
7+*! -$(,*! 5($7&%! 7(?*2! (-! O'CJ! :*%$*27! &5! 7+*! 4(Y#4=4!

3#-7(2$*!#2!7+*!&%#6#2(,!>&%?;!/57*%!(2(,9M#26!7+*!+#-7&6%(4-!

&5!3#-7(2$*-!5&%!-&4*!:&#27-!#7!8*$&4*-!$,*(%!7+(7!owh!2**3-!

7&!6#)*!4&%*!>*#6+7!7&!7+*!$,&-*%!:&#27-!7+(2!7+*!:&#27-!7+(7!

(%*! 5(%!(>(9;!<+#-! %*K=#%*-!(!4&3#5#*3!(--&$#(7#&2! 5=2$7#&2!

>#7+!(3(:7#)*!σ 5&%!*($+!2&3*;!@(4:,*!+#-7&6%(4-!-+&>#26!
7+*!3#-7(2$*-!5%&4!(!:&#27!7&!(,,!&7+*%!:&#27-!(%*!3*:#$7*3!#2!

7+*!5#6=%*!C;!!

!

N2! &%3*%! 7&! 6*7! 8*77*%! $,=-7*%#26! 5&%! F3! :&#27$,&=3A! (2!

=:3(7*3! >*#67*2#26! 5=27#&2! owph! #-! =-*3! >+#$+! $(2!

*4:+(-#M*! $,&-*%! :&#27-!4&%*! 7+(2! &2*-! 7+(7! (%*! 5(%! (>(9;!!

<+#-! #4:%&)*-! 7+*! *55*$7! &5! 4#2#4#M(7#&2! #2! 7+*! b$=7!

7*$+2#K=*;!<+*!2*>!>*#6+7#26!5=2$7#&2!>#7+!4*3#(2!µ 7(?*2!

(-!7+*!$*27*%!&5!6%()#79!&5!*($+!2&3* #-!6#)*2!#2!7+*!.O1;!

!

.O1!!!!! �� 
 	!
��	
��� �	�

�

� �

! ! ! !

!

>+*%*! ! σ: = kµµµµ >#7+! ok=0.25’! #-! =-*3! #2! 7+#-! -7=39;! <+#-!

4(?*-!σ (3(:7#)*! 5&%! *($+! 2&3*A!>+#$+! +*,:-! #2! %*-+(:#26!
7+*!>*#6+7#26!5=2$7#&2!($$&%3#26!7&!7+*!#2:=7!3(7(;!

!
_#6=%*! CV! b&%4(,#M*3! +#-7&6%(4-! &5! -&4*! -(4:,*! 6%(:+! 2&3*-! >#7+!

%*-:*$7#)*!$*27*%!&5!6%()#7#*-;!!

<+*! 2&%4(,#M*3! +#-7&6%(4! &5! 3#-7(2$*-! 8*7>**2! &2*!

2&3*!7&!7+*!&7+*%!2&3*-!$(2!8*!-**2!(-!#23#$(7&%!&5!2&3*h-!

(--&$#(7#&2!7&!7+*!&7+*%!2&3*-;!<+*!$*27*%!&5!6%()#79!&5!7+*!

2&%4(,#M*3! +#-7&6%(4! (,-&! #23#$(7*-! 7+*! $*27*%! &5! :&#27!

$,&=3-!4(--!-**2!5%&4!(!2&3*!:&-#7#&2;!<+*!3*-#%*3!>*#6+7!

5=2$7#&2! >&=,3! *4:+(-#M*! 7+*! #4:&%7(2$*! &5! 7+*! 2&3*-!

8*,&26#26!7&!(!$,=-7*%!(23!(,-&!>&=,3!-*:(%(7*!7+*!&=7,#*%-!

2&3*-;!I2!7+*!&7+*%!+(23!7+*!%(26*!&5!3#-7(2$*-!5&%!(!6#)*2!

2&3*! 7&! &7+*%! 2&3*-! )(%#*-! 3=*! 7&! 7+*! $+(26*! #2! 7+*!

%*-:*$7#)*! 2*#6+8&%+&&3;! _&%! -=$+! (! )(%#(7#&2! #2! 7+*! 3(7(!

2&3*-A!(!5#Y*3!5=2$7#&2!(-!>(-!8*#26!=-*3!*(%,#*%A!$(2!5(#,!7&!
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!

!

3#-7#26=#-+! 8*7>**2! -4&&7+! *36*-! 7+=-! %*-=,7#26! #2!

#2$&%%*$7! -*64*27(7#&2! &5! 7+*! #27*%$&22*$7*3! &%! &$$,=3*3!

&8X*$7-!#2!7+*!-$*2*;!!

<+*! 4(#2! #4:%&)*4*27! &5! 7+*! >*#6+7! 5=2$7#&2! ,#*-! #2!

7+*! -$(,*! #2)(%#(27! :%&:*%79;! N7! $(2! 8*! &8-*%)*3! 5%&4! 7+*!

5#6=%*! CA! 7+(7! 7+*! %(26*! &5! (! 3#-7(2$*-! 5&%! (! 6#)*2! 2&3*!

)(%#*-! 3=*! 7&! 7+*! $+(26*! #2! 7+*! %*-:*$7#)*! 2*#6+8&%+&&3;!

L&>*)*%A!7+*!>*#6+7#26!5=2$7#&2!#7-*,5!#-!-$(,(8,*!5=2$7#&2!

>+#$+! #-! (3(:7#)*,9! -$(,*3! 3*:*23#26! &2! 7+*! $*27*%! &5!

6%()#79;!_&%!*Y(4:,*A!o>:h!>&=,3!6*2*%(7*!4&%*!(4:,#5#*3!

%*-:&2-*! 5&%! 2&3*! C! 7+(2! #7!>&=,3! 6*2*%(7*! 5&%! 2&3*! F! &5!

7+*! 3(7(;! <+#-! %*-=,7-! #2! (2! &)*%(,,! -*64*27(7#&2! 7+(7! #-!

4&%*! -*2-#7#)*! 7&! 7+*! )(%#(7#&2! #2! 7+*! -4(,,! $+(26*-! 89!

*2+(2$#26!7+*!*55*$7!&5!4#2#4#M(7#&2!#2!7+*!bc=7!>+#$+!#-!

3*:*23*27!&2!7+*!#23#)#3=(,!>*#6+7-;!

c;Surface Estimation 

N2!7+#-!-*$7#&2!>*!3*-$%#8*!7+*!:%&$*--!&5!*-7#4(7#26!7+*!

:,(2(%#79! &5! *($+! $,=-7*%;! _&%! oK’ $,=-7*%-! &87(#2*3! 89!

bc=7! >*! #3*27#59! 7+&-*! $,=-7*%-! 7+(7! +()*! (! :,(2(%!

7*23*2$9;! N2! &%3*%! 7&! ($+#*)*! 7+#-A! ]*(-7'@K=(%*! \,(2*!

.]@\1! 5#7! #-! (::,#*3! 7&! 7+*! :&#27! 2&%4(,-! >+#$+! (%*!

$(,$=,(7*3!5&%!*($+!:&#27!89!7(?#26!o`h!2*(%*-7!2*#6+8&%-!

(23! 5#23#26! (! -=%5($*!2&%4(,!4(3*!89! 7+*!:&#27!>#7+! #7-!

2*#6+8&%-;! @=::&-*! 7+*! 2&%4(,! &5! 7+*! ]@\! #-! #	$$$% 

�&�, &�, &�	! (23! 7+*! *%%&%! (--&$#(7*3!>#7+! :,(2*! 5#77#26! #-!
' 
 (∑ ��/���� !>+*%*!oN’ #-!7+*!2=48*%!&5!:&#27-!#2!7+*!

$,=-7*%!(23!di! #-! 7+*!3#-7(2$*!&5! 7+*!:&#27!p(xi, yi, zi) (23!

7+*!:,(2*;!<+*!4#2#4#M(7#&2!&5!7+*!*%%&%!$(2!7+*2!8*!3&2*!

89! =-#26! @#26=,(%! 0(,=*! Q*$&4:&-#7#&2! .@0Q1! &5! 7+*!

5&,,&>#26!4(7%#Y!oS’V!

!

.P1!!!!!!!!!!* 
 ��!!
!

>+*%*! N	 
 �, � -�, . � -�, / � -�		! >#7+! , 

���	!, . 
 ���	!, / 
 �0�	!	8*#26! 7+*! YA! 9! (23! M!
$&&%3#2(7*-! &5! 7+*! :&#27! 2&%4(,! &5! 7+*! 3(7(! (23!µ=( µx, 

µy,, µz,)
T
! #-! 7+*! $*27%&#3! &5! 7+*! 3(7(! 2&%4(,-;! <+*!

*#6*2)*$7&%-! >#7+! U#6*2! )(,=*-! λCA! λEA�! λbA! (%*! 7+*2!

$(,$=,(7*3;!<+*!2&%4(,!)*$7&%!#	$$$%$(2!8*!*K=(7*3!>#7+! 7+*!
U#6*2)*$7&%!>#7+! 7+*!4#2#4=4!*#6*2)(,=*!(23! 7+*!:,(2*!

5#7! *%%&%!$(2!8*!*K=(7*3!>#7+!( "�#/�! ;!<+*!)(,=*!&5!U!
6#)*-!(! 5(-7!*-7#4(7*!&5!>+*7+*%!(!6#)*2!$,=-7*%! #-!:,(2(%!

&%!2&7;!N5!U!≤!τ 7+*2!7+*!$,=-7*%!#-!$&2-#3*%*3!7&!8*!:,(2(%A!
>+*%*!τ #-!7(?*2!-=55#$#*27,9!$,&-*!7&!M*%&;!

Q;Post Processing 

<+*!:,(2(%!$,=-7*%-!$(2!+()*!-&4*!:(%7!&5!7+*!2&#-*!7+(7!

:(--*-!7+%&=6+!7+*!:,(2*!*Y7%($7#&2!7+%*-+&,3;!/-!#7!$(2!8*!

-**2!#2!7+*!5#6=%*!O.$1;<+*-*!-$(77*%*3!2&#-9!:&#27-!#2!7+*!

:,(2(%!$,=-7*%-!-+&=,3!8*!%*4&)*3!-&!7+(7! 7+*9!4#6+7!2&7!

(55*$7!,(7*%!:%&$*--#26;!N2!&%3*%!7&!%*4&)*!7+*-*!:&#27-A!(!

,&$(,! )(%#(2$*! 8(-*3! :%=2#26! 4*7+&3! #-! #4:,#*3;! U($+!

:&#27! #-! $,(--#5#*3! (-! 3(7(! &%! 2&#-*! 8(-*3! &2! #7-! -:%*(3!

5%&4!7+*!o?h!2*(%*-7!2*#6+8&%-;!<+*!%*-=,7!&5!7+#-!:%=2#26!

4*7+&3!#-!-+&>2!#2!7+*!5#6=%*!O!.*1;!

!

U;Planar Surface Extraction Procedure 

N2! 7+#-! -*$7#&2! >*! 3*-$%#8*! &=%! 2&)*,! \]/@U.\]/2(%!

@=%5($*! UY7%($7&%1! 4*7+&3;! ! N2! &%3*%! 7&! *Y7%($7! :,(2(%!

$,=-7*%-! 5%&4!7+*!:&#27!$,&=3A! 7+*!$,&=3!#-!-*64*27*3!=-#26!

b&%4(,#M*3! c=7-! BZD! >#7+! (! 2*>! >*#6+7#26! 5=2$7#&2! (-!

3*-$%#8*3!#2!7+*!:%*)#&=-!-*$7#&2;!U($+!$,=-7*%! #-!:%&$*--*3!

5&%! #3*27#5#$(7#&2! &5! #7-! :,(2(%#79! 2(7=%*! (23! $(23#3(7*!

$,=-7*%-!(%*!&87(#2*3;!<+#-!:,(2(%!3(7(!#-!5#,7*%*3!5&%!:&--#8,*!

2&#-*A! >+#$+! 7+*2! >&=,3! :%&)#3*! 7+*! #2:=7! 7&! [/b@/c!

.[/b3&4!@(4:,*!c&2-*2-=-1!7+(7!>&=,3!5#7!(!:,(2(%!4&3*,!

>#7+#2! 7+*! -*,*$7*3! $,=-7*%-! (,7+&=6+! (::,#$(7#&2! &5!

[/b@/c!#-!2&7!8*#26!3&2*!#2!7+#-!-7=39;!!

!

!

• @*7!?eE!

• ^+#,*.7%=*1!

• UY7%($7!o?h!$,=-7*%-!c#!5&%!#eCAEA�?!

• _&%!*($+!c#!5&%4!(!-*7!&5!:,(2(%!-*64*27-!

\!e!�cCA!cEA�A!c4�!-=$+!7+(7!U#!�!τ >+*%*!
4!≤!?;!

• /::,9!:&-7!:%&$*--#26! 5#,7*%(7#&2! 5&%!*($+!

Pj j=1,2,…,m!#2!&%3*%!7&!%*4&)*!7+*!2&#-9!

3(7(!:&#27-;!

• ∆-!e!-?{C!m-?!>+*%*!-?!e!∑)(%.c#1!
• N5.∆-!≤!71!7*%4#2(7*!*,-*!?!e!?{C!

III. SYSTEM SPECIFICATION

<+*!:%&:&-*3!(,6&%#7+4!#-!3*-#62*3!7&!8*!=-*3!&2!(!"/0!

:,(75&%4! 7+(7! +(-! 8**2! $=-7&4#M*3! (-! :(%7! &5! 7+*! -7=39;!

<+*!"/0!-9-7*4!$&2-#-7-!&5!P'%&7&%!$&:7*%!>#7+!&8-7($,*!

()&#3(2$*! (23! )#-#&2! :%&$*--#26! $(:(8#,#7#*-;! <+*!

(%$+#7*$7=%*! &5! 7+*! -9-7*4! #-! 3*:#$7*3! #2! 5#6=%*! E;! /!

\%#4*@*2-*!FQ!$(4*%(!+(-!8**2!4&=27*3!&2!7+*!"/0!7&!

:%&)#3*!:&#27!$,&=3!3(7(;!/2!&2'8&(%3!c\j!>#7+!C;FgLM!

:%&$*--#26!-:**3! #-! %*-:&2-#8,*! 5&%! 7+*!)#-#&2!:%&$*--#26!

7(-?-;!]&>*%! ,*)*,! &8-7($,*! ()&#3(2$*! #-! :*%5&%4*3!89! (!

4#$%&$&27%&,,*%! 7+(7! #-! %*-:&2-#8,*! 5&%! 6*2*%(7#&2! &5! +*!

$&27%&,! -#62(,-! 7&! 7+*! "/0h-! 5,#6+7! $&27%&,,*%;! <+*!

4#$%&$&27%&,,*%! =-*-! #2:=7! 5%&4! P! =,7%(-&2#$! -*2-&%-!

$+(#2*3! 7&6*7+*%! 7&! 6*2*%(7*! 7+*! (::%&:%#(7*! $&27%&,!

.f(>A! \#7$+A! [&,,1! $&44(23-! 7&! $+(26*! 7+*! -7(7*! &5! 7+*!

"/0;!!

!

!!
_#6=%*! EV! /%$+#7*$7=%*! &5! 7+*! "/0! :,(75&%4! >#7+! -*2-&%!

#27*6%(7#&2!(23!3*$#-#&2!4(?#26!,(9*%-;!

!

! <+*!%*($7#)*!$&27%&,! ,(9*%!#-!(!\NQ!$&27%&,,*%!>+#$+!#-!

%*-:&2-#8,*! 5&%! 7+*! ,&>! ,*)*,! 3*$#-#&2! 4(?#26! 5&%! 7+*!

(8-&,=7*!&8-7($,*!()&#3(2$*;! N7! (,-&!+(-!(!+#6+*%!:%#&%#79!

&)*%! :*%$*:7=(,! $&27%&,! ,(9*%;! <+*! (=7&! :#,&7! $&44(23-!

(%*!6*2*%(7*3!(-!7+*!%*-=,7!&5!)#-=(,!(,6&%#7+4!(23!(%*!-*27!

7&!7+*!%*($7#)*!,(9*%!>+#$+!4(?*-!3*$#-#&2!&5!5&%>(%3#26!

Reactive Control Layer 
./<"*6(!"#$%&$&27%&,,*%1!

!

Perceptual 

Control 

Layer 
.&28&(%3!c\j1!

3D Camera 

Flight 

Control 
."#$%&$&27%&,,*%

dN"j1!

Navigation 

Control 
."#$%&$&27%&,,*%1!

Position 

Sensors 
.g\@d"(62*7&

4*7*%1!

Proceedings of the International Micro Air Vehicle conference and flight competition 2011 summer edition

50



ht
tp

://
w

w
w

.im
av

s.
or

g/
IMAV2011-8 INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION IMAV 2011

SEPTEMBER 12-15, 2011, ’T HARDE, THE NETHERLANDS 54

!

7+*-*!$&44(23-! 7&! 7+*!5,#6+7!$&27%&,,*%!89!&8-*%)#26! 7+*!

-#62(,-!%*$*#)*3!5%&4!7+*!3#-7(2$*!-*2-&%-;!N2!$(-*!&5!2*(%!

&8-7($,*A! %*($7#)*! $&27%&,! 6*2*%(7*-! #7-! &>2! :#,&7!

$&44(23-!7&!?**:!7+*!)*+#$,*!(7!(!-(5*!4(%6#2;!

IV. EXPERIMENTAL RESULTS AND ANALYSIS

!

<+*!:%&:&-*3!(,6&%#7+4!#-!(::,#*3!&2!(!-*7!&5!:&#27!$,&=3!

3(7(!&87(#2*3!5%&4!(!FQ!\%#4*@*2-*!$(4*%(!(23!7+*!%*-=,7-!

(%*! )#-=(,#M*3;! <+*! %*-=,7-! &5! $,=-7*%#26! >#7+! &%#6#2(,! (23!

#4:%&)*3! >*#6+#26! 5=2$7#&2-! (%*! 3*:#$7*3! #2! 7+*! 5#6=%*! F!

>#7+! *($+! $,=-7*%! #2! 3#-7#2$7! $&,&%;! <+*-*! $,=-7*%-! (%*! 7+*2!

7*-7*3!5&%!7+*#%!:,(2(%#79!2(7=%*!=-#26!7+*!4*7+&3!*Y:,(#2*3!

#2!7+*!-*$7#&2!NN!(23!7+*!%*-=,7-!$(2!8*!)#-=(,#M*3!#2!7+*!,(-7!

%&>!&5!7+*!5#6=%*!F;!<+*!$,=-7*%#26!%*-=,7!+(-!8**2!#4:%&)*3!

89!7+*!=-*!&5!Wp >+#$+!*2+(2$*-!7+*!$=7-!#2!7+*!6%(:+!&5!7+*!

2&3*-;! /3(:7#)#79! #2! 7+*! σ $(,$=,(7#&2! +*,:-! 7&! 8*77*%!
%*:%*-*27! 7+*! ,&$(,#79! &5! *($+! 2&3*! (23! +*2$*! *2-=%*-! 7+*!

%*,(7#)*!$,=-7*%!-:%*(3;!<+#-!(,-&!4(?*-!7+*!4*7+&3!#2)(%#(27!

7&!$+(26*-!#2!3(7(!3=*!7&!)#*>!:&#27!$+(26*!&%!-*2-&%!2&#-*A!

(,7+&=6+!#7!+(-!8**2!&8-*%)*3!7+(7!7+*!(--&$#(7#&2!5=2$7#&2!#-!

2&7!#2)(%#(27!($%&--!3#55*%*27!-$(,*-!&5!7+*!3(7(;!N2!7+#-!-7=39A!

*($+! :&#27! $,&=3! #-! 3&>2! -(4:,*3! 7&! 7+*! -(4*! 3*6%**! (23!

+*2$*!*)*%9!:&#27!$,&=3!+(-!7+*!-(4*!3(7(!-#M*;!!

!

!!N2! &%3*%! 7&! )(,#3(7*! 7+*! (,6&%#7+4A! (! -#4=,(7#&2! 4&3*,!

$&27(#2#26! (! -*7! &5! :,(2*-! (23! 2&#-*! +(-! 8**2! $&2-7%=$7*3;!

<+*!:,(2(%!:&#27!$,&=3!4&3*,!3(7(!#-!#2X*$7*3!>#7+!g(=--#(2!

2&#-*! (23! -&4*! %(23&4! -7%=$7=%*-! 7&! 4#4#$! 7+*! 2(7=%(,!

-$*2*!(-!-+&>2!#2!5#6=%*!G;!<+#-!:&#27!$,&=3!4&3*,!#-!=-*3!

7&! 6*2*%(7*! )(%#&=-! #23&&%! -$*2*-! $&27(#2#26! 3#55*%*27!

2=48*%-!&5!:,(2*-!(23!2&#-9!&8X*$7-A!(23!7+*!:*%5&%4(2$*!&5!

7+*! (,6&%#7+4! #-! 4*(-=%*3;! <+*! -$*2*-! $%*(7*3! 5%&4! 7+*!

4&3*,! (,&26!>#7+! 7+*#%! %*-:*$7#)*! %*-=,7-! $(2!8*! )#-=(,#M*3!

#2!7+*!5#6=%*!O;!

!

_&%! *($+! Pj  j=1,2,…,m! $,=-7*%! 7+(7! %*-=,7-! 5%&4! 7+*!

(::,#$(7#&2!&5!7+*!(,6&%#7+4A!(2!*%%&%!%(7*!εX!#-!4*(-=%*3!7+(7!
%*5,*$7-! 7+*!$,=-7*%#26!:*%5&%4(2$*!&5! 7+*!:%&:&-*3!4*7+&3!

&)*%! 4=,7#:,*! -$*2*-;! U($+! $,=-7*%! &5! 7+*! 6%&=23! 7%=7+! #-!

(--#62*3! 7&! (! $,(--! 7+(7! #-! 4&-7! 5%*K=*27! #2! 7+*! %*-=,7(27!

$,=-7*%;! <+*2! 7+*! *%%&%! %(7*! &5! 7+#-! (--#624*27! #-!4*(-=%*3!

89!$&=27#26!7+*!2=48*%!&5!$&%%*$7,9!(--#62*3!:&#27-V!

!

.R1!!!!!!1�Ω, 3	 
 1 � 5 $∑ max%8ω& ∩	c%8& <	!
!

>+*%*	Ω 
 => , >', >(, …>�@ #-! 7+*! -*7! &5! $,=-7*%-! (23!
3 
 =� , �', �(, … ��@ #-!7+*!-*7!&5!$,(--*-;!!
!

<+*! *%%&%! 5&%! *)*%9! -$*2*! #-! $(,$=,(7*3! CJ! 7#4*-! >#7+!

3#55*%*27!-:%*(3!&5!7+*!2&#-*!*($+!7#4*!(23!7+*!()*%(6*!*%%&%!

5&%!*($+!-$*2*!#-!7(?*2;!<+*!*)(,=(7#&2!%*-=,7-!&5!*($+!-$*2*!

>#7+!3#55*%*27!>*#6+7#26! 5=2$7#&2-!(%*!3*:#$7*3! #2! 7+*! 7(8,*!

C;!<+#-! %*5,*$7-! 7+*!()*%(6*!*%%&%! %(7*!&)*%!4=,7#:,*! %=2-!&5!

7+*!-(4*!-$*2*!>#7+!)(%9#26!2&#-*!.σ1!3*2-#79!&5!7+*!-$*2*;!
<+*!*55*$7!&5!-#64(!&2!*%%&%!%(7*!5&%!*($+!-$*2*!#-!3*:#$7*3!

#2!7+*!/::*23#Y!/C;!!!

!

!

!

!

! !

! !

! !
!
_#6=%*!FV!_#%-7![&>V!L#6+!%*-&,=7#&2!:&#27!$,&=3!&5!&%#6#2(,!-$*2*-;!

@*$&23![&>V!$,=-7*%#26!!=-#26!oW’ <+#%3![&>: c,=-7*%#26!=-#26!oWp’ 

(23!_&=%7+![&>V!<+*!$,=-7*%-!5%&4!7+*!7+#%3!%&>!(%*!7+*2!7*-7*3!5&%!7+*#%!

:,(2(%#79!2(7=%*!7&!&87(#2!:,(2(%!$,=-7*%-!(-!4*27#&2*3!#2!-*$7#&2!NNc;!

!

!
_#6=%*!GV!/!-#4=,(7#&2!4&3*,!&5!7+*!*2)#%&24*27;!
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!

!

! !
.(1! ! !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!.81!

!! !!!!!!!!!!!!!!!!!!!!! !
! ! ! !!!!!.$1!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!.31!

!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!! !
! ! ! !!!!!.*1!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!.51!

!
_#6=%*!OV!!.(1'.81!$,=-7*%#26!=-#26!-#4=,(7*3!-$*2*-;!.$1'.31!\,(2*!

*Y7%($7#&2!%*-=,7!&2!3#55*%*27!-$*2*-A!.*1'.51![*-=,7!&5!:%=2#26;;!

!

<+*! :%*$#-#&2! (23! %*$(,,! (%*! >#3*,9! =-*3! :*%5&%4(2$*!

4*7%#$-! 5&%! *)(,=(7#26! 7+*! $&%%*$72*--! &5! (! 3*7*$7#&2!

(,6&%#7+4;!<+*9!$(2!8*!$&2-#3*%*3!(-!(2!*Y7*23*3!)*%-#&2!&5!

($$=%($9!7+(7!#-!(!-#4:,*!4*7%#$!>+#$+!$&4:=7*-!7+*!5%($7#&2!

&5!#2-7(2$*-!5&%!>+#$+!$&%%*$7!%*-=,7!#-!&87(#2*3;!N2!&%3*%!7&!

$&4:=7*! 7+*! :%*$#-#&2! (23! %*$(,,! &5! 7+*! :%&:&-*3! -9-7*4A!

,(8*,-! 5&%! (! 6#)*2! :&#27! #-! 3#)#3*3! #27&! 7>&! $,(--*-V! :,(2*-!

(23A! 2&2':,(2*-! &%! 2&#-*;! [*$(,,! #-! 7+*2! $&4:=7*3! (-! 7+*!

5%($7#&2! &5! $&%%*$7,9! $,(--#5#*3! :&#27-! (-! :,(2*-! (4&26! (,,!

:&#27-! 7+(7! ($7=(,,9! 8*,&26! 7&! 7+*! :,(2(%! $,(--;! ^+#,*!

:%*$#-#&2!#-!7+*!5%($7#&2!&5!$&%%*$7,9!$,(--#5#*3!:,(2(%!:&#27-!

(4&26! 7+&-*! 7+(7! 7+*! (,6&%#7+4! 8*,#*)*-! 7&! 8*,&26! 7&! 7+*!

:,(2(%!$,(--;!<+*!%*,(7#&2-+#:!&5!:%*$#-#&2!(23!%*$(,,!$(2!8*!

&8-*%)*3! #2! 7+*! 5#6=%*! P;! /! +#6+! %*$(,,! 4*(2-! 7+(7! >*!

+()*2h7! 4#--*3! (29! :,(2*! #2! 7+*! -$*2*! 8=7! >*! 4#6+7! +()*!

=2>(27*3!:&#27-!#2!7+*!:,(2(%!$,=-7*%-;!L#6+!:%*$#-#&2!4*(2-!

7+(7! *)*%97+#26!3*7*$7*3!>(-!:,(2(%!8=7!>*!4#6+7! 2&7! +()*!

$&)*%*3! (,,! 7+*!:,(2(%! :&#27-;!_&%4(,,9A! 7+*!:%*$#-#&2! 5&%! (!

6#)*2!$,(--!#-!7+*!%(7#&!&5!2=48*%!&5!7%=*!:&-#7#)*!7&!7+*!7&7(,!

2=48*%!&5!*,*4*27-!,(8*,*3!(-!8*,&26#26!7&!7+*!:,(2(%!$,(--;!

[*$(,,! #2! 7+#-! $&27*Y7! $(2! 8*! 3*5#2*3! (-! 7+*! %(7#&! &5! 7%=*!

:&-#7#)*-! 7&! 7+*! 7&7(,! 2=48*%! &5! *,*4*27-! 7+(7! ($7=(,,9!

8*,&26! 7&! :,(2(%! $,(--;! @&A! 7+*! :%*$#-#&2! (23! %*$(,,! &5! 7+*!

-9-7*4!$(2!8*!>%#77*2!(-!5&,,&>#26V!

!

.T1!!!!!!!P 
 )�
)�*	,�

!A!R 
 )�
)�*	,�

!!!!!!!!!!!!!!

!

>+*%*!!C*!#-!7+*!2=48*%!&5!:,(2(%!:&#27-!7+(7!(%*!$&%%*$7,9!
$,(--#5#*3! (-! :,(2*-! (23! 	D*! #-! 7+*! 2=48*%! &5! 2&2':,(2(%!
:&#27-! 7+(7! (%*! $,(--#5#*3! (-! :,(2*-;!^+*%*(-! 7+*!D�! #-! 7+*!
2=48*%!&5!:,(2(%!:&#27-!7+(7!(%*!$,(--#5#*3!(-!!2&2':,(2*-;!!

!

!
!

_#6=%*!PV!\,(2*V!8,=*! 7%#(26,*A!b&#-*V!6%*9! 7%#(26,*A!��! V!6%**2!:&,96&2! #2!

8,=*! 7%#(26,*A!��V%*3!:&,96&2! #2!6%*9! 7%#(26,*A! !��! V! 6%**2!:&#27-! #2!6%*9!

7%#(26,*A	��V%*3! :&#27-! #2! 8,=*! 7%#(26,*A! \%*$#-#&2V! )*%7#$(,! (%%&>A! [*$(,,V!

+&%#M&27(,!(%%&>;!!

!

!/! 4*(-=%*! 7+(7! $&48#2*-! 7+*! :%*$#-#&2! (23! %*$(,,! #-!

$(,,*3!+(%4&2#$!4*(2!&%!7+*!_'4*(-=%*;!^*!=-*3!_'-$&%*!(-!

(! $&48#2*3! 4*(-=%*! #2! &%3*%! 7&! $(,$=,(7*! 7+*! :,(2*!

*Y7%($7#&2! :*%5&%4(2$*! &5! 7+*! (,6&%#7+4;! ! <+*! 6*2*%(,! _
α
!

4*(-=%*!$(2!8*!6#)*2!(-!5&,,&>#26V!

!

!.Z1!!!!!!!!F
α

 - *α�..0.1

α
�.0*1 !!!!!!!!!!

!

^+*%*! α! #-! 7+*! >*#6+7! &5! :%*$#-#&2! 7&! %*$(,,;! _C! #-! 7+*!

8(,(2$*3! _'-$&%*! 8*$(=-*! :%*$#-#&2! (23! %*$(,,! (%*! *K=(,,9!

>*#6+7*3;!!

!
!

<(8,*! CV! \*%5&%4(2$*! &5! 7+*! (,6&%#7+4! =-#26! -=%5($*-! 5%&4! -#4=,(7*3!

-$*2*-;! c,=-7*%#26! *%%&%! #-! $(,$=,(7*3! (-! ($$&%3#26! 7&! *K=(7#&2! R! (23!

:,(2(%!$,=-7*%!*-7#4(7#&2!$&,=42!3*:#$7-!7+*!_'-$&%*;!

Scene Avg Clustering Error 

(∑�	/�) 

PLASE(PLAnar 

Surface Extractor) 

�� �
������.�.�

��.���
	

�	 
�	�

� 	�		
!

�	 
� �

� 	�		
!

_J;O! _C! _E!

1 J;EO! J;GG! J;ZF! J;TR! J;TE!

2 J;CE! J;GP! J;TP! J;TP! J;TR!

3 J;JF! J;FT! J;ZR! J;ZO! J;ZG!

4 J;CJ! J;EO! J;GJ! J;FP! J;FJ!

5 J;JO! J;FR! J;TO! J;TJ! J;RR!

!
_#6=%*! RV! \*%5&%4(2$*! &5! :,(2(%! -=%5($*! *Y7%($7#&2;! L&%#M&27(,! (Y#-!

%*:%*-*27-!7+*!#23#)#3=(,!#2-7(2$*-!&5!7+*!3(7(!5&%!*($+!-$*2*!>#7+!)(%9#26!

2&#-*!(23!0*%7#$(,!(Y#-!%*:%*-*27-!7+*!$,(--#5#$(7#&2!:*%5&%4(2$*;!

!

!
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!

!

<+*! %*-=,7-! #23#$(7*! 7+*! 7*23*2$9! &5! 7+*! (,6&%#7+4! 5&%!

-=$$*--5=,,9! 5#23#26! :,(2*-! #2! 7+*! *2)#%&24*27! *)*2! #2! 7+*!

:%*-*2$*!&5!2&#-*!(23!&7+*%!2&2':,(2(%!&8X*$7-;!/-!#7!$(2!8*!

&8-*%)*3! #2! 7+*! 5#6=%*! R!>+#$+! 3*:#$7-! 7+*! :*%5&%4(2$*! &5!

7+*! :%&:&-*3! 4*7+&3! &2! 7+*! -#4=,(7*3! 3(7(! &)*%! 4=,7#:,*!

%=2-!&5! 7+*! 5#)*! -$*2*-A! 7+(7! 5&%!4&-7!&5! 7+*!3(7(! #2-7(2$*-A!

7+*! :*%5&%4(2$*! ._'-$&%*1! &5! 7+*! 4*7+&3! ! %*4(#2-! (8&)*!

2#2*79!:*%$*27;!<+*!:%&:&-*3!:,(2*!*Y7%($7#&2!4*7+&3!#-!(,-&!

(8,*!7&!$,(--#59!7+*!-$*2*-!$&2-#-7#26!&5!:,(2(%!-=%5($*-!>#7+!

6&&3!:%*$#-#&2!%(7*A!(-!$(2!8*!&8-*%)*3!#2!7+*!5#6=%*!R;!

!

V. CONCLUSIONS AND FUTURE WORK 

N2! 7+#-! -7=39! >*! :%&:&-*3! (! 2&)*,! :,(2*! *Y7%($7#&2!

4*7+&3!.\]/@U1!7+(7!$(2!8*!=-*3!7&!,&$(,#M*!(!"/0!#2!(2!

#23&&%! *2)#%&24*27;! <+*! %*-=,7-! -=66*-7! 7+(7! 7+#-! 4*7+&3!

:*%5&%4-!>*,,!*)*2!#2!7+*!:%*-*2$*!&5!2&#-*!(23!2&2':,(2(%!

&8X*$7-A!(23!7+(7!#7!-+&=,3!8*!*55*$7#)*!5&%!#23&&%!2()#6(7#&2!

&5!(!"/0;!<+*!:*%5&%4(2$*!&5! 7+*!(,6&%#7+4! #-!3*:*23*27!

&2! 7+*! -=$$*--! &5! 7+*! #23#)#3=(,! -7*:-A! >+#$+! 4*(2-! 7+(7!

>%&26,9!-*64*27*3!3(7(!$(2!,*(3!7&!8(3!:,(2*-;!<+#-!$(2!8*!

(! :&7*27#(,! :%&8,*4! 7+(7! $&=,3! 8*! &)*%$&4*! 89! =-#26!

(3(:7#)*! $,=-7*%#26! #2! bc=7;! Q=*! 7&! 7#4*! $&2-7%(#27-A! (!

-#4:,*!#7*%(7#)*!$,=-7*%!2=48*%!*-7#4(7#&2!4*7+&3!>(-!=-*3S!
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APPENDIX 

 

 

 
A1: A comparison of error rates of clustering performance using weight functions (W,Wp) for five scenes while each scene has been 

repeated ten times with varying noise in the simulation model. 
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a Department of Artificial Intelligence, Radboud University Nijmegen
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c European Space Agency, Noordwijk, The Netherlands

ABSTRACT

This paper aims to contribute to research on bio-
logically inspired micro air vehicles in two ways:
(i) it explores a novel repertoire of behavioral
modules which can be controlled through finite
state machines (FSM) and (ii) elementary move-
ment detectors (EMD) are combined with a cen-
ter/surround edge detection algorithm to yield
improved edge information used for object de-
tection. Both methods will be assessed in the
context of the IMAV 2011 pylon challenge.

1 INTRODUCTION

Autonomous flight of ever smaller Micro Air Vehicles
(MAVs) poses a major challenge to the field of artificial in-
telligence. Recent successes in autonomous flight of MAVs
have been obtained on quad rotor platforms, able to carry and
power miniaturized laser scanners [1, 2]. The laser scanner
allows the use of well-established simultaneous localization
and mapping (SLAM) algorithms for navigation.

For reasons of energy efficiency and a greater potential
for miniaturization, there is an increasing body of research on
autonomous flight of MAVs using small camera equipment.
Currently, there are two main approaches to this challenge.
The first approach aims to apply visual SLAM to the MAV’s
environment, tackling both navigation and obstacle avoidance
at the same time [3, 4, 5]. A disadvantage of this technique
is the computational complexity of the algorithms involved,
leading to a requirement of processing power unlikely to be
available on light-weight MAVs in the order of a few grams.
In addition, there are still problems concerning drift [5].

The second approach is more biologically inspired. Typi-
cally, camera images are used to calculate the optic flow field
[6, 7, 8, 9, 10]. This field is then mapped to actions that allow
the MAV to avoid obstacles or navigate corridors. The bio-
logical approach is computationally more efficient. However,
(artificial) optic flow requires the presence of strong texture
in the environment. In addition, the biological approach typ-
ically only provides solutions for obstacle avoidance, not for
more difficult behavioral tasks such as navigation.

In this article, we present a novel biologically inspired ap-
proach to the autonomous flight of MAVs. It extends existing
biologically inspired methods in two ways.

∗contacting author: l.vuurpijl@ai.ru.nl

The first extension concerns the behavioral capability
of biologically inspired MAVs. Most work on biologically
inspired autonomous flight assumes the MAV to be flying
straight forward, while being corrected by the optic flow in
order to avoid obstacles or navigate corridors. We aim to de-
velop a more elaborate behavioral repertoire inspired by the
interaction between modules in flying insects [11, 12, 13, 14].
These modules, understood as relatively fixed, simple func-
tional behaviors (reflexes) based on underlying dedicated
neural structures and pathways, can, through their interaction,
produce quite complex adaptive behavior. Different mod-
ules may work in parallel or in sequence, under the influence
of regulatory sensory inputs. We were particularly inspired
by the interaction between two modules, leading to the vi-
sual reflexes [15] of object fixation and expansion avoidance,
together producing a relatively straight trajectory towards a
salient object without hitting it. The interaction between the
modules will be set by tuning the parameters governing their
interaction through artificial evolution (see, e.g. [16]). The
result of our research is a control structure that will represent
a small step beyond reactive control structures, in virtue of its
biological grounding.

The second extension involves vision, and in particular,
going beyond the sole use of optic flow. Recent studies on
the visual behavior and cognition of fruit flies [17] suggest
that flies actively navigate in their environment on the basis of
visual appearance cues as well: they prefer to move towards
long vertical structures and avoid small (predator-like) struc-
tures. In [18], a visual appearance cue was used successfully
to complement optic flow, allowing the flapping wing MAV
DelFly II to avoid obstacles in a wider array of environments.
While tests on real flies are typically done in visually simpli-
fied environments (led arrays / black-and-white flight arenas),
normally flies and real MAVs have to fly in the visually com-
plex real world. Recognizing a long vertical structure in real-
world camera images is a challenging problem. Yet, evidence
suggests that flying insects like honeybees use edge detection
to guide their landing behavior [19] as well as for the recog-
nition of shapes [20]. In this paper, we will introduce a com-
putationally efficient edge detection algorithm that combines
detected edges with motion information provided by elemen-
tary movement detectors (EMDs) [21], in order to identify
and track behaviorally relevant objects over time.

Both extensions to existing biologically inspired methods
will be tested in context of the indoor pylon challenge, one
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of the indoor competitions at the International Micro Air Ve-
hicle conference and competitions 2011 (IMAV 2011). Our
flight platform is the Parrot AR.Drone quadricopter [22], to
which, because of our biological perspective, we will refer to
as BioMAV. The pylon challenge requires the MAV to fly as
many 8-shapes as possible around two poles in the environ-
ment. Although not in itself a challenge faced by biological
systems, it is suitable to investigate the two extensions. The
behavioral complexity of flying 8-shapes is higher than that
of following a corridor or avoiding obstacles, making it suit-
able for the first extension. Moreover, vertical structures are
important affordances to flying animals, making the detection
of large poles suitable for investigating the second extension.

Since our hardware is fixed, we have to adapt and fine-
tune our biologically inspired algorithms for a robust au-
tonomous flight of our Drone. To avoid too many crashes
and to be able to use evolutionary algorithms we have built
a simulator for the Drone. An iterative strategy of testing in
simulation and on the real platform will be used to obtain the
best result in the real world.

The remainder of the article is organized as follows. The
simulation platform is described in Section 2. In Section 3,
promising results of our first explorations of simulated be-
haviour of our BioMAV in the pylon challenge are presented.
In Section 4, we will present our new vision module, which
combines the results of center/surround edge detection with
dynamic information provided by elementary motion detec-
tors. As discussed in Section 4, our first results with this
combined approach are very promising. Finally, in Section 5
we conclude and outline our next research steps.

2 PLATFORM AND SIMULATOR

In this section we will first present our physical and sim-
ulated environments.

2.1 Tests on a real platform
The Parrot AR.Drone, a model-sized helicopter with four

rotors [22], utilizes an embedded linux-based operating sys-
tem to automatically stabilize itself when flying. The operat-
ing system allows to control the flight of the drone using ab-
stract control commands, like “takeoff”, set the drone-pitch
to let it accelerate in a certain direction, or “hover” which lets
the drone automatically cancel its movement with respect to
the ground. Table 1 shows a complete overview of the avail-
able commands. These commands provide an abstraction
layer from physical aspects and implementation details which
are required for maintaining a stable drone flight. These com-
mands allow us to focus on the development of biologically
inspired vision processing modules and high-level behavioral
control layers.

2.2 Simulation and ground control
The final program that enables the drone to fly 8-shaped

figures around two poles will consist of three modules (see
Figure 1 for the architecture): The ground control software is

Figure 1: Architecture of our BioMAV platform

written in C++ and it directly communicates with the drone. It
communicates sensory data and control commands to a Java
environment. The vision module is a Java program which
uses a biologically inspired algorithm to detect poles in front
camera images. The positions of the detected poles are trans-
lated into relative heading and an approximated distance (see
Section 4). These data are given to the third module which
manages the behavior of the drone. The biologically inspired
behavior module uses sensory data and the extracted data
about visible poles to navigate the drone in 8-shaped figures
around the visible poles (see Section 3).

The ground control software is an application program-
ming interface that allows to send commands to the drone us-
ing Java code. Since we will not need fine-grained height con-
trol, the ground station allows to set the drone height rather
than the height-speed. The other commands available for con-
trolling the drone are modeled after the original control com-
mands mentioned in Table 1.

We are developing the simulator in such a way that the
behavior and vision modules can be developed and tested in-
dependently. In the final implementation, the vision module
will provide information about poles that are visible to the
drone. In the controlled world of the simulator we can calcu-
late this information without using the vision module, thereby
allowing us to test the behavior module on its own. Likewise,
image data can be generated using the simulator to test the
vision module. The simulator allows us to test algorithms for
the drone without using the actual drone itself. The advan-
tages of using a simulator are that the test cycles are faster
and the tests inside the simulator do not endanger the avail-
able hardware. These advantages allow us, in a later step, to
use the simulator as part of a program which iteratively tunes
parameters of the behavior module to optimize the drone’s
flight behavior. The disadvantage of using a simulator is the

Proceedings of the International Micro Air Vehicle conference and flight competition 2011 summer edition

57



ht
tp

://
w

w
w

.im
av

s.
or

g/
IMAV2011-9 INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION IMAV 2011

SEPTEMBER 12-15, 2011, ’T HARDE, THE NETHERLANDS 61

Command Effect
Hover Lets the helicopter hover over a certain point at a constant height. For this the helicopter makes use

of the bottom camera to calculate the optic flow and nullify its ground speed. Furthermore, it uses
its height sensor (ultrasound sonar) to maintain a stable height above the ground.

Pitch Makes the helicopter pitch until it reaches a given angle to control forward or backward movement.
The helicopter thereby maintains a stable height. If desired this command can be combined with the
yaw, roll, or lift commands.

Yaw Makes the helicopter yaw around its vertical axis at a given speed. The helicopter thereby maintains
a stable height. If desired this command can be combined with the pitch, roll, or lift commands.

Roll Makes the helicopter roll until it reaches a given angle to control sideward movement. The helicopter
thereby maintains a stable height. If desired this command can be combined with the pitch, yaw, or
lift commands.

Lift Makes the helicopter ascent upwards or descent downwards at a given speed. If desired this com-
mand can be combined with the pitch, yaw, or roll commands to let the helicopter change its height
during these commands.

Takeoff Lets the helicopter start and ascent to a standard height (about 1 meter).
Land Lets the helicopter land on the ground.
Emergency mode Cuts the power to all helicopter motors. Only used for safety purposes.

Table 1: Available commands for controlling the Parrot AR.Drone [22]

reality gap. We will revisit this problem in Section 3.
The simulator generates visual input corresponding to the

images that the camera of the drone would generate. The
simulator can provide in addition all other information the
drone itself would produce. The drone’s control commands
are modeled after the commands that the ground station pro-
vides. We use OpenGL1 to render the three-dimensional en-
vironment for the drone. An integrated rigid body simulation
based on the OpenDynamicsEngine library2 provides us with
collision detection algorithms and Newtonian mechanics for
simulated bodies. The reactions of the drone to the given set
of control commands are specified using a script written in the
scripting language Lua3. The simulated reactions are a sim-
plification of the real behavior. The drone-behavior Lua script
allows for easy adaption of the drone’s behavior to make the
drone react more realistically in future simulations. One of
the avenues we are exploring is to train the parameters of a
neural network or a Kalman filter to map the current state and
commands to the resulting behavior of the drone. The reasons
for this approach are that (a) the system identification of the
individual components of the Parrot platform is difficult with
the standard firmware, and that (b) some physical parameters
may be hard to identify in the first place (like the effects of
the bending of the rotor blades during flight maneuvres).

Using a second simulator Lua script, the simulated world
can be modified. In this script, the layout of the simulated
world can be determined by creating walls, placing poles, or
setting the initial position of the drone. The future goal is to
expose a Lua interface to Java so that arbitrary Lua scripts can

1http://www.opengl.org
2http://www.ode.org/
3http://www.lua.org

be executed from Java. Thereby the Lua scripts can control
the simulated world or the drone inside it. We plan to release
the simulator as an Open Source project after the competi-
tion.

3 BEHAVIOR

Many behaviors can be accomplished by means of feed-
forward, reactive controllers [23, 24]. Indeed, in the field
of evolutionary robotics, most studies focus on the evolu-
tion of feedforward neural networks for successful control
of the robot [25, 26]. When moving towards more com-
plex behaviors, recurrent neural networks of various kinds
are used [24, 27, 28, 29, 30, 31]. These systems are hard
to analyze and to correct in cases where the displayed be-
havior differs from the behavior in simulations or when the
performance in operational settings decreases compared to
the training conditions. Our ongoing research explores Finite
State Machines (FSM) [32] as an alternative framework for
the design of complex behaviors. FSM are mathematically
well-understood and have the additional advantage that they
are easier to understand by a human designer. FSMs can com-
bine different behavioral modules to achieve the required be-
havior. In the current article, the IMAV2011 pylon challenge
is used as a vehicle to introduce our approach of exploring
different simulated behaviors implemented through FSMs.

An abstract FSM schema as used in the BioMAV drone,
containing states and transitions, is depicted in Figure 2.
Rounded boxes represent states and arrows represent state
transitions. A state describes, at a general level, the type
of behavior displayed by the drone. Transitions describe the
conditions that need to be met in order to move from one state
to another. Only one state can be active at a time.
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Find Pole Right Pass
Left Pass

Left Turn

Out of Sight
/TakeOff

Turn Complete

Right TurnTurn Complete Out of Sight

Figure 2: FSM schema for 8-shaped flight.

After take off, the drone enters the ‘Find Pole’ state. Upon
finding a pole, the transition to the ‘Right Pass’ state is made.
In this state the drone flies towards the right of a pole. When
the pole is out of sight, the ‘Left Turn’ state will become ac-
tive. Here the drone will make a left turn around the pole,
completing the first half of the 8-shaped figure. There is no
final state; the drone will continue to fly 8-shaped figures.

Each state of the FSM executes three ‘sub-behaviors’: en-
try behavior, state behavior, and exit behavior. Entering and
exiting a state results in executing, respectively, the corre-
sponding entry or exit behaviors. In the current implementa-
tion no entry behaviors are specified. All states have an exit
behavior that makes the drone hover at its current location as
to stabilize the vision input. The state behavior makes the
drone execute a specific sequence of commands, e.g. pro-
cessing of sensory data. A state can have multiple transitions
associated with it, each described by its own set of criteria
(triggers, guards) that need to be met for the transition to be-
come active. Each transition can also be equipped with a be-
havior that will be executed when the transition is active. In
the case of the ‘Out of sight’ transition, for example, the tran-
sition behavior is that the drone will fly a bit further forward
in order to make a safe turn.

3.1 First FSM flight simulations: timers and gyroscope
The behaviors of the first version of the FSM were based

on timers. Timing parameters determined the amount of turn
time to fly around a pole and the time to fly in a straight line.
Our simulation results without noise factors such as drift and
vision failures showed the feasibility of our approach. To test
the performance of the drone in a more realistic setting, Gaus-
sian noise was added to the horizontal and vertical speeds
(N (0, 0.10) in m/s) and to the initial position (N (0, 0.7)) of
the drone.

Figure 3 shows a simulation where the drone flies in an
unstable, jagged trajectory. The first part of the 8-shaped fig-
ure is completed without problems. On the second turn, how-
ever, the drone loses its path and misses the next pole.

To explore our approach in more realistic noisy condi-
tions, the use of simulated gyroscope readings was evaluated
as an alternative method. These readings provide feedback on
the turning angle when performing a “Left Turn” or “Right

Figure 3: Simulated trajectory of the drone, using additive Gaus-
sian noise on the horizontal/vertical speeds and the starting position
of the drone. Behavioral modules are based on timers. The drone
starts at position (0,0) and the poles are located at (-5,0) and (5,0).

Turn”. The results as displayed in Figure 4 show that using
gyroscopes is a more robust method than using timers.

Figure 4: Simulated trajectory of the drone, using additive Gaus-
sian noise on the horizontal/vertical speeds and the starting position
of the drone. Control of behavior is based on gyroscope readings.

3.2 FSM flight: closed-loop control with simulated vision
A second, more complex, FSM was used to incorporate

simulated vision (see Figure 5).

Fly to Pole 
Left

Fly to Pole 
Right

Search 
Pole Right

Search 
Pole Left

Pass LeftTurn Right

Pass Right Turn Left

Pole Lost

Pole Lost

Pole Found

Close to Pole

Close to Pole
Pole
Lost

Pole
Found

Pole
Lost

Pole
Found

Pole Found

/TakeOff

Figure 5: The structure of the improved FSM.

The simulator acts as a stand-in vision module, by pro-
viding (i) the location of and (ii) the distance to the pole
with random noise and frame-loss. The position of the py-
lon was used to determine the angle of approach relative to
the drone. Based on this information, the new FSM con-
trols three transitions, which each use a different threshold
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to determine whether one of these conditions hold: “Pole
Found”, “Close To Pole” and “Pole Lost”. Each setting of
these three thresholds results in a certain flight behavior (tra-
jectory) which can be assessed quantitatively by comparing
the generated trajectory to the pre-determined 8-shaped fig-
ures. The required thresholds are set through an evolutionary
algorithm (EA) which uses these quantitative measures as fit-
ness value. Again, several noise factors are added to explore
the robustness of the FSM when transferred to the real world.

In Figure 6 the new flight paths of the drone are depicted.
Because the behavior is now more sensor driven, the drone
is able to correct its path and repeatedly fly in an 8-figure
around the poles. Even when the drone lost the pole, it is able
to correct its path by including an extra loop in its flight.

Figure 6: Simulated trajectory of the drone, using the sensory
driven FSM. The trajectories are from two separate simulations: one
(black, dashed) in which everything went smoothly and one (red) in
which the drone corrected its path by flying an extra loop.

It can be concluded that using FSMs for controlling the
drone’s behavior provides us more insights in which parame-
ters are important for executing a certain behavior. Moreover,
the use of a genetic algorithm for searching for suitable pa-
rameter settings shows promising results.

3.3 From simulated experiments to real flight

The fitness function used for the EA mentioned above
employs a quantitative measure which is based on the differ-
ence between the required trajectory and observed simulated
behavior. Many algorithms for trajectory matching can be
employed for this purpose, e.g., borrowed from the field of
gesture recognition [33]. Using the high-resolution tracking
equipment from our virtual reality lab 4, the real flight be-
haviors of our BioMav can be recorded. We have created a
setup that allows for an evaluation whether behaviors of the
drone in simulations can be compared to trajectories recorded
during real flight. Please consider Figure 7 for an example.

4See htp://www.rivierlab.nl
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Figure 7: Picture of the drone with rigid body attached (top pic-
ture). The bottom picture shows the 3-dimensional flight patterns of
two short tries in which the drone attempted to fly in circles.

To record the three-dimensional orientation and position
of our BioMAV, a light-weight rigid body is attached on top
of the drone. This has no significant impact on the drone’s
flying behavior and can be tracked by the tracking equipment
of the VR lab. The bottom picture from Figure 7 shows the
recorded flight trajectories of the drone while trying to com-
plete circles. The drone is controlled via the ground station
software which was described in Section 2.2. We are cur-
rently using this set up to improve our FSM models for the
IMAV2011 pylon challenge.

4 VISION

It is well known that natural vision systems fuse differ-
ent information sources to obtain more robust and accurate
estimates concerning objects in the environment. In our on-
going research, appearance and motion cues are explored for
extracting information about the color, location, movement
and shape of objects in the environment [34, 35, 36]. In the
IMAV2011 pylon challenge, the main task for vision is to
detect poles and return the distance and angle between py-
lon and drone. Traditionally, in computer vision, this task
is achieved by image segmentation, which transforms a raw
image representation in sets of detected objects. Many ap-
proaches for image segmentation have been proposed, which
all use representations of texture, color, and shape to some ex-
tent. Since the quality of the contours of detected objects re-
lies heavily on the detection of relevant boundaries, or edges,
in the image, edge detection is a prominent step in image
segmentation. We propose to combine edge detection with
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motion information provided by elementary movement de-
tectors (EMDs) [21]. EMDs use spatially separated inputs
with a certain delay in time to produce a measure for the mo-
tion in a specific direction. The use of EMDs is especially
useful in UAVs, since the flying task induces temporal and
motion effects (which are known to cause the detection of
spurious edges), ensuring that there is always activation from
the EMDs. During the competition, we will apply an object
recognition method on the resulting edge images to detect the
size and location of the pole in each image. We will consider
available techniques such as the generalized Hough transform
for this purpose. The resulting information will subsequently
be used by the FSM described in Section 3 to generate appro-
priate control commands based on the angle and distance to
detected poles.

4.1 EMD-based filtering of spurious edges
To generate motion information, we have used the EMD

implementation of Zhang et al. [37]. This implementation is
less dependent on differences in contrast and color. The idea
behind the use of EMDs to improve the image segmentation,
is that borders of relevant objects will produce higher EMD
responses. Rotational movements of the drone will lead to
edge enhancements by the EMDs. Translational movements
of the drone will lead to larger apparent motion of the ob-
jects closer to the drone, which are typically more relevant.
This holds in particular for a flying platform that is constantly
moving. The constant self motion will provide a steady and
reliable source of information about the objects in the scene.

Although very useful, the EMDs rarely give a complete
picture, because they rely on differences in contrast to ac-
tivate. Therefore the EMDs alone are not enough to suc-
cessfully segment the image and to provide the drone with
sufficient information about the world. However, EMDs do
provide an abundance of additional information to the more
traditional approach.

Next to the resulting EMD information sketched above,
our algorithm uses the edges (as provided by a simple cen-
ter/surround edge detection algorithm) as a basis on which to
work. Edge detection assumes a difference in contrast and
color, where the boundaries of objects can in general be dis-
tinguished from the background. However, edges may also
be detected in image samples containing rough textures or ar-
eas with uneven terrain. These edges are known as spurious
edges. The EMDs are less dependent on contrast differences
for their activity and depend more on movement. As can be
observed in the bottom-left picture from Figure 8, this pro-
duces clean edges of objects in the direction of the movement.
By combining the edge and EMD information, noise can be
removed from the edge information, producing a clean image
of the relevant edges.

4.2 Results of combined edge detection
Figure 8 shows a natural scene (data recorded in the vir-

tual reality lab), the EMD information of this scene and both

the edge information and the combined EMD and edge infor-
mation. As can be observed, the use of EMD information can
be used to filter out much of the noisy edges. Large planes
such as floors, walls and ceilings are prone to produce noisy
data. Yet if they are far away, they have very little observed
movement, which allows us to confidently remove many su-
perfluous edges. If they are close by, such as the floor can be,
fine texture is typically smoothed out by motion blur, again
leading to low EMD activity.

Figure 8: Example of using EMD for removing spurious edges.

To quantify the improvement of this combined edge de-
tection method, the difference between edge detection with
and without the use of the EMD information is computed for
each pair of pixels in both edge images. The two methods
are compared to manually segmented images of realistic in-
put captured by the frontal camera of the drone in our VR lab.
Contours in the segmented groundtruth images are manually
produced and subsequently blurred by a small Gaussian filter
to allow for small variations in the location of edges. In this
way 10 images have been processed. Due to the Gaussian
brush width, a relatively large number of pixels was marked
as “edge”: on average 24% of the pixels are labeled as posi-
tive. Table 2 shows the confusion matrices of both algorithms
averaged over the images (expressed in as ratios).

Plain edge detection Combined with EMD
true false true false

positive 0.96 0.86 0.67 0.30
negative 0.14 0.04 0.70 0.33

Table 2: Confusion matrices of plain edge detection and of its com-
bination with EMD.

When considering Table 2, the effect of filtering spurious
edges becomes apparent. The combined technique improves
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both the false positives (where the edge detection erroneously
detects edges) and the true negatives (where the edge detec-
tion correctly detects no edge). However, also the number of
true positive edges decreases because of the filtering. In Fig-
ure 8 this effect is in particular visible at the top of the pole.
While plain edge detection correctly classifies 34% of all pix-
els, the combination with the EMD leads to correct classifi-
cation of 69% of the pixels. Our current efforts are targeted
at the implementation of suitable object detection techniques
which operate on the resulting improved edge images. Within
the context of the pylon challenge, we will further explore the
trade-off between removing spurious edges and losing parts
of the target object.

5 CONCLUSIONS

In this paper, we have introduced our ongoing research
on biologically inspired MAVs (BioMAVs). Two new ap-
proaches have been discussed. For the FSM-based control
of behavioral modules, the feasibility of our approach was
assessed and promising results have been obtained. Further-
more, the novel edge detection algorithm which exploits mo-
tion information provided by EMDs, has shown to yield much
cleaner edge images than when using traditional edge detec-
tion techniques. Our main conclusions and next steps are de-
scribed below.

The FSM controller structure was inspired by the pres-
ence of behavioral modules in natural systems. As outlined in
Section 3, finite state machines offer a suitable framework for
implementing such modules for controlling different behav-
iors. Results from various simulations show that the explored
FSM architectures provide a mechanism for the execution of
the pylon challenge. Furthermore, using this approach, the
designer is able to evaluate different settings and locate and
modify defects. Three experiments were presented in this pa-
per. All experiments were run in the simulation environment
which is presented in Section 2. Timer information was used
as a first naive approach, which mainly assessed the feasi-
bility of our approach. Simulations were run on gyroscope
information in several noise settings, resulting in successful
8-shaped flight patterns. Furthermore, we developed an evo-
lutionary algorithm to optimize the drone control on the basis
of simulated vision. Based on closed-loop control, using the
perceived distance and angle of approach to the drone, the re-
sulting FSM was able to exhibit the required 8-flight behavior.
It was demonstrated that the drone is able to correct its flight
when missing a pole.

For the required object detection and tracking, we are
still in the process of finalizing our vision module. We have
argued that the detection of relevant edges is important in
biologically-inspired vision. The results of the vision module
indicate that edge detection is helped by combining motion
cues with information provided by edge detection. This im-
proved edge detection will most probably lead to fewer spuri-
ous segments in the subsequent image segmentation and ob-

ject detection processing steps.
Within the context of our BioMAV project, we will grad-

ually shift from performing simulations to real flight control.
Through controlled experimental studies in our virtual reality
(VR) lab, the gap between simulation and reality can be ex-
plored. As we have shown in Section 3.3, the VR lab enables
us to employ high-precision tracking equipment to record ac-
tual flying behavior of our BioMAV. The results of these ex-
periments are expected to yield two important contributions
to our work. On the short term, we will be able to systemat-
ically calibrate the drone behavior according to the environ-
mental and task conditions of the IMAV2011 indoor pylon
challenge. On the longer term, we hope to improve our un-
derstanding of issues that cause the reality gap, by establish-
ing a proper calibration between simulation algorithms and
parameters, corresponding simulated behavior, and the real
flight capabilities of our BioMAV. For an ongoing report of
our progress and achievements, the reader is invited to visit
our BioMAV website at http://www.biomav.nl.
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ABSTRACT 

This paper outlines the mechanical architecture, hardware 

components, and software structure for an unmanned micro 

aerial vehicle (MAV) trirotor. It focuses on the practical 

approach to the design and assembly of an aerial platform with 

three rotors. Furthermore, an embedded microcontroller-based 

navigation and control system is proposed to provide efficient 

angular stabilization and stable hover during the different flight 

conditions. The design, analysis and the validation tests have 

been undertaken on the experimental aerial platform. 

1 INTRODUCTION 

Within the last years, rapid development of small and 
powerful microcontrollers, access to cheap and relatively 
accurate inertial sensors, reliable wireless links and finally 
efficient control systems allowed to advance some formerly 
existing aerodynamic configurations that were very difficult 
to control by human pilots only, like quadrotors. The most 
popular multi rotor configuration is undoubtedly quadrotor. It 
became widespread thanks to its mechanical simplicity and 
easily understandable dynamics. However, for some 
applications a quadrotor might be not particularly suitable due 
to relatively high mass caused by four motors, which reduces 
the power efficiency. Therefore, the purpose of this project 
was to design and assemble a vehicle with the number of 
motors reduced to three and capable of stable hover flight. 
This is an multidisciplinary problem with various 
requirements for mechanics, hardware and software. There 
are multiple publications on UAVs navigation and control 
[1],[2] based on commercially available platforms, there is 
also a number of papers focusing on theoretical 
considerations [3], [4]. These publications do not provide  
comprehensive overview of the UAV assembling from 
concept to flight.  

 
The main goal was to design a simple, light and durable 

airframe carrying embedded measurement and control 
system, sufficient for first tests and flexible enough to adopt 
easily to future development without major changes. The 
main intention was to decrease the number of motors to three. 
It is obvious that such a modification introduces certain 
changes to the general system dynamics and require various 
modifications in the mechanical design. The issue that needs 
to be dealt with is the unbalanced torque acting on the trirotor 
caused by uneven number of motors. Alterations in the 
mechanical design proposed in this paper introduce a tilt 
mechanism for one of the motors. The tilt mechanism allows 

 
Email address: andrzej.rys@gmail.com, roman.czyba@polsl.pl, 

grzegorz.szafranski@polsl.pl.  

adjusting orientation of one of the motors providing a method 
of compensation of excessive torque as well as control of the 
yaw angle. The trirotor flight principle can be explained 
following[5]:  

(1.1)   2 1 1( )f f lφτ = −  

(1.2)   3 2 3 2

2 1 1 12

l cos gl
( ) sin 2 sin

f m

f f l m g

θτ α

γ γ
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(1.3)   3 2 sinf lψτ α=  

where:  
, ,φ θ ψτ τ τ – generalized moments 

1 2 3, ,f f f – forces generated by motors 

1l – distance from the motors 1 and 2 to the x-axis  

2l – distance from the motor 3 to the center of gravity 
α – tilt angle of the motor 3 
γ – angle between side booms and axis y 
m12, m3 – motors masses 

 

 
Figure 1: Principles of flight. 

 
If all rotors are spinning with the same angular velocity, the 

total torque causes rotation along yaw axis. Therefore, the 
motors 3 is tilted which decomposes the generated thrust into 
lift force and a component acting in opposite direction to the 
unbalanced torque. The tilt angle can be adjusted resulting in 
rotation along yaw axis. Roll angle changes are achieved by 
generating unbalanced forces by motors 1 and 2. Rotation 
along y-axis is caused by unequal forces produced by motor 3 
and sum of motors 1 and 2. 

 
This paper presents a short overview of four stages of the 

practical implementation of a trirotor. The second chapter 
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introduces mechanical design and dedicated flight computer. 
Measurement system including data filtering is described in 
the third chapter. Chapter 4 brings in the navigation equations 
and is followed by control system design in chapter 5. Tests 
results are presented in chapter 6. 

2 MECHANICAL DESIGN 

2.1 Airframe 

The frame is the key element of an UAV. It should be 
possibly durable, stiff and light as well as affordable within 
project budget. Therefore, the materials selected to use were 
of the possibly finest quality limited only by price. A crucial 
factor for frame design is the material strength. However, the 
word “strength” have different meaning for different 
materials. For metals, strength means yield strength, for 
composites it is the tensile failure strength. The materials 
selection for the airframe was based on [6] which analyses 
their strength relative to cost and density. The materials 
chosen for the project were carbon fibre reinforced polymer 
(CFRP), aluminium, and polyamide PA 66. CFRP was used 
for side booms while the combination of aluminium and PA 
66 were used for motors holders, tilt mechanism and central 
part. The airframe design in 3D CAD is shown  
in figure 2 and 3. 

 

 
Figure 2: 3D trirotor design. 

 

 
 

Figure 3: Tilt mechanism with analogue servo. 
 

 
Figure 4: Assembled trirotor. 

2.2 Components 

The components used for assembly originate from RC 
models. Battery, servo, motors and propellers were adopted 
without changes. The brushless motors selected for the design 
require electronic speed controllers (ESC). These controllers 
are available to buy as RC models equipment, unfortunately, 
in this configuration they are not particularly useful for such a 
demanding task as stabilization of a rotorcraft. The main 
limitation is the standard RC model interface, so called pulse 
position modulation PPM, that operates with frequency as 
low as 50Hz. Therefore, a dedicated  ESC with I2C or UART 
needs to be used in order to obtain a higher sample rate of the 
control signals. Some changes were made, so that the device 
after conversion could be controlled via I2C interface with up 
to 100kHz transmission frequency and is compatible with 2, 3 
and 4-cell Li-Pol batteries (7,4V – 14,8V). The conversion 
process was performed according to the information from [7] 
where the new firmware originates from as well. 

2.3 Hardware 

A dedicated, microcontroller-based flight computer has 
been developed. The central unit of the flight computer is an 
Atmel ATmega 128 which performs data collection, solves 
navigation equations, reads and interprets orders from RC 
receiver, runs stabilization algorithms and controls the motors 
and servo. ATmega microprocessor was chosen due to 
number of available communication protocols (SPI, I2C, 
USART), low power consumption, and uncomplicated 
programming. The designed circuits and PCB can be used for 
both trirotor and quadrotor aerial platforms. It has four 
sockets for I2C bus and two PWM outputs. It's intended to 
work with ADIS16400 but due to flexible architecture can 
also communicate with other sensors types. 

3 MEASUREMENT SYSTEM 

3.1 Sensors array 

Analog Devices ADIS16400 was selected as the main 
measurement unit. It is an integrated device containing 
triaxial MEMS gyroscope, triaxial MEMS accelerometer, 
triaxial magnetometer and auxiliary analog – digital 
converter. In the small (23 x 23 x 23 mm) and light, 16g, 
package there are also embedded temperature and voltage 
sensors allowing precise biasing of readings. Communication 
with the instrument is performed using SPI interface. The 
system provides fully autonomous operation and data 
collection after as little as 220ms start – up time and 4ms sleep 
mode recovery time. According to the datasheet, calibration 
of sensitivity, bias and axial alignment was performed for 
+25°C. The system provides also a Barlett-window FIR 
digital filtering. 

3.2 Filtering 

Due to the MEMS sensors nature, a noise in output signal is 
unavoidable. Additionally, running motors generate 
vibrations of wide spectrum. These two sources of noise can 
be modeled as white noise sequence. The white noise can be 
removed from sensors readings only by describing its 
statistical characteristics and applying appropriate filtering 
[8]. Digital linear, time-invariant (LTI) filters can be defined 
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by a difference equation of the following form: 

(3.1)   
1 1

[ ] [ ]
M N

i j

i j

a y n i b x n j
= =

− = −� �  

where, 

i
a – feedback coefficients 

i
b – feed forward coefficients 
The characteristics of input signals must be known to 

design a proper filter. The measurements, sampled at 200Hz, 
were collected from sensors placed on trirotor while motors 
were running to provide possibly close approximation of real 
flight conditions. A perfect overview of signals components 
was obtained using a high resolution PSD (Power Spectral 
Diagram) estimate[8]. 

 

 
Figure 5: PSD estimate of gyroscopes outputs. 

 
 
 FILTER 0 

20c Hzω =  
FILTER 1 

10c Hzω =  
FILTER 2 

5c Hzω =  

a b a b a b 
1 1.0000 0.1367 1.0000 0.0730 1.0000 0.0155 
2 -0.7265 0.1367 0.0730 0.0730 -0.9691 0.0155 

Table 1: Filters cut-off frequencies and coefficients.  
 

 
Figure 6: Central part of the triroror with dedicated electronics,  

AHRS ADIS16400, RC receiver and battery. 
 

Figure 5 shows PSD of measurements collected during the 
experiment. There are two main frequency intervals 
containing most of the noise components. The three peaks 

between 100Hz and 150Hz are caused by vibrating three side 
booms, motors and propellers. The exact location of these 
peaks is dependent on motors rotational velocity. Noise in this 
frequency range is not particularly harmful for the navigation 
because it can be very easily filtered out by a low-pass filter of 
relatively high cut off frequency. The noise components 
located between 10Hz and 50Hz have much larger negative 
impact on the navigation system. Filtering performed with a 
low-pass filter of cut off frequency below 10Hz slows down 
the system significantly, on the other hand too high cut off 
frequency causes the navigation system collect remarkable 
noise, so the SNR (signal-to-noise ratio) decreases 
meaningfully. 
 

Excessive tests of various filters determined that first order 
Butterworth IIR filters with cut-off frequency in range 
10-20Hz are most suitable for the trirotor. They perfectly 
filter out the signal components of frequency 80-160Hz 
caused by rotating motors and significantly reduce low 
frequency noise appearing between 20Hz and 40Hz. What is 
important, the delay introduced by filters of these order is 
acceptable by navigation and control algorithms. 

 

4 NAVIGATION 

During the research on INS, an efficient, novel algorithm 
for MARG system was found in [9]. It was a perfect solution 
due to very low computational load, quaternions internal 
implementation and high accuracy comparable with KF 
(Kalman Filter) solutions. The algorithm has been modified in 
order to provide higher usability and performance. During the 
first run the algorithm saves the initial orientation which will 
be a basis for further calculation.  

4.1 Orientation 

The algorithm firstly calculates the orientation using 
gyroscopes readings - ,

S

E kωq . At this stage there is no 

correction for drift so the error is accumulating. At the second 
stage it calculates the orientation using vector measurements 
from accelerometers and magnetometers. The original 
algorithm from [9] uses a combination of accelerometers and 
magnetometers readings, however the modification 
introduced in this research assumes that a distinctive triple of 
measurements is provided for any orientation in space by both 
triaxial accelerometers and   triaxial magnetometers. 
Therefore, the optimization problem from [9] can be extended 
eventually to: 

 

(4.1)    ( , 1)
( , , , , ) ,
( , , , , )

0,1,2,...,

S E S E S
S S E
E v k E k k S E S E S

E

f

f

k n

α+

∇
= −

∇

=

q g a b m
q q

q g a b m  

 
where: 

( , 1)
S

E v k+q  orientation calculated from vectors      

     measurements 
S

E kq   last attitude estimation 
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S, E – sensor and Earth frame 
k – no. of iteration 
 
and 

(4.2)  ( , , , )( , , , , )
( , , )

S E S
S E S E S E
E S E S

E

f
f

f

� �
= � �
� �

q g a
q g a b m

q b m
 

where: 
 

(4.3) 

2 2
3 4

2 3 1 4

1 3 2 4

12 ( )
2

( , , ) 2 ( )
2 ( )

x

S E S

E x

x

g q q

f g q q q q

g q q q q

� − − +�
�

= − +�
� + +
�
�

q g a
 

1 4 2 3 2 4 1 3

2 2
2 4 1 2 3 4

2 2
3 4 1 2 2 3

2 ( ) 2 ( )
12 ( ) 2 ( )
2

12 ( ) 2 ( )
2

y z x

y z y

y z z

g q q q q g q q q q a

g q q g q q q q a

g q q q q g q q a

�
�+ + + − −
�
�+ − − + + −
�
�
�+ − + − − −
�

 

 

(4.4) 

2 2
3 4

2 3 1 4

1 3 2 4

12 ( )
2

( , , ) 2 ( )
2 ( )

x

S E S

E x

x

b q q

f b q q q q

b q q q q

� − − +�
�

= −�
� + +
�
�

q b m
 

1 4 2 3 2 4 1 3

2 2
2 4 1 2 3 4

2 2
3 4 1 2 2 3

2 ( ) 2 ( )
12 ( ) 2 ( )
2

12 ( ) 2 ( )
2

y z x

y z y

y z z

b q q q q b q q q q m

b q q b q q q q m

b q q q q b q q m

�
�+ + + − −
�
�+ − − + + −
�
�
�+ − + − − −
�

 

where: 
[0 ]S T

x y z
a a a=a  accelerometers normalized readings  

[0 ]S T

x y z
m m m=m magnetometers normalized readings 

[0 ]S T

x y z
g g g=g gravity field initial orientation vector 

[0 ]S T

x y z
b b b=b  magnetic field initial orientation vector 

 
which claims 

(4.5) ( , , , , )S E S E S

Ef∇ =q g a b m  

( , , ) ( , , , , )

( , ) ( , , )
( , ) ( , , )

T S E E S E S E S

E E

T S E S E S

E E

T S E S E S

E E

J f

J f

J f

= =

�
= 	



q b q g ag b m

q g q g a

q b q b m

 

 
where: 

(4.6) ( , )T S E

EJ =q g  

4 3 3 4

3

4 2 3 2 1

3 2 4 2 1

4 2 4 3

2 1 4 1

1

4 1 3

2

3 2

2 2 2 2

4
2g q +2g q 2g q _y 4g q +2g q

2g q 2g q 2g q g q 2g q

2g q +2g q 4g q +2g q 2g q
2g q 4g q +2g q 2g q +2g

4 2 2 4

q

2 2

x z x y z

x y x z y

z x y z x

y z

y z y z

x y z x

x

y z

y x

g q g q g q g q

g q g q g q g q g q g q

� − +
�

= − −�
� − − −�

�− + − − + +
�

− − �
�− �

 

and 
(4.7) ( , )T S E

EJ =q b  

 

4 3 3 4

4 2 3 2 1

3 2 4 2 1

3 2 1 4 1 2

4 2 4 3 1

4 3 1 3 2

2b q 2b q 2b q +2b q
2b q +2b q 2b q 4b q +2b q

2b q 2b q 2b q 4b q 2b q

4b q +2b q 2b q 4b q +2b q +2b q
2b q +2b q 4b q +2b q 2b q

2b q 4b q +2b q 2b q +2b q

y z y z

x z x y z

x y x z y

x y z x y z

z x y z x

y z x y x

� −
�
− −�
� − − −�

�− − −

− −

−

=

�
�
�
�

 

 
The orientations resulting from accelerometers and 

magnetometers readings are averaged and denoted as 
,

S

E v kq .  

4.2 Fusion 

There are two independent sources of updates for new 
attitude estimation: ,

S

E kωq  and
,

S

E v kq . Fusion of the two 

estimates was performed by a complementary filter: 
(4.8)  ( , ) ( , )(1 ) ,0 1S S S

E k E k E v kωγ γ γ= − + ≤ ≤q q q  

The complementary filter after derivation performed in [9] 
has a following form: 

(4.9) ( , ) ( , )
S S S

E k E k E v kω β= −q q q� � �  

Which is equal to: 

(4.10) ( , )
S S

E k E k

f

f
ω β

∇
= −

∇
q q� �  

And leads to: 
(4.11) ( 1)

S S S

E k E k E k t−= + ∆q q q�  

The parameter � was found during the experiments, 
providing fast algorithm reaction for rapid changes along with 
good drift correction in long run. 

 
 

 
Figure 7: Influence of parameter � on  
performance of navigation algorithm. 
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Tests were performed while ADIS16400 was mounted on 
trirotor frame, motors were running and filtering was applied. 
The measure used to evaluate algorithm performance was root 
mean square error(RMSE). It was calculated over the interval 
0-180s for each axis separately. Eventually, the arithmetic 
mean of these values was computed and was presented in the 
table 2: 

 
 

 RMSE 

β  x-axis y-axis z-axis mean 

0.0015 12.5147 2.5062 4.6179 6.5463 
0.015 0.1301 0.3954 6.2707 2.2654 
0.15 0.6223 0.4473 2.6729 1.2475 
1.5 1.3319 2.3426 12.1701 5.2815 
5 3.0773 4.5904 25.1942 10.9540 

Table 2: RMSE of navigation algorithm with  
various values of parameter �. 

 
The parameter β  determines how big is the influence of 

vector measurements on the final result. For small values of , 
the navigation performance was affected by gyros drift that 
could not be compensated by absolute vector measurements. 
For large values of β , the drift correction overshoots the 
exact solution causing the optimization algorithm operate far 
from the optimal solution. The tests have shown that the value 
of β  should be close to 0,15 in order to provide highest 
navigation system performance. 

5 CONTROL SYSTEM 

System state is estimated according to the measurements 
obtained from a MARG sensors array. As it was already 
shown, ADIS16400 provides information about current 
angular velocity, linear acceleration and magnetic field 
orientation, with sample rate up to 819,2Hz. The raw readings 
are processed by a navigation algorithm which outputs the 
information about current UAV orientation.  

 
Figure 8: General system structure. 

 
It is important to note, that the raw measurements, 

especially angular velocities,  are of much faster dynamics 
than the attitude orientation returned by navigation algorithm. 
The reason is that they are measured directly by sensors, while 
the navigation algorithm introduces some extra dynamics. 

The objective of the control algorithm for trirotor was 
stabilization of angles, in other words, ability to track and 
maintain given roll, pitch and yaw angles. The control system 
was decoupled and as a result each of the axes has a separate 
control algorithm. Three control algorithms return separate 
inputs for three motors and servomechanism which need to be 
combined together with throttle signal in a mixer. The general 
system structure is presented in the figure 8. 

 
 

According to the research on existing control systems for 
UAVs and investigation of measurements characteristics a 
PID cascade was chosen for realization of  trirotor control 
algorithm. An example of the control system of roll angle is 
presented in the figure 9. 

 

 
Figure 9: Control schema for roll stabilization. 

 
The structure of controller chosen for the internal loop is of 

type B with filtered derivative [10]. The type B structure was 
selected in order to avoid undesired overreactions on changes 
in setpoint. Moreover, a filter in the derivative term provides 
additional control quality improvement. This loop guarantees 
quick reaction on disturbances in the system and easies tuning 
of the inherently unstable system. The outer loop, similarly to 
the inner one, is of type B with filtered derivative, however, 
there are some modifications introduced. The first 
modification concerns the way the setpoint changes are 
applied to the system. The main concern behind it is to reduce 
the overshoot when the setpoint varies rapidly. One method to 
avoid this problem would be to use type C PID controller. 
Although it removes the overshoot, it might be too slow for 
aerial vehicle, because the desired value is being tracked only 
by the integral term. The method that was implemented in the 
trirotor algorithm is a low-pass filter which reduces the speed 
of change of the setpoint to 10deg/s which is slow enough to 
avoid peak reaction of proportional term, and on the other 
hand, fast enough to provide high UAV performance. The 
second algorithm enhancement is a double anti-windup 
protection system. It limits the maximal value of error that 
supplies the integral part and defines lower and upper bound 
for the integral term value. The third enhancement of the 
algorithm is a filter in derivative term. 

6 TESTS RESULTS 

The tests were performed in order to examine whether all 
components are working properly and stabilization of trirotor 
attitude is possible. The ability to maintain a given setpoint 
for at least 60 seconds was tested for each axis separately 
using a specialized stand that limited the number of degrees of 
freedom to one. The tuning process followed cascade systems 
tuning rules i.e. the inner loop was tuned to have possibly high 
proportional and derivative gain. These setting provided good 
rejection of disturbances appearing in the inner loop. 
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Secondly, the outer loop having slower dynamics was tuned 
so, that the trirotor was able to maintain a given setpoint. 
Tests results were satisfactory, the trirotor was able to hold a 
given setpoint for unlimited time. The tests results are shown 
in figure 10. 

Once the trirotor was capable of maintaining a given, 
constant setpoint it was tested against step changes in 
setpoints. The gains required slight modifications in order to 
prevent a overshoot to occur and provide damping of 
oscillations. The tests have proven that the trirotor is properly 
tracking changes in setpoints in all axes. The results are 
presented in the figure 11. 

 
Figure 10: Euler angels during the hover flight. 

 
 

 
Figure 11: Tracking of the Euler angles desired values. 

 

7 CONCLUSIONS 

In this paper we have presented the whole trirotor system, 
beginning with the mechanical construction and then through 
the electronics till the control algorithm implementation at the 
last stage. The trirotor aerial robot can make possible of 
plenty of potential applications for unmanned aerial vehicles.  

An approach to hardware implementation of the navigation 
algorithm, as well as control algorithm has been described. 
The navigation algorithm based on accelerometers, 
gyroscopes and magnetometers combined with the cascade 
control structure provides good stabilization during the 
different flight conditions. The trirotor is able to maintain 
given orientation as well as track the changes of the Euler 
angles. The practical realization of the attitude stabilization 
system is an important step in the development process of 
more advanced functionality of the autonomous flying 
vehicles. First attempts to outdoor flights were very promising 
and achieved results are satisfactory. 
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ABSTRACT 

In this paper we focus on the different control strategies for the 

unmanned aerial vehicles (UAV). The control task is 

formulated as an angular stabilization of the quadrotor 

platform, and also as a tracking problem of chosen state 

variables. The PID algorithm has been considered in three 

structures in respect of the optimal control signal applied to the 

actuators. For better performance of quadrotor during the 

hover mode the cascade control system has been proposed.  

The experiment results for the platform orientation control 

with different PID controller architectures are presented, and 

confirm the effectiveness of the proposed method and 

theoretical expectations. 

 

1 INTRODUCTION 

 Unmanned aerial platforms are not a new invention. They 

were first introduced during the World War I, but not until 

recently have been flown autonomously. Among the several 

kinds of mini and micro unmanned aerial vehicles 

(MUAVs), quadrotors are probably the most common. This 

platform can occur in one of two configurations, ”plus” or 

”cross” shape, and has been widely developed by many 

Universities such as MIT or Stanford/Berkeley, and 

commercial companies Draganflyer, X3D-BL, Xaircraft [6]. 

The great maneuverability and possible small size of this 

platform make it suitable for indoor use, as well as for 

outdoor applications. Such aerial platform has several 

application domains [4], [7]: safety, natural risk 

management, environmental protection, management of the 

large infrastructures, agriculture and film production. This 

aerial vehicle is highly maneuverable, has the potential to 

hover and to take-off, fly, and land in small areas, and has a 

simple control mechanism. However, a quadrotor is unstable 

and impossible to fly in full open loop system. The dynamics 

of a flying vehicle is more complex than the ground robots, 

so that even the hovering becomes a non-trivial task. Thus, 

control of a nonlinear plant is a problem of both practical 

and theoretical interest.  

Improved performance expected from the new generation 

of VTOL vehicles is possible through derivation and 

implementation of specific control techniques incorporating 

limitations related to sensors and actuators. The well-known 

approach to decoupling problem solution based on the Non-

linear Inverse Dynamics (NID) method may be used if the 

parameters of the plant model and external disturbances are 

exactly known. Usually, incomplete information about 

systems in real practical tasks take place. In this case 

adaptive control methods or control systems with sliding 

mode [3], [4] may be used for solving such control problem. 

                                                           
  Email address: grzegorz.szafranski@polsl.pl, roman.czyba@polsl.pl.  

A way of the algorithmic solution of this problem under 

condition of incomplete information about varying 

parameters of the plant and unknown external disturbances is 

the application of the Dynamic Contraction Method (DCM) 

[14] applied in [10]. But the most problems of those 

approaches in real applications are: high order of the 

controller equations and influence of measurement noise for 

a control quality. Approximations of higher derivatives 

amplify the measurement noise and cause abrupt changes of 

control signal. Therefore in this paper the different structures 

of PID controllers, which can reduced the adverse effects are 

considered. 

The main aim of this research effort is to examine the 

effectiveness of a designed attitude control system for the 

quadrotor in the cascade control system with different types 

of PID controllers [2],[5]. 

The paper is organized as follows. First, a mathematical 

description of the quadrotor nonlinear model is introduced. 

The next part presents a general structure of a cascade 

control system, and investigation of three types of PID 

controllers with modified loop structure. This section 

includes the schemes and description of PID controller type 

A, B, C. The next chapter shows the results of simulations in 

two sections: first – inner loop control with all types PID 

controllers; second – performed in the cascade control 

system. Finally, the conclusions are briefly discussed in the 

last chapter. 

 
Figure 1: Quad-thrust aerial vehicle. 

2 QUADROTOR MODEL 

 Described below the quadrotor model based on the self- 

modified version of a commercial Draganflyer platform. The 

aerial vehicle consists of a rigid cross frame equipped with 

four rotors as shown in Fig. 1. 

The two pairs of propellers (1,3) and (2,4) turn in 

opposite directions. By varying the rotor speed, one can 

change the lift force and create motion. Thus, increasing or 

decreasing the four propeller’s speeds together generates 

vertical motion. Changing the 2 and 4 propeller’s speed 

conversely produces roll rotation coupled with lateral 

motion. Pitch rotation and the longitudinal motion result 

Different Approaches of PID Control UAV Type Quadrotor 

G. Szafranski, R. Czyba  

Silesian University of Technology, Akademicka St 16, Gliwice, Poland 
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from 1 and 3 propeller’s speed conversely modified. Yaw 

rotation – as a result from the difference in the counter-

torque between each pair of propellers [8]. 

2.1 Rigid Body Model 

 The quadrotor is a six degrees of freedom system defined 

with twelve states. The following state and control vectors 

are adopted: 

(1) 
, , , , , , , , , , ,� �= � �
� � � � � �

 T

X x x y y z zφ φ θ θ ψ ψ  

(2) 
1 2 3 4, , ,= � �� �

T
U u u u u  

where: 
iu - control input of motor,  

 1,2,3, 4=i - motor number.  

Six out of twelve states govern the attitude of the system 

(Fig.2). These include the Euler angles ( , ,φ θ ψ ) and angular 

rates around the three orthogonal body axes. The other six 

states determine the position ( , ,x y z ) and linear velocities of 

the center of mass of the quadrotor with respect to a fixed 

reference frame. 

 
Figure 2: Quad-thrust aerial vehicle. 

 

Using the Lagrangian, and the general form of the 

equations of motion in Lagrange method [1], [8], [12], [13]: 

(3) K
L T V= −  

(4) 
� �∂ ∂

= −� �∂ ∂	 
�

d L L
F

dt q q
 

where: L is Lagrangian, KT is kinetic energy, V is potential 

energy, [ ], , , , ,=
T

q x y z φ θ ψ is a vector of generalized 

coordinates, ( ),EF F T= are a generalized forces EF  and 

moments T  applied to the quadrotor due to the control 

inputs. 

For translational motion the Lagrange equation has a 

form: 

(5) 
� �∂ ∂

= −� �
∂∂	 


�E

d L L
F

dt ξξ
 

where: [ ], ,
T

x y zξ = - position coordinates, 

 

( )
( ) ( )

( ) ( )

sin

sin cos

cos cos

� �
� �

= − ⋅� �
� �
� �

E gF f

θ
φ θ

φ θ
 

 1 2 3 4= + + +gf F F F F
 

 2= Ωi iF b
 

 iΩ - rotor speed 

 b - thrust factor 

 

Accordingly, the Lagrange equation for rotary motion is 

following: 

 

(6) 
d L L

T
dt η η
� �∂ ∂

= −� �∂ ∂	 
�  
where: 

 [ ], ,
T

η φ θ ψ= - Euler angles 

 
T

T T T Tφ θ ψ� �= � �  

 ( ) ( )2 2
4 2 1 3 2 4rT bl Jφ θ= Ω − Ω − Ω + Ω − Ω − Ω�

 

 ( ) ( )2 2
3 1 1 3 2 4rT bl Jθ φ= Ω − Ω + Ω + Ω − Ω − Ω�

 

 ( )2 2 2 2
1 2 3 4T dψ = Ω − Ω + Ω − Ω

 
 l - distance between propeller center and CoG 

 rJ - rotor inertia 

 d - drag factor 

Above torques equations ( , ,T T Tφ θ ψ ) consist of  the action of 

the thrust forces difference of each pair, and from the 

gyroscopic effect. 

 Finally the quadrotor dynamic model with x, y, z, motions 

as a consequence of a pitch, roll and yaw rotations is as 

follows: 

 

(7) ( ) ( ) ( ) ( )( )21
xx zz zz

xx

I I s c I c T
I

θθ φ θ θ φψ θ= − − − +�� � � �  

(8) 
( )( )

( ) ( ) ( )(

( ) ( ) )

2

1

1

                            2 2

zz

yy

zz yy zz

I s c s
I s

I I I c Tφ

φ ψ θ θφ θ θ
θ

θψ θ

= − − ⋅
+

⋅ − − +

�� � ���

� �

 

(9) ( )( )1
zz

zz

I s T
I

ψψ φ θ= − +����  

(10) ( )gf
x s

m
θ=��  

(11) ( ) ( )gf
y c s

m
θ φ= −��  

(12) ( ) ( )gf
z c c g

m
θ φ= −��  

where: 

 s and c are abbreviations of ’sin’ and ’cos’, 

 
, ,xx yy zzI I I - inertia moments. 
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2.2 Propulsion system 

 The dynamics of the propulsion system consists of a DC 

motor and propeller. Motor model can be considered as  

a first order differential equation (13) because of a very low 

inductance.  

(13) m m m e
r m l

d k k k
J u

dt R R

ω
ω τ= − −  

where: u - motor input, R - motor resistance, ek - motor 

electrical constant, mω - motor angular speed, rJ - rotor 

inertia, mk - torque constant, lτ - motor load. 

 The torque produced by motor is converted by 

propeller to the thrust force [9], [11]. The relationship 

between the angular velocity and the thrust is given in the 

following form: 

(14) 
24

PTT
nDCF ⋅= ρ  

 The thrust coefficient CT is a propeller parameter and it 

primarily depends on the � ratio given as: 

(15) 
Dn

V

p

=λ  

where: V – air speed, np – propeller velocity in 

revolutions per second, D – propeller diameter, � is the air 

density. 

 Finally we obtain propulsion system modeled as a 

series connection of a linear first order dynamic element and 

static nonlinear second degree polynomial (Fig. 3). 

 

 
Figure 3: Static characteristic of propulsion system. 

 

3 CONTROL SCHEME 

 In control applications, the rejection of external 

disturbances and performance improvement is a major 

concern. In order to fulfill such requirements, the 

implementation of a cascade control system can be 

considered. Basically, in a cascade control schema the plant 

has one input and two or more outputs [2]. Indeed, this 

requires an additional sensor to be employed so that the fast 

dynamics could be measured.  

The primary controller and the primary dynamics are 

components of the outer loop. The inner loop is also a  part 

of the outer loop, since the primary controller calculates the 

set point for the secondary controller loop. Furthermore the 

inner loop represents the fast dynamics, whereas the outer 

should be significantly slower (with respect to the inner 

loop). This assumption allows to restrain interaction that can 

occur between them and improve stability characteristics. 

Therefore a higher gain in the inner loop can be adopted. An 

additional advantage is, that the plant nonlinearities are 

handled by the controller in the inner loop and they do not 

have meaningful influence on the outer loop [5]. 

In this paper the cascade control structure is proposed, as 

a solution to control task formulated as an angular 

stabilization. The angular velocities of the rotating platform 

are additional measurements that can be used in the inner 

loop. In this case, there is no need to assemble any extra 

sensors, thus the AHRS (Attitude and Heading Reference 

Signal) provides not only angels but also other raw data, 

such as accelerations, angular velocities and gravitational 

field strength. The outer loop is based on the Euler angels, 

the measurements are calculated from the combination of the 

accelerometers, gyroscopes and magnetometer. The cascade 

control loop for the quadrotor vehicle is shown in Fig. 4. 

3.1 Inner and Outer PID controllers 

In both loops three types of PID controllers are considered. 

 

 
Figure 4: Cascade control system for quadrotor. 

 

3.2 PID Controller – type A 

 In control theory the ideal PID controller in parallel 

structure is represented in the continuous time domain as 

follows: 

(16) ( ) ( ) ( ) ( )
0

t

p i d

de t
u t K e t K e d K

dt
τ τ= + +


 
where: Kp - proportional gain, 

iK
 - integral gain, 

dK
- derivative gain. 

A block diagram that illustrates given controller structure 

is shown in the Fig. 5. 

 
Figure 5: PID Controller – type A. 

 

 The problem with conventional PID controllers is their 

reaction to a step change in the input signal which produces 

an impulse function in the controller action. There are two 

sources of the violent controller reaction, the proportional 

term and derivative term. Therefore, there are two PID 
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controller structures that can avoid this issue. In literature 

exists different names [2], [5]: type B and type C; derivative-

of-output controller and set-point-on-I-only controller; PI-D 

and I-PD controllers. The main idea of the modified 

structures is to move either the derivative part or both 

derivative and proportional part from the main path to the 

feedback path. Therefore, they are not directly subjected by 

jump of set value, while their influence on the control 

reaction is preserved, since the change in set point will be 

still transferred by the remaining terms. 

3.3 PID Controller – type B 

 It is more suitable in practical implementation to use 

"derivative of output controller form". The equation of type 

B controller is following: 

(17) ( ) ( ) ( ) ( )
0

t

p i d

dy t
u t K e t K e d K

dt
τ τ= + −
  

A block diagram that illustrates given controller structure 

is shown in Fig. 6. 

If PI-D structure is used, discontinuity in r(t) will be still 

transferred through proportional into control signal, but it 

will not have so strong effect as if it was amplified by 

derivative element. 

 
Figure 6: PID Controller – type B. 

  

3.4 PID Controller – type C 

This structure is not so often as PI-D structure, but it has 

certain advantages. Control law for this structure is given as: 

(18) ( ) ( ) ( ) ( )
0

t

p i d

dy t
u t K y t K e d K

dt
τ τ= − + −
  

Block diagram for type C controller is shown in Fig. 7. 

 
Figure 7: PID Controller – type C. 

 With this structure transfer of reference value 

discontinuities to control signal is completely avoided. 

Control signal has less sharp changes than with other 

structures. 

4 SIMULATIONS RESULTS 

 In this section, we present the results of simulations 

which were conducted to evaluate the performance of the 

designed attitude control system in the cascade structure 

with different types of PID controllers. The presented 

simulations consisted in transition with predefined dynamics 

from one steady-state flight to another. In the design process 

we consider three types of PID controllers (type A, B, C) 

optimizing the parameters in view of the assumed reference 

model. To evaluate the quality of control it was taken into 

account the tracking of the reference model, and in particular 

the realizability of the control in practical aspects. 

The entire MIMO control system consists of three cascade 

control channels with two PID controllers each of them. 

Feedback data for the regulators are six variables: Euler 

angles , ,φ θ ψ  (outer loop) and angular velocities , ,φ θ ψ� � �  

(inner loop). Control signals are motors inputs: 1 2 3 4, , ,u u u u . 

The general control task is stated as a tracking problem for 

the following variables: 

 ( ) ( )0
lim 0
t

t tφ φ
→∞
� �− =� �  

(19) ( ) ( )0
lim 0
t

t tθ θ
→∞
� �− =� �  

 ( ) ( )0
lim 0
t

t tψ ψ
→∞
� �− =� �  

where ( ) ( ) ( )0 0 0
, ,t t  tφ θ ψ  are the desired values of the 

considered variables. 

In view of the complexity and multidimensionality of the 

considered problem only the results in θ  pitch control 

channel are presented.  

 The tuning of the cascade controller parameters were 

made in two steps. First, inner loop controller was tuned 

based on the assumed reference model. The desired 

dynamics is determined by a following transfer function: 

(20) ( ),

1

1
ref I

I

K s
sT

=
+

 

where 0.25 
I

T s= � �� � . 

 At this stage of designing we consider three structures of 

PID controller: type A, type B (PI-D), and type C (I-PD). 

In this case the accuracy requirements for the system are 

formulated in a form of two performance indices related to 

the time responses of the system. Therefore, there was 

introduced the following quadratic integral index for the 

tracking performance: 

(21) ( ) ( )
2

0

T

tr
I w t y t dt� �= −� �
  

Second index determines the effort of control signal and is 

defined as follows: 

(22) ( )2

0

T

U
I u t dt= 
  

Numerical results are shown in Table 1. 
 

Structure Value 

Control Index 

Type A 1399.365 

Type B 1.8674 

Type C 4.8704 

Tracking Index 

Type A 0.90128 

Type B 0.77048 

Type C 1.0 

Tabel1: Performance Indices. 
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Figure 8:Time history of angular velocity θ� . 

 

 
Figure 9:Time history of control signal uθ . 

Remark 1: The relative order of the inner loop with PID 

controller is equal one. 

Remark 2: Based on the remark 1 the reference model is 

provided by the first order inertia system (20). 

Remark 3: Gradient descent method allows to tune the 

controller parameters, and obtain the satisfactory reference 

model tracking results in all structures (Table1). 

Remark 4: However, the index of control signal effort in 

particular types of PID controllers indicates significant 

differences. 

Remark 5: In the terms of practical implementation the type 

A seems to be not acceptable (value=2047). On the basis of 

the presented findings, the most common structure is type B, 

therefore this one will be used in the next step, as the best 

possible solution. 

In the second step the outer loop controller was tuned 

based on the assumed following reference model: 

(23) ( ), 2 2

1

2 1
ref O

K s
s sτ ξτ

=
+ +

 

where: 0.4τ = - undamped resonance period, 

   1ξ = - relative damping factor. 

Remark 6: In respect of the slower outer loop dynamics 

the reference model was determined as a second order 

differential equation (23). 

Remark 7: Referring to remark no. 5, the advantages of 

the type B PID controller has been confirmed in cascade 

control system. 

Remark 8: In case of PI controller the architectures type A 

and B are equivalent. 

 

 
Figure 10:Time history of pitch angle and angular velocities. 

 

 
Figure 11: Controllers signals. 

 

5 CONCLUSION 

In this paper, the different approaches to the problem of 

attitude control of a quadrotor were considered. The main 

goal of this research is the evaluation of different types of 

PID algorithm in practical aspects of control systems design. 

Three architectures were presented and examined with 

respect to the best performance. All of the reviewed  

architectures of the controllers resulted in almost the same 

model output response time but significantly different 

control signals. Taking into consideration the proposed 

control effort index, type B architecture is  the most 

comprehensive choice. 

Assumed reference models provides time separation 

between fast and slow dynamics in the cascade system. The 

application of a cascade control structure gives the 

possibility to adapts the simple PID algorithm for controlling 

complex systems, such as vertical take-off and landing 

platform. Proposed approach is an alternative solution to the 

advanced control algorithms but it requires additional 

sensor, which provides measurement for the inner control 

loop. However, from the point of unmanned aerial vehicle, 
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such as quadrotor, the cascade control architecture can be 

implemented without any extra sensing elements. 

The conducted simulations and analysis proved the 

ability, of the designed cascade structure, to control the 

orientation platform angles, and provide the promising 

fundamentals for practical experiments with a physical plant. 
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ABSTRACT

Wind tunnel testing was performed on a VTOL aircraft in 

order to characterize longitudinal flight behavior during a 

transition between vertical and horizontal flight modes. Trim 

values for airspeed, pitch, motor speed and elevator position 

were determined. Data was collected by independently varying 

the trim parameters, and stability and control derivatives were 

identified as functions of the trim pitch angle. A linear 

fractional representation model was then proposed, along with 

several methods to improve longitudinal control of the aircraft.  

1 INTRODUCTION
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>#23!)*,&$#79!&%!(26,*!&5!(77($?;!"&3*,!6*&4*7%9!#-!3#-:,(9*3!

#2!<(8,*! CA!>+#,*!_#6=%*! O! 3#-:,(9-!6*2*%(,! #25&%4(7#&2!(8&=7!

7+*!3(7(!($K=#-#7#&2!-9-7*4;!!
!!!!!

!
!

<(8,*!CV!"&3*,!#25&%4(7#&2!

!

!

!
_#6=%*!OV!/$K=#-#7#&2!@9-7*4!

!

2.2 Procedure 

<+*!8(,(2$*!>(-!4&=27*3!#2!7+*!7=22*,!>#7+&=7!7+*!!

4&3*,!7&!5#%-7!3*7*%4#2*!3%(6!$%*(7*3!89!7+*!-7%=7-!(7!)(%9#26!

)*,&$#7#*-;!<+*-*!*55*$7-!>+*%*! -=87%($7*3!(7! %*(,'7#4*! 5%&4!

7+*! 3%(6! 4*(-=%*4*27-! &2! 7+*! 4&3*,;! ! <+*! 8(,(2$*! >(-!

%*$(,#8%(7*3! 8*5&%*! *($+! -*%#*-! &5! 7*-7-! (23! 6%()#79! *55*$7-!

>*%*!*,#4#2(7*3;!!

H*$(=-*! 7+*! 7*-7! -*$7#&2! #-! $,&-*3A! ,(%6*! :#7$+#26! (26,*-!

4(9!$(=-*!7+*!5,&>!7&!#4:#26*!=:&2!7+*!,&>*%!)(2*!-=%5($*;!

<&! *)(,=(7*! 7+#-! :+*2&4*2&2A! 7+*! 4&3*,! >(-! &%#*27*3! (7!

M*%&!:#7$+!>#7+!M*%&!=:-7%*(4!)*,&$#79;!<+*!7+%&77,*!>(-!7+*2!

-*7!7&!:%&3=$*!(!F;Eb!3%(6!5&%$*A!*K=#)(,*27!7&!>*#6+7!&5!7+*!

(#%$%(57A! >#7+! (! -,#6+7! *,*)(7&%! 3*5,*$7#&2! 7&! %*4&)*! ,#57!

6*2*%(7*3! 89! 7+*! 4&3*,! (-944*7%9;! <+#-! $&25#6=%(7#&2!

-#4=,(7*-!)*%7#$(,!5,#6+7!>#7+!2&!>(,,!#4:#26*4*27;!<+*2A!7+*!

4&3*,!>(-! %&7(7*3! 7&!FJ!(23!PJ!3*6%**-!>#7+&=7!4&3#59#26!

7+%&77,*! (23! *,*)(7&%! 3*5,*$7#&2;! _#6=%*! P! 3*4&2-7%(7*-! 7+(7!

5&%! 7+*! %(26*! &5! (26,*! &5! (77($?! =-*3! #2! 7+#-! -7=39A! 6%&=23!

*55*$7! 3&*-! 2&7! &8-*%)(8,9! 4&3#59! 7+*! 4*(-=%*3! 5&%$*-;!

I7+*%!5&%$*-!(23!4&4*27-!>*%*!2&7!4*(-=%(8,9!(55*$7*3!89!

7+*!:&--#8,*!5,&>!#4:#26*4*27!&2!7+*!,&>*%!>(,,;!!

!

!
_#6=%*!PV!]&#7*%!$&25#6=%(7#&2!>#7+!)(%#&=-!8(,(2$*!(26,*!

!

N7! #-! (,-&! #4:&%7(27! 7&!2&7*! 7+(7!(-! 7+*!4&3*,! #-! %&7(7*3!(!

,(%6*%!-=%5($*!(%*(!.YCJ1!#-!:%*-*27*3!7&!7+*!5,&>!%*-=,7#26!#2!

#2$%*(-*3!8,&$?(6*;!<+#-!*55*$7!#-!5=%7+*%!$&4:,#$(7*3!89!7+*!

:%*-*2$*!&5!7+*!%&7(7#26!:%&:*,,*%-;!/!8,&$?(6*!4&3*,!#-!2&7!
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!

!

!

<!
]!

^!

:%*-*27*3! +*%*A! 8=7! 5=7=%*! *Y:*%#4*27(,! (23! $&4:=7(7#&2(,!

-7=3#*-! (%*! :,(22*3! 7&! #3*27#59! $&%%*$7#&2-! 7&! 392(4#$!

:%*--=%*A!,#57!(23!3%(6!BOD;!!

<+*!$&27%&,!)(%#(8,*-!=-*3!#2!7+*!*Y:*%#4*27!(%*!*,*)(7&%!

(26,*! &5! 3*5,*$7#&2A! 4&7&%! %&7(7#&2(,! -:**3A! (23! =:-7%*(4!

)*,&$#79;! /26,*! &5! (77($?! >(-! +*,3! 5#Y*3! 7&! *,#4#2(7*!

+9-7*%*-#-! *55*$7-! $(=-*3! 89! )#8%(7#&2! &5! 7+*! 4&3*,! >+#,*!

%&7(7#26;! <=22*,! )*,&$#79A! *,*)(7&%! 3*5,*$7#&2A! (23! 4&7&%!

-:**3! >*%*! 7+*2! 4&3#5#*3! 7&! ($+#*)*! *K=#,#8%#=4A! (-!

3*-$%#8*3!&2!7+*!_#6=%*!RA!7+(7!#-V!

!

!

!

!

!

!

!

!

!

!
_#6=%*!RV!_&%$*-!(::,#*3!7&!7+*!4&3*,!

!

!

(1)!!!!!

!

!

!

/8&)*A!L!#-!,#57A!W!#-!>*#6+7!&5!7+*!)*+#$,*A!D!#-!3%(6A!T!#-!

7+%=-7A!b:!#-!,(7*%(,!5&%$*!6*2*%(7*3!89!7+*!:%&:*,,*%!(23!My!

#-! 7+*! 4&4*27! $(,$=,(7*3! (8&=7! 7+*! $*27*%! &5! 6%()#79;! <+*!

7&7(,! ,#57! (23!3%(6A!LT! (23!DTA! %*:%*-*27!(! -=44(7#&2!&5!(,,!

5&%$*-! #2! 7+*! #2*%7#(,! 5%(4*!Y!(23!M!3#%*$7#&2-A! %*-:*$7#)*,9;!

Q=%#26!7*-7#26A!)*,&$#79!>(-!4&3#5#*3!=27#,!7+*!7&7(,!,#57!>(-!

*K=(,! 7&! 7+*! >*#6+7;! b*Y7A! 7+*! 7+%&77,*! >(-! $+(26*3! -&! 7+*!

7&7(,! 3%(6! >(-! 8(,(2$*3! 7&! M*%&;! <+*2A! 7+*! 5,(:-! >*%*!

3*5,*$7*3! =27#,! 7+*! 4&4*27! >(-! *,#4#2(7*3;! L&>*)*%A!

4&3#59#26! (29! &5! 7+*! 7+%**! $&27%&,! )(%#(8,*-! %*-=,7*3! #2! (!

$+(26*! #2! (,,! 7+%**! 4*(-=%*4*27-;! <+*%*5&%*A! 4=,7#:,*!

#7*%(7#&2-! &5! 7+*! :%&$*--! >*%*! 2*$*--(%9;! I2$*! 7+*!

*K=#,#8%#=4!:&#27!>(-!,&$(7*3A!7+*!%*5*%*2$*!&%!7%#4!)*,&$#79!

>(-! %*$&%3*3;!/33#7#&2(,!3(7(!>*%*! 7(?*2!89! #23*:*23*27,9!

4&3#59#26! 7+*! )*,&$#79A!4&7&%! -:**3A! (23! *,*)(7&%! :&-#7#&2!

5%&4!7+*!*K=#,#8%#=4!:&#27;!_&=%!(33#7#&2(,!3(7(!:&#27-!>*%*!

%*$&%3*3!5&%!*($+!)(%#(8,*!(-!3*-$%#8*3!#2!<(8,*!E;!<+#-!3(7(!

>#,,! 8*! =-*3! 7&! *-7(8,#-+! 2*(%'*K=#,#8%#=4! (*%&392(4#$!

$&*55#$#*27-!(23!$&27%&,!*55*$7#)*2*--;!

!

!
<(8,*!EV!UK=#,#8%#=4!#2)*-7#6(7#&2!!

3 WIND TUNNEL CAMPAIGN RESULTS

3.1 Equilibrium Transition  

0*,&$#79A! *,*)(7&%! 3*5,*$7#&2A! (23! 4&7&%! -:**3! )(,=*-!

$&%%*-:&23#26!7&!*K=#,#8%#=4!>*%*!5&=23!5&%!(26,*-!&5!(77($?!

)(%9#26! 8*7>**2! CO! m! PO! 3*6%**-;! H*,&>! EJ! 3*6%**-! &%!

(8&)*! T!4d-A! 7+*! %*K=#%*3!4&7&%! )*,&$#79! 8*6(2! 7&! -+(%:,9!

#2$%*(-*;! <+#-! #-! ($$&4:(2#*3! 89! (2! #2$%*(-*! #2! %*K=#%*3!

$=%%*27;!/,7+&=6+!7+*!(#%$%(57!#-!(8,*!7&!5,9!+#6+*%!)*,&$#7#*-A!

#7!3&*-!-&!(7!7+*!*Y:*2-*!&5!5,#6+7!7#4*;!<+*!4(Y#4=4!5,#6+7!

-:**3!>(-!2&7!3#-$&)*%*3!3=%#26!7*-7#26;!!

/7! 7+*! &7+*%! *23! &5! 7+*! -:*$7%=4A! (8&)*! PO! 3*6%**-A! 7+*!

5,&>!-:**3!&5!7+*!>#23'7=22*,!3*-$*23*3!8*,&>!E!4d-A!>+*%*!

7+*!K=(,#79!&5!7+*!5,&>!#-!2&7!(::%&:%#(7*!5&%!+#6+,9!-*2-#7#)*!

4*(-=%*4*27-;! <+*! *K=#,#8%#=4! $=%)*-! (%*! 3#-:,(9*3! #2!

_#6=%*-!T!m!CJ;!

!

!
_#6=%*!TV!UK=#,#8%#=4!$=%)*!^#23'<=22*,!0*,&$#79!.4d-1!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

!

!

!
_#6=%*!ZV!UK=#,#8%#=4!$=%)*!4&3*,!4&7&%!-:**3!.%(3d-1!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

!

!

!
_#6=%*!CJV!UK=#,#8%#=4!$=%)*!*,*)(7&%!3*5,*$7#&2!.3*61!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

! !

<+*-*!:,&7-!%*:%*-*27!7+*!7%#4!$&23#7#&2!&5!7+*!(#%$%(57!5&%!

)(%#&=-! (26,*-! &5! (77($?;! L*2$*5&%7+! *K=#,#8%#=4! &%! 7%#4!

)(,=*-!(%*!%*:%*-*27*3!>#7+!7+*!J!-=8-$%#:7;!!

^#7+&=7! 4&7&%-! 7+*! (#%$%(57! >&=,3! 2&%4(,,9! -7(,,! (7! EJ!

3*6%**-! (26,*! &5! (77($?;! L&>*)*%A! 3=*! 7&! 7+*! 4&4*27=4!

#2X*$7*3! #27&! 7+*! 5,&>! 89! 7+*! :%&:>(-+A! -7(,,! #-! 2*)*%!

Q!

b:!

�!

!

J

J-#2$&-

$&--#2

=

=−−=

=++=

y

T

T

M

DNpTD

WLNpTL

αα

αα
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!

!

!

*2$&=27*%*3;! L&>*)*%A! 8*7>**2! EJ! m! GJ! 3*6%**-! (26,*! &5!

(77($?A! $&%%*-:&23#26! 7&! P! m! G! 4d-A! 7+*! %*K=#%*3! :%&:*,,*%!

%&7(7#&2! -:**3! %*($+*-! (!4#2#4=4;!<+#-! 7+*!:&#27!(7!>+#$+!

7+*! ,*(-7! :&>*%! #-! %*K=#%*3! &5! 7+*! 4&7&%-! 7&! 4(#27(#2!

*K=#,#8%#=4!5,#6+7;!<+*!$%=#-*!-:**3!&5!7+*!(#%$%(57!-+&=,3!8*!

-*7!8*7>**2!G!m!P!4d-!7&!#2$%*(-*!*23=%(2$*!5&%!,&26!5,#6+7-;!

<+#-!#-!(,-&!7+*!%*6#&2!>+*%*!7+*!4&4*27=4!#23=$*3!89!7+*!

:%&:>(-+! #-! ,&>*-7S! 7+*%*5&%*! 7+*! 3(26*%! &5! -7(,,#26! 7+*!

(#%$%(57! #-! ,#?*,9! +#6+*-7;! <+*! $&27%&,,*%! $+&-*2! 5&%! 7+*!

(#%$%(57!-+&=,3!()&#3!-=33*2!3*$%*(-*-!#2!4&7&%!-:**3!#2!7+#-!

%*6#&2;!!

3.2 Near Equilibrium Aerodynamic Model 

I2$*!(2!*K=#,#8%#=4!:&#27!>(-!5&=23!5&%!*($+!(26,*!&5!

(77($?A! 3(7(!>(-! 7+*2! 7(?*2! 5&%! 2*(%'*K=#,#8%#=4! $&23#7#&2-!

89! 4&3#59#26! 7+*! )*,&$#79A! 5,(:-A! (23! 4&7&%! -:**3!

#23*:*23*27,9;!<+#-!3(7(!>(-!=-*3!7&!*Y:,&%*!7+*!-*2-#7#)#79!

&5! 7+*! ,#57A! 3%(6A! (23! :#7$+#26! 4&4*27! 7&! 7+*! )(%#&=-!

:(%(4*7*%!$+(26*-;!_&%!*Y(4:,*A! 7+*!$+(26*!#2!,#57!3=*!7&!(!

$+(26*! #2! *,*)(7&%! (26,*! #-! -+&>2! #2! _#6=%*! CC! 5&%! -*)*%(,!

7*-7!:&#27-;!/57*%!2&23#4*2-#&2(,#M#26A!7+*!-,&:*!&5!7+#-!,#2*!

#-!7+*!$&27%&,!3*%#)(7#)*A!CLTe;!b&7*!7+*!<!-=8-$%#:7!#23#$(7*-!

7&7(,!,#57!(-!3*5#2*3!89!UK=(7#&2!C;!_#6=%*!CE!-+&>-!7+*!5,(:!

$&27%&,! 3*%#)(7#)*! %*,(7#&2-+#:! >#7+! (26,*! &5! (77($?A! (,&26!

>#7+!(2!(::%&:%#(7*!E
23
!&%3*%!:&,92&4#(,!5#7;!!

!
_#6=%*!CCV!]#57!5&%$*!:%&3=$*3!5&%!(!6#)*2!*,*)(7&%!(26,*!.3*61!(7!)(%#&=-!

(26,*-!&5!(77($?!.3*61!!

!

!
_#6=%*!CEV!]#57'5,(:!$&27%&,!3*%#)(7#)*!.CLe1!)-!(26,*!&5!(77($?!.3*61!!

!

c&27%&,! 3*%#)(7#)*-! 5&%! 5,(:'3%(6! (23! 5,(:':#7$+#26!

4&4*27A!CDTe! (23!CmTeA!>*%*! (,-&!4*(-=%*3;!<+*! *55*$7! &5!

$+(26#26! 4&7&%! %&7(7#&2! -:**3A! �! .%(3d-1A! $(2! (,-&! 8*!

*Y:%*--*3! (-! $&27%&,! 3*%#)(7#)*-V! CLT�A! CDT�A! (23! CmT�;!

0(%#(7#&2-! #2! $&*55#$#*27-! 3=*! 7&! $+(26*-! #2! )*,&$#79A!CLTVA!

CDTVA! CmTV! (23! (%*! ?2&>2! (-! -7(8#,#79! 3*%#)(7#)*-;! Q=%#26!

(2(,9-#-A! #7! >(-! &8-*%)*3! 7+(7! (! )*,&$#79! -K=(%*3! 7*%4!>(-!

(,-&! 2*$*--(%9! 7&! 4&3*,! 7+*! 3(7(V! CLTV2A!CDTV2! (23!CmTV2;!

<+#-!7*23*2$9!#-!,#?*,9!(!%*-=,7!&5!7+*!$&4:,#$(7*3!#27*%($7#&2!

8*7>**2! :%&:>(-+! (23! =:-7%*(4! 5,&>;! <+*-*! 7>*,)*!

3*%#)(7#)*-! *2(8,*! $(,$=,(7#&2! &5! ,#57A! 3%(6A! (23! :#7$+#26!

4&4*27! 5&%! (! 6#)*2! (26,*! &5! (77($?A! )*,&$#79A! *,*)(7&%!

3*5,*$7#&2A!(23!4&7&%!-:**3!(-!3*4&2-7%(7*3!#2!UK=(7#&2!E;!

!

!

!

!

!

(2)  

!

!

! b&7*! 7+(7! 7+*-*! -7(8#,#79! (23! $&27%&,! 3*%#)(7#)*-! (%*! 2&7!

3*5#2*3!89!(!$+(26*!5%&4!M*%&A!8=7!89!7+*!:*%7=%8(7#&2-!5%&4!

7+*!7%#4!$&23#7#&2;![*-=,7#26!5&%$*!(23!4&4*27!$(,$=,(7#&2-!

(%*!&2,9!)(,#3!#2!%*6#&2-!2*(%!*K=#,#8%#=4;! !/,-&!8*$(=-*!(7!

*K=#,#8%#=4!7+*!3%(6!(23!4&4*27!(%*!M*%&A!7+*%*!(%*!2&!CDT0!

&%!CmT0! 7*%4-;! <+*! 3*%#)(7#)*-! (23! 7+*! M*%&! ,#57! $&*55#$#*27!

CLT0! >*%*! 3*7*%4#2*3! (-! :&,92&4#(,! 5=2$7#&2-! &5! (26,*! &5!

(77($?;! <+*! :&,92&4#(,! $&*55#$#*27-! 5&%! 7+*-*! 5=2$7#&2-! (%*!

,#-7*3!#2!/::*23#Y!/;!

4 CONTROL DURING EQUILIBRIUM TRANSITION 

<+*!*K=#,#8%#=4!3(7(!3#-$&)*%*3!3=%#26!7+*!$(4:(#62!$(2!

8*! #44*3#(7*,9! (::,#*3! 7&! 7+*! $=%%*27! \NQ! $&27%&,! &5! 7+*!

(#%$%(57;!`2&>#26!4&7&%!-:**3!(-!(!5=2$7#&2!&5!7+*7(!._#6=%*!

Z1! (,,&>-! 3*5#2#7#&2! &5! 7+*! 7%#4! )(,=*! 5&%! 7+%&77,*! (-! (!

5=2$7#&2!&5!�;!<+#-!%*,(7#&2-+#:!$(2!8*!(33*3!3#%*$7,9!7&!7+*!

\NQ! (,7#7=3*! ,&&:! =-*3! 7&! 3*7*%4#2*! 7+%&77,*! -*77#26;!

@#4#,(%,9A! 7+*! )*,&$#79! +&,3! $(,$=,(7#&2! 8*2*5#7-! 5%&4!

(33#7#&2!&5! 7+*! 7%#4!:#7$+!(26,*!(-!(!5=2$7#&2!&5!7+*!3*-#%*3!

)*,&$#79;! H9! 5=%7+*%! *Y:,&%#26! 7+*! 3(7(! &87(#2*3! 5%&4!

:*%7=%8(7#&2-! 5%&4! *K=#,#8%#=4A! +&>*)*%A! (2! *27#%*,9!

3#55*%*27!$&27%&,,*%!4(9!8*!3*-#62*3;!!!!!

c,(--#$(,!$&27%&,!7+*&%9!=-*-!(!,#2*(%!7#4*!#2)(%#(27!.]<N1!

4&3*,! 7&! -927+*-#M*! -7(7#$! &%! 392(4#$! $&27%&,,*%-;! N7! #-!

=-=(,,9! %*:%*-*27*3! 89! *#7+*%! #7-! -7(7*'-:($*! 5&%4! &%! #7-!

7%(2-5*%! 5=2$7#&2;!<+*!%*,(7#&2!8*7>**2!8&7+!%*:%*-*27(7#&2-!

#-!-+&>2!89!.F1;!!!

!

(3)   
�
�
�

+=

+=

uCxy

BuAxx�
!!!A!! BAsICDsG C1.1. −−+= !

!

L&>*)*%A! 7+#-! %*:%*-*27(7#&2! #-! &2,9! )(,#3! #2! 7+*!

2*#6+8&%+&&3! &5! (2! *K=#,#8%#=4! :&#27;! <+*! 7%(2-#7#&2! 5%&4!

+&)*%! 7&! $%=#-*! (23! )#$*! )*%-(! K=#$?,9! 7%()*%-*-! (! -*7! &5!

*K=#,#8%#=4! :&#27-;! /! %*:%*-*27(7#&2! &5! 7+*! -9-7*4! 7+(7!

*2(8,*-!:%&&5!&5!-7(8#,#79!&)*%!7+*!>+&,*!7%(2-#7#&2!:%&$*--!#-!

3*-#%*3;! ]#2*(%! \(%(4*7*%! 0(%9#26! .]\01! 4&3*,-! (%*! (!

-=#7(8,*! $+&#$*;! UK=(7#&2! .G1! -+&>-! -=$+! (! %*:%*-*27(7#&2!

>+*%*!�(t)!#-!(!7#4*')(%9#26!)*$7&%;!^+*2!-&4*!-7(7*-!&5!7+*!

-9-7*4!(%*!#2!�(t)!7+*!4&3*,!#-!$(,,*3!K=(-#']\0;!!!

!

(4)   
�
�
�

+=

+=

utDxtCy

utBxtAx

11..11..

11..11..

θθ
θθ�

!!!!

!
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!

!

!

N7! #-! *(-9! 7&! -**! 7+*! $+(26#26! 392(4#$-! &5! 7+*!"/0#&2!

3=%#26! 7%(2-#7#&2!=-#26! 7+*!:#7$+!(26,*!(-!(!:(%(4*7*%;!/-!(!

8*6#22#26A! >*,,'*-7(8,#-+*3! $&27%&,! 4*7+&3&,&6#*-! $(2! 8*!

=-*3;! _#%-7! -7(8#,#79! (23! :*%5&%4(2$*! (2(,9-#-! .u'(2(,9-#-!

BRD1! &5! :%*)#&=-,9! 3*-#62*3! $&27%&,,*%-! 6=(%(27**-! 7+*!

8*+()#&%!&5!7+*!-9-7*4!(,&26!7+*!7%(X*$7&%9;![&8=-7!-927+*-#-!

. ∞H -927+*-#-1! :%&)#3*-! 7&&,-! 7&! &:7#4#M*! (! 5#Y*3! ,#2*(%!

392(4#$! $&27%&,,*%! -=$+! 7+(7! 7+*! $,&-*3! ,&&:! %*($+*-! 7+*!

:*%5&%4(2$*!&8X*$7#)*;!j-#26!(!5#Y*3!$&27%&,,*%!7&!*2-=%*!7+*!

:*%5&%4(2$*!#-!(2!(48#7#&=-!7(-?;!!

"(29! (*%&-:($*! $&27%&,! :%&8,*4-! 4=-7! 3*(,! >#7+!

$+(26#26! 392(4#$-! >#7+! &:*%(7#26! :&#27;! <+(2?-! 7&! -&4*!

?2&>,*36*!&5! 7+*!&:*%(7#26!:&#27A! (! 5#Y*3!$&27%&,,*%!$(2!8*!

#27*%:&,(7*3V!7+#-!#-!?2&>2!(-!6(#2m-$+*3=,#26;!_&%!-=55#$#*27!

-,&>! )(%#(7#&2A! 6(#2! -$+*3=,#26! >(-! -+&>2! :%($7#$(,,9!

*55#$#*27! 5&%! 4&%*! 7+(2! 7+#%79! 9*(%-! (23! ,(7*%! :%&)*2!

7+*&%*7#$(,,9!=23*%!-&4*!+9:&7+*-*-!BTD;!

]#2*(%! \(%(4*7*%! 0(%9#26! .]\01! $&27%&,,*%! -927+*-#-!

4*7+&3&,&6#*-! BCJD!(77*4:7! 7&!3*-#62!(!$&27%&,,*%!*Y:,#$#7,9!

=-#26! 7+*! #25&%4(7#&2! (8&=7! 7+*! $=%%*27! &:*%(7#26! :&#27A! (-!

3*-$%#8*3! _#6=%*! CF;! N7! 6#)*-! -7%&26*%! -7(8#,#79! %*-=,7-! 7+(2!

6(#2'-$+*3=,#26;!!

!
!

_#6=%*!CFV!]\0!c&27%&,!c,&-*3!]&&:A!7&:!+(,5!]_[A!8&77&4!+(,5!$&27%&,,*%!

!

N2!&%3*%!7&!#4:,*4*27!(2!]\0!$&27%&,,*%!#7!#-!2*$*--(%9!7&!

%*5&%4=,(7*! 7+*! 4&3*,! -+&>2! #2! UK=(7#&2! G! (-! (! ]#2*(%!

_%($7#&2(,![*:%*-*27(7#&2!.]_[1A!:#$7=%*3!-+&>2!(-! 7+*! 7&:!

7>&!8,&$?-!#2!_#6=%*!CF;!!!

4.1 Linear Fractional Representation (LFR) Model 

<+*! ,#2*(%! 5%($7#&2(,! %*:%*-*27(7#&2!.]_[1!5&%4(,#-4!#-!(!

7+*&%*7#$(,! 7&&,! 7+(7! *2(8,*-! &2*! 7&! 3*-$%#8*! (29! %(7#&2(,!

5=2$7#&2! #2! -&4*! :(%(4*7*%-! #2! 7*%4-! &5! 7+*! 5**38($?!

#27*%$&22*$7#&2! (-! -+&>2! #2! _#6=%*! CG.! <+*! )(%#(8,*-!

*Y:%*--#26! 7+*! %(7#&2(,! 3*:*23*2$*! (%*! 6%&=:*3! #2! �;! <+*!

%*5*%*2$*!3&$=4*27(7#&2!&5!7+*!]_[<!BPDA!(!"(7,(8!<&&,8&Y!

3*3#$(7*3!7&!7+*!4(2#:=,(7#&2!&5!-=$+!%*:%*-*27(7#&2-A!6#)*-!

(2!*Y7*2-#)*!3*-$%#:7#&2!&5!7+#-!5&%4(,#-4!(23!+&>!7&!8=#,3!

]_[!4&3*,-;!

/29! %(7#&2(,! 5=2$7#&2! K(�1,�2, … ,�N)! (34#7-! (! ]#2*(%!

_%($7#&2(,![*:%*-*27(7#&2V!

!

(5)  

�
�
�

∆=
+=

+=
zw

uGwGy

uGwGz
!!!A

EEEC

CECC
, �

�

�
�
�

	
=

EEEC

CECC

GG

GG
G

>#7+ 1N!AAN!AN!.
bEC
33E3C Ndiag δδδ �=∆

-=$+!7+(7 uKy N !1AAA. EC δδδ �= .!_&%!7+*!:%*-*27!$(-*A!K 

>&=,3!$&%%*-:&23!7&!7+*!$&*55#$#*27-!#2!UK=(7#&2!EA!>+#,*!

7+*%*!#-!&2,9!�1!%*:%*-*27#26!(26,*!&5!(77($?;!!

<+*!7%(2-5*%!8*7>**2!9!(23!=!#-!>%#77*2 1A. ∆Gu� ;!

!
_#6=%*!CGV!]_<!N27*%$&22*$7#&2!

!

N2! 4&3*%2! $&27%&,! 7+*&%9! ]#2*(%! _%($7#&2(,!

<%(2-5&%4(7#&2!#-!=-*3!7&!-*:(%(7*!(29!7#4*!)(%9#26!&%!-7(7#$!

2&2',#2*(%#7#*-! 5%&4!(!2&4#2(,! ,#2*(%! -9-7*4;!j2$*%7(#27#*-A!

7#4*')(%9#26! :(%(4*7*%-! &%! 2&2',#2*(%#7#*-! $&4:,#$(7*! (29!

$&27%&,!:%&8,*4!(23!7+=-!(%*!:=,,*3!&=7!#2!7+*!� 8,&$?;!<+*!

]_[! $&2-#-7-! &5! (! 2&4#2(,!]<N! -9-7*4! #27*%$&22*$7*3!>#7+!

(2!&:*%(7&%!�!4&3*,#26!7+*!=2$*%7(#27#*-!&%!&7+*%!8*+()#&%-;!

<+*! 2&4#2(,! -9-7*4! #-! 3*-$%#8*3! (-! (! ]<N! -9-7*4! >#7+!

*Y&6*2&=-! #2:=7-! (23!&=7:=7-!(,&26!>#7+! 7+*!$&27%&,! #2:=7-!

(23! 4*(-=%*4*27! &=7:=7-;! <+*! *Y&6*2&=-! &=7:=7-! (%*!

4=,7#:,#*3!89!(2!=2$*%7(#279!8,&$?!7&!8*!7+*2!5*3!8($?!7&!7+*!

#2:=7-;!_&%!(!4&%*!3*7(#,*3!3*)*,&:4*27!&5!+&>!*K=(7#&2!F!

%*,(7*-! 7&! _#6=%*! CGA! 7+*! %*(3*%! 4(9! >#-+! 7&! %*5*%*2$*!

/::*23#Y!c;!

!

<&! -+&>! +&>! &2*! $(2! 7%(2-5&%4! (! :&,92&4#(,! #27&! (2!

]_[A!7(?*!7+*!,#57!7%#4!$&*55#$#*27!.P1!(-!(2!*Y(4:,*;!!

]&&?!5&%!7+*!]_<!-=$+!7+(7V!

!

.P1!! uGuCy uL 1A.1.J ∆== Fθ A!>#7+! I⋅=∆ θ !

!

j-*!L�%2*%!5($7&%#M(7#&2!(23!#3*27#59!7+*!]_[!

#27*%$&22*$7#&2!-#62(,-;!

!

.R1!!

�

��� ���� ��
�� ��� ��
�����

G

F

E

C

111...

1.
EFG

J

z

z

z

z

L

abcde

edcbaC

θθθθ

θθθθθ

++++=

++++=

!

!

<+#-!%*-=,7-!#2!7+*!5&,,&>#26!]_[!3*-$%#8*3!89!_#6=%*!COV!

!

!
_#6=%*!COV!]_[!N27*%$&22*$7#&2!

!

<+*!]_[!-*7!+(-!(!$&2)*2#*27!:%&:*%79V!-7(8#,#79! 7+%&=6+!

-*)*%(,!(,6*8%(#$!&:*%(7#&2-!-=$+!(-!4=,7#:,#$(7#&2A!(33#7#&2!

(23! #2)*%-#&2;! I2*! $(2! 7+=-! 8=#,3! 7+*! -9-7*4! 392(4#$! 89!

4(2#:=,(7#26!]_[!&5!7+*!$&*55#$#*27-;!_=%7+*%!3*7(#,-!&2!7+*!

,#2?!8*7>**2!*K=(7#&2-!.G1!(23!.O1!(%*!:%&)#3*3!#2!/::*23#Y!

c;!!!
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!

!

!

4.2 Linearization  

N7!#-!3*-#%(8,*!7&!5&%4!(!,#2*(%!4&3*,!&5!7+*!5&%4!-+&>2!#2!

UK=(7#&2!F;!<(?#26!7+*!-7(7*!(23!$&27%&,!)*$7&%-!7&!8*!(-!

5&,,&>-V!

!

(8)   
T

T

Z

eu

VVqx

DB

DB

ω

θ

=

=
!

!

L*%*A! � #-! 7+*! :#7$+! (26,*;! /--=4#26! 7+*%*! #-! )*%9! -4(,,!

:*%7=%8(7#&2! #2! >#23A! 7+#-! #-! *K=(,! 7&! 7+*! (26,*! &5! (77($?!

:%*-*27*3! :%*)#&=-,9;! q! #-! 7+*! :#7$+#26! %(7*! #2! %(3#(2-! :*%!

-*$&23A! V! #-! 7+*! (#%$%(57! #2*%7#(,! 5%(4*! +&%#M&27(,! )*,&$#79!

(23!Vz!#-!7+*!)*%7#$(,!)*,&$#79!(,-&!#2!7+*!#2*%7#(,!5%(4*;!<+*!

$&27%&,! )(%#(8,*-! (%*! eA! *,*)(7&%! #2! %(3#(2-! (23! �A! 4&7&%!

%&7(7#&2(,!)*,&$#79!#2!%(3#(2-!:*%!-*$&23;!<+*!%(7*!)*$7&%!$(2!

8*!3*5#2*3!#2!7*%4-!&5!7+*!(*%&392(4#$!$&*55#$#*27-V!!

!

!

!

!

!!(9)   !

!

!

!

!

UK=(7#&2!CJ!%*:%*-*27-!(!2&2',#2*(%!4&3*,!&5!7+*!8*+()#&%!&5!

7+*!(#%$%(57A!+&>*)*%A! 7+*!(*%&392(4#$!$&*55#$#*27-!(%*!&2,9!

#3*27#5#*3!2*(%!*K=#,#8%#=4!-=66*-7#26!(! ,#2*(%#M*3!4&3*,! #-!

2**3*3;!<+*!%(7*!)*$7&%!5&%!x!$(2!8*!,#2*(%#M*3!(-V!

!

!

!

!

(10)   !

!

!

!

!

<+*! 3*%#)(7#)*-! (%*! 7+*2! -*:(%(8,*! #27&! 7+*! /! (23! H!

4(7%#$*-!5&=23!#2!UK=(7#&2!CE'CFV!!

  

(11) !
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!

c&48#2#26! 7+#-! ,#2*(%#M(7#&2! 7&! 7+*! %*,(7#&2-+#:-! #2!

UK=(7#&2! CJA! &2*! $(2! 3*5#2*! *Y:%*--#&2-! 5&%! 7+*! (8&)*!

3*%#)(7#)*-;! <+*-*! (%*! :%*-*27*3! #2! /::*23#Y! H;! <+*! 5#%-7!

3*%#)(7#)*!#-!:%&)#3*3!(-!(2!*Y(4:,*V!

!

!

.CF1!!!

!

<+*! 7>*,)*! 3*%#)(7#)*-! $&27(#2*3! #2! A! (23! B! )(%9! (-!

5=2$7#&2-! &5! :#7$+;! /-! *($+! $&*55#$#*27! (23! *K=#,#8%#=4!

:(%(4*7*%! #-! (! 5&=%7+!&%3*%!:&,92&4#(,A! 7+*!3*%#)(7#)*! #-!(2!

2#2*7**27+! &%3*%! :&,92&4#(,! (23! 7+*! � 8,&$?! &5! 7+*!

(--&$#(7*3!]_[!>#,,!8*!&5!*K=(,!-#M*;!<+*!3#4*2-#&2!&5!7+*!�

8,&$?! #-! $%#7#$(,! 7&! 7+*! -=$$*--! &5! 7+*!2=4*%#$(,! :%&$*3=%*-!

=-*3! 5&%! $&27%&,,*%! -927+*-#-;! /33#7#&2(,,9A! 7+#-! 4&3*,A!

7+&=6+! 2&2,#2*(%! #2! 7+*! :(%(4*7*%A! #-! (! 5(4#,9! &5!

,#2*(%#M(7#&2!(23!#2!-=$+!%*4(#2-!)(,#3!&2,9!#5!7+*!-7(7*-!(23!

#2:=7-!-7(9!2*(%!7+*!*K=#,#8%#=4!7%(X*$7&%9;!

!

5 CONCLUSION AND FUTURE WORKS

/!>#23!7=22*,!$(4:(#62!>(-!:*%5&%4*3!7&!%*)*(,!7+*!7%#4!

-7(7*! &5! (! 5#Y*3! >#26! 0<I]! "/0! 3=%#26! 7+*! 7%(2-#7#&2!

8*7>**2! +&%#M&27(,! (23! )*%7#$(,! 5,#6+7! 4&3*-;! _=%7+*%!

*Y:,&%(7#&2!&5!:*%7=%8(7#&2-!(%&=23! 7+*! 7%#4!-7(7*!9#*,3*3!(!

,#2*(%#M*3!4&3*,!>+&-*!-7(8#,#79!(23!$&27%&,!3*%#)(7#)*-!(%*!

5=2$7#&2-!&5!(26,*!&5!(77($?;!<+*!4&3*,!+(-!8**2!*Y:%*--*3!

#2!]#2*(%!_%($7#&2(,![*:%*-*27(7#&2!(-!(!5#%-7!-7*:!5&%!=-*!#2!

(3(:7#)*!$&27%&,!4*7+&3-!-=$+!(-!]\0;!!

_=7=%*! (*%&392(4#$! 7*-7#26! >#,,! #2)*-7#6(7*! 7+*! -:*$#5#$!

2(7=%*!&5!7+*!5,&>;!\%&:>(-+!#4:#26*4*27!&2!7+*!>#26A!->#%,!

*55*$7-A! (23! -7(,,! (%*! (%*(-! %*K=#%#26!4&%*! 3*7(#,*3! -7=3#*-;!

b=4*%#$(,! -#4=,(7#&2-! (%*! (,-&! #2! :%&6%*--! 7&! )(,#3(7*! 7+*!

7%#4! 4&3*,! (23! *)(,=(7*! 7+*! 8,&$?(6*! *55*$7! #2! 7+*! >#23'

7=22*,!7*-7!-*$7#&2;!/!-7%=$7=%*3!c'6%#3!>#7+!(2!($7=(7&%!3#-?!

#-! =-*3! 7&! 4&3*,! 7+*! (#%$%(57! (23! 7+*! :%&:*,,*%-! (-! -+&>2!

_#6=%*!CP;!

!

!
_#6=%*!CPV!@7%=$7=%*3!c'6%#3!(%&=23!7+*!"/0#&2!!!

! !

<+*! *23! 6&(,! &5! 7+*! (*%&392(4#$! 7*-7#26! (23! $&27%&,-!

3*)*,&:4*27! :%*-*27*3! +*%*! #-! 7&! :%&3=$*! (#%$%(57! =2#K=*,9!

$(:(8,*! &5! )*%7#$(,! (23! +&%#M&27(,! 5,#6+7! 4&3*-;! @*)*%(,!

:%&7&79:*-!+()*!(,%*(39!8**2!$&2-7%=$7*3!(23!&=75#77*3!>#7+!

(=7&:#,&7-!3*)*,&:*3!(7!N@/U;!<+*%*!(%*!7>&!)(%#*7#*-!&5!7+*!

(#%$%(57! #2!3*)*,&:4*27;!<+*!5#%-7! #-!*K=#::*3!>#7+!g\@!5&%!

&=73&&%!2()#6(7#&2A!(23!+(-!3*4&2-7%(7*3!5=,,9!(=7&2&4&=-!

7%(2-#7#&2-!8*7>**2!)*%7#$(,!(23!+&%#M&27(,!5,#6+7;!N7!#-!(8,*!7&!

3%&:!(!-4(,,!:(9,&(3!(23!(=7&!7(?*'&55!(23!,(23;!!

! <+*!-*$&23!)*%-#&2A!3*-7#2*3!5&%!4&-7,9!#23&&%!5,#6+7A!+(-!

$(%8&2!5#8%*!>+**,-!(77($+*3!>+#$+!(%*!=-*3!7&!%&,,!(,&26!7+*!
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APPENDIX A: POLYNOMIAL COEFFICIENTS FOR 

FUNCTIONS OF PITCH ANGLE
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APPENDIX C : LINEAR FRACTIONAL REPRESENTATION
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Vortex-lift modeling provides reliable force 

predictions for flapping-wing micro air vehicles 
W. Thielicke1,2, A.B. Kesel1 and E.J. Stamhuis1,2 

1Biomimetics-Innovation-Centre, University of Applied Sciences Bremen, Germany  
2Ocean Ecosystems, University of Groningen, The Netherlands 

ABSTRACT

Vertical and horizontal force of a flapping-wing 

micro air vehicle (MAV) has been measured in slow-

speed forward flight using a force balance. Detailed 

information on kinematics was used to estimate forces 

using a blade-element analysis. Input variables for 

this analysis are lift and drag coefficients. These 

coefficients are usually derived from steady-state 

measurements of a wing in translational flow. 

Previous studies on insect flight have shown that this 

method underestimates forces in flapping flight, 

mainly because it cannot account for additional lift 

created by unsteady phenomena. We therefore 

derived lift and drag coefficients using a concept for 

delta-wings with stably attached leading edge vortices. 

Resulting lift coefficients appeared to be a factor of 

2.5 higher than steady-flow coefficients, and match 

the results from previous (numerical) studies on 

instantaneous lift coefficients in flapping flight. The 

present study confirms that a blade-element analysis 

using force coefficients derived from steady-state wind 

tunnel measurements underestimates vertical force by 

a factor of two. The equivalent analysis, using 

“vortex-lift” enhanced coefficients from a delta-wing 

analogue, yields very good agreement with force 

balance measurements, and hence seems to be a good 

approximation for lift-enhancing flow phenomena 

when modeling flapping flight. 

1 INTRODUCTION

The desire to understand the aerodynamics of 

flapping flight in insects, birds and bats has been 

the motivation of many studies in the past. Early 

attempts applied the blade-element theory (BET), a 

theory often used to estimate thrust and torque of 

revolving propellers, to explain forces required 

during sustained insect hovering flight [1]. The 

basis of this theory is a “quasi-steady” approach 

that assumes the instantaneous forces of a flapping 

wing to be identical to the forces of the same wing 

under steady motion with identical angle of attack 

and velocity [1]. The idea of the BET is to divide 

the wings into small elements along the wing span. 

For each element, the effective angle of attack as 

well as the instantaneous flow velocity is derived 

from detailed time-resolved information on the 

kinematics of the flapping wing. The forces created 

by each element can be calculated when lift and 

drag coefficients of the wing sections are known. 

Usually, these coefficients are derived from static 

force measurements of a series of angles of attack 

of the airfoils under steady-flow conditions in a 

wind tunnel. However, the application of the BET 

appeared to seriously underestimate the forces 

observed in flapping insect flight [1]-[3]. By 

studying the flow around flapping robotic insect 

wings, Ellington et al. [4] indentified an 

explanation for this discrepancy. In a scaled model 

of a hovering hawkmoth, they observed large 

vortices on top of the wings increasing the 

circulation and therefore the aerodynamic forces. 

These leading edge vortices (LEVs) remain stably 

attached to the wing and contribute substantially to 

lift throughout the full downstroke by increasing 

the amount of bound circulation of the wing. 

Subsequent studies indentified LEVs in other 

insects, robotic flapping-wing devices, hovering 

birds and slow-flying bats (e.g. [5]-[9]). 

Lentink et al. [10] suggest that LEVs are a 

universal and efficient high lift mechanism for slow 

flapping flight over a quite large range of animal 

sizes. 

The amplifying effect of these vortices on the lift 

and drag coefficients during wing flapping [6] is 

not present when determining lift coefficient (CL) 

and drag coefficient (CD) from steady-flow force 

measurements in a wind tunnel. Hence, forces 

calculated with a blade-element analysis 

underestimate forces of flapping wings. Although 

the discovery of LEVs in insect flight substantially 

contributed to understanding the mechanics of 

flapping flight, these vortices were well known to 

aircraft designers before they were found in nature: 

During relatively slow flight, delta-wing aircrafts 

like the Concorde largely rely on lift created by 

additional circulation of stable leading edge 

vortices (e.g. [11]). The sharp leading edges of the 

wings of such aircrafts induce flow separation, a 

feature that can also be found on insect and bird 

wings (e.g. [12]). In delta-wing aircrafts, vortices 

are stabilized by the wing sweep which allows for a 

spanwise flow parallel to the swept leading edge, 

convecting vorticity to the wing tip and preventing 

the LEV to grow and detach [13]. Although the 

stabilization mechanisms for the LEVs in delta-

wing aircraft and flapping insect wings are probably 

not exactly the same (e.g. [10], [14]), the flow 

phenomena and the aerodynamic effects of these 

vortices are analogous [4]. Lift coefficients for delta 

wings with attached vortical flow on top of the 

wing range from 4 to 6 [13], which is substantially 
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higher than the lift coefficients of conventional 

wings. 

Polhamus [11] introduces a concept to predict lift 

coefficients of sharp-edge delta wings (up to an 

aspect ratio of 4) based on the combination of 

potential-flow lift and vortex lift. His theory 

includes a simple trigonometric relationship 

between the lift (respectively drag) coefficient and 

geometric angle of attack. The concept was verified 

by wind-tunnel measurements of sharp-edge, highly 

swept wings and provides a very good prediction of 

total lift [15] which may find wider application than 

for swept wings only.  

In the present study, we measured lift and drag of 

a simple flapping-wing MAV. The MAV is 

equipped with bio-inspired wings which have a 

sharp leading edge at the outer 2/3 of the wing and 

a round leading edge close to the wing base. 

Classical lift and drag coefficients are obtained 

from steady-flow measurements in a wind tunnel. 

Three-dimensional flow patterns around the same 

type of wing during flapping were analyzed in an 

earlier study, showing a prominent and stable 

leading edge vortex that developed immediately at 

the beginning of the downstroke [16]. We use a 

blade-element analysis to estimate aerodynamic 

forces, by generating a set of force coefficients 

using the trigonometric relationship proposed for 

delta-wings [11] to account for the additional 

circulation generated by LEVs. The results of the 

blade-element analysis using steady-flow force 

coefficients and force coefficients from a delta-

wing analogue are compared to aerodynamic force 

measurements at the MAV. 

2 MATERIALS AND METHODS

2.1 MAV 

The wings of the MAV (see Figure 1) are 

modeled from 3 mm closed-cell extruded 

polystyrene foam sheet (DEPRON®). The planform 

is inspired by the wings of swiftlets (Collocalia 

linchi) with some camber at the base and a sharp 

leading edge at the outer part of the wing (see 

Figure 1). The total wing span (tip-to-tip) is 0.33 m 

with an average chord length of 40 mm and an 

aspect ratio of 8.3. The wings are mostly rigid 

showing only some aeroelastic bending near the tip 

at higher flapping frequencies, similar to the wings 

of swifts and swiftlets [16]-[18].  
 

 
Figure 1: Flapping-wing MAV mounted 

on the force balance 

The wings each have two rotational degrees of 

freedom (shoulder joint: up and down wing 

excursion; and longitudinal joint: pro- / supination 

parallel to the spanwise axis, allowing the wings to 

change geometric angle of attack (!"#$, see Figure 

5) and are driven by a single small geared DC 

motor. Flapping frequency (0-9 Hz) was set by 

altering the voltage of a power supply. The specific 

arrangement of linkage elements makes the wings 

supinate during upstroke and pronate during 

downstroke, resulting in very similar kinematics as 

in an earlier study that focused on flow 

measurements [16]. The change of geometric angle 

of attack and excursion throughout wing beat cycle 

is shown exemplary for two different situations in 

Figure 2.  

 

A 

 

B 

 

Figure 2: Wing excursion (solid line) and geometric angle of 

attack (angle between Uf and wing chord; dashed line). (A) Wing 

kinematics for a flapping frequency of 3.65 Hz in 2.28 m/s flow 

(B) Wing kinematics for a flapping frequency of 7.61 Hz in 2.84 

m/s flow. The kinematics change at increasing flapping 

frequency and free flow velocity due to increasing aerodynamic 

and inertial load and some elasticity in the mechanical design 
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The stroke plane was set to 90° in relation to the 

free flow. To mimic slow-flight conditions, flow 

velocities between 2.28 m/s and 2.84 m/s were 

tested in an open jet low speed wind tunnel (test 

section diameter = 0.45 m; umax = 14 m/s). The 

Reynolds number (Re), a measure for the 

importance of inertial vs. viscous forces, is 

calculated as  

(1) %& ' ()*+,-./01.234
5 ,  

where 64789 = mean vertical tip velocity; Uf = free flow 

velocity; :4 = mean chord; ; = kinematic viscosity 

 

Measurements were done for Re between 8*103 

and 1.3*104. The advance ratio J, given by  

 

(2) < ' 01
=)*+,-= 

 

is a measure for forward flight speed vs. wing tip 

velocity in flapping flight. It ranges from 0.6 to 1.7 

for the parameters tested in flapping flight, here. 

2.2 Flapping flight force measurements 

Vertical (FV, “lift”) and horizontal (FH, “thrust”) 

force of the MAV was recorded with a 2-axes force 

balance (for details see [19]), sampled at 1200 Hz, 

digitized with an analogue-to-digital converter and 

processed with MATLAB and Excel. Instantaneous 

forces of eighteen successive full flapping cycles 

were recorded for each setup. Eight flapping 

frequencies between 3.5 and 9 Hz were tested for 

three flow velocities (2.28; 2.57; 2.84 m/s). Forces 

were integrated over the wing beat cycle to derive 

mean horizontal (>?***@Aand mean vertical force (>B***@. 
The mean vertical force coefficient is derived by  

 

(3) CB*** ' DEF***
G01²H ,  

where I = density; A = total wing area [20] 

2.3 Lift and drag coefficients 

Steady-state lift and drag coefficients 

(subsequently denominated “steady” coefficients) 

were obtained from measurements of lift and drag 

of the isolated wings in the same wind tunnel (Re = 

1.4*104). Forces were sampled for geometric angles 

of attack between -45° and 65° (step size 1°, n = 3). 

CL and CD were derived via  

 

(4) CJ ' DEK
G01LH ; respectively CM ' DEN

G01LH  ,  

where FL= lift; FD = drag  

 

Maximum lift coefficient CL,max is 1.01 O 0.01 at 

11° geometric angle of attack (see Figure 3). For 

the blade-element analysis, coefficients were stored 

in a lookup table, non-integer values were 

determined via linear interpolation. 

 
Figure 3: “Steady coefficients”. Lift (triangles) and drag (circles)

coefficient of the wings in steady-flow for geometric angles of 

attack between -45° and 65° 

 

An additional set of lift and drag coefficients was 

created following [11] as explained in short earlier 

in this paper (subsequently denominated “vortex-

lift” coefficients). For a delta-wing with stable 

leading edge vortices, total lift coefficient can be 

approximated using 

 

(5) CJ ' P9 QRS ! :TU²! V P) WXQ ! UYZ²! 2 [
\[\V CJ] , 

where ! = angle of attack; Kp = constant of 

proportionality in potential-flow lift term; Kv = constant 

of proportionality in vortex lift term; CJ] A= lift coefficient 

of the MAV wings at 0° geometric angle of attack  

 

Polhamus [11] calculated Kp and Kv for aspect 

ratios up to 4 using a modified Multhopp lifting-

surface theory (Kp = 3.35; Kv = 3.45). Drag 

coefficient due to lift is given as 

 
(6) ^CM ' CJ _`S !   [15]  

 

Total drag coefficient can be approximated as 

 
(7) CM ' ^CM V CM] ,  

where CM]  = drag coefficient of the MAV wings at 0° 

geometric angle of attack  

 

Lift and drag coefficients derived with Equation 

5 and 7 are plotted in Figure 4. 

 

 
Figure 4: “Vortex-lift“ coefficients. Lift (dashed line) and drag 

(solid line) coefficients for a wing with attached LEVs for 

geometric angles of attack between -45° and 65° 
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2.4 Blade-element analysis 

We used a blade-element analysis to predict >B*** 
of the flapping-wing MAV using data derived from 

the wing kinematics and the two different sets of 

force coefficients (“steady” and “vortex-lift” 

coefficients). The wing planform was digitized and 

divided into 496 elements in span wise direction. 

Lift Lr and drag Dr of each element at distance r 

from the wing base (see Figure 5 for nomenclature) 

is calculated using the equation 

 

(8) abcd@ ' e
D AIA6bcd@²AfbACJc!#gg@ ,  

where vr = effective velocity at r; Ar = area of wing 

element r; !#gg = effective angle of attack 

 

and 

 

(9)  hbcd@ ' e
D AIA6bcd@LAfbACMc!#gg@  

 

Effective velocity was calculated as 

 

(10) 6bcd@ ' icjkcd@@² V lg² ,  

where j = radial distance of the wing element to the base; 

k = angular velocity (derived from kinematics) 

 

CL and CD depend on the effective angle of attack 

(!#gg) of the blade element which is calculated 

following 

 
(11) !#ggmbcd@ ' A!"#$cd@ n !8opc_@A,  
where !"#$ = geometric angle of attack (derived from 

kinematics); !8op = induced angle of attack = `_`S qbrc7@01 s 
 

Lr and Dr were integrated for all wing elements 

and resolved into horizontal (FH) and vertical (FV) 

force components: 

 
(12) >Bcd@ ' WXQc!8op@ 2 tuc_@ V QRSc!8op@ 2 vuc_@ 
(13) >?cd@ ' QRSc!8op@ 2 tuc_@ n WXQc!8op@ 2 vuc_@ 

 

As the stroke plane of the MAV was set to 90° 

with respect to Uf, the component of FV supporting 

the weight of the MAV changes with angular 

position of the wing only. Close to the upper or 

lower turning point of the wings, FV contributes less 

than when wings are at mid-down or –upstroke. 

This is accounted for using 

 

(14) >Bmo#7cd@ ' WXQw!cd@x 2 >B ,  

where ! = excursion angle of the wing 

 

Integrating instantaneous forces over one wing 

beat cycle for two wings yields mean vertical force 

(>B***) and mean horizontal force (>?***) for two sets of 

force coefficients, and is compared with the results 

from mean force measurements at the MAV. 

 

 

3 RESULTS

3.1 Flapping-wing MAV force measurements 

In flapping flight, the MAV creates a force 

perpendicular to Uf (>B, “lift”) and a force parallel 

to Uf (>?, “thrust”). Mean vertical force (>B***) and 

mean horizontal force (>?***) both increase with 

flapping frequency (Figure 6). >B*** is always positive 

for the setups that were tested; increasing Uf also 

increases maximal >B*** measured (see Figure 6A). 

Mean horizontal force is a measure for net thrust. 

>?*** is generally lower for high free flow velocities 

due to increased drag of the whole MAV system, 

but flapping frequencies > 8 Hz result in net thrust 

for all flow velocities under test (see Figure 6B). 

The mean vertical force coefficient increases 

substantially with decreasing advance ratio 

compared to the maximum steady-flow lift 

coefficient (CL,max = 1.01 O 0.01) for all but two 

measurements (see Figure 7). 
 

 
Figure 5: Forces and velocities on a blade-element: !&yy = 

effective angle of attack; !z&T = geometric angle of attack; !YZ{ = 

induced angle of attack; Uf = free flow velocity; vr = effective 

velocity; r = radial distance of wing element; k = angular 

velocity of the wing; Lr = lift; Dr = drag; Fres = resulting force; 

FH = horizontal force component; FV = vertical force component
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A 

 

B 

Figure 6: Mean forces of the flapping wings for different Uf 

(squares = 2.28 m/s ; triangles = 2.57 m/s ; circles = 2.84 m/s) 

(A) Mean vertical force (>B***) increases with flapping frequency. 

(B) Mean horizontal force (>?***) increases with flapping 

frequency and becomes positive for high flapping frequencies. 

The MAV creates “net thrust”. 

 

Figure 7: Mean vertical force coefficient (CB***) vs. advance ratio. 

CB*** peaks at about 1.7 for low advance ratio.  

 

3.2 Blade-element analysis 

Mean vertical force derived from the blade-

element analysis using “steady” CL and CD reveals 

a large defect in force (see Figure 8). For flapping 

frequencies above 6 Hz, >B*** is underestimated by 

the blade-element approach by a factor of more 

than two. The defect is found in all free flow 

velocities. The slope of >B*** vs. frequency calculated 

via “steady” coefficients is very small, increasing 

flapping frequencies hardly produce additional >B***. 
The defect is smaller for flapping frequencies  

A 

 

B 

 

C 

Figure 8: Results of the blade-element analysis with “steady” 

(circles) and “vortex-lift” (triangles) force coefficients compared 

to force balance measurements (dashed line). (A) Uf = 2.28 m/s 

(B) Uf = 2.57 m/s  

(C) Uf = 2.84 m/s. In all cases, “steady” coefficients 

underestimate mean vertical force, whereas “vortex-lift” 

coefficients show a good agreement. 
 

 

< 6 Hz (see Figure 8). In contrast, the results of the 

blade-element analysis using “vortex-lift” 

coefficients are very similar to experimental results. 

The difference to experimental data is maximally 

12% (see Figure 9), excluding the two lowest 

flapping frequencies, which were recorded very 

close to the resonant frequency of the balance 

system and are therefore probably not reliable. The 

mean difference in >B***Aof “vortex-lift” coefficients is 

1.4 % O 4.8 %; “steady” coefficients result in a 

mean difference of 50.0 % O 4.8 %. 
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Figure 9: Deviation of experimentally determined mean vertical 

force compared to results from the blade-element analysis. >B*** of 

the balance measurements was subtracted from the 

corresponding result of the blade-element analyses for “steady” 

and “vortex-lift” coefficients. The result is expressed as fraction 

of experimentally determined >B***, data for different free flow 

velocities was pooled. “Steady” coefficients underestimate >B*** by 

a factor of two, “vortex-lift” coefficients deviate by 

maximally 12 % (excluding measurements at frequencies close 

to the resonant frequency of the balance system), and on average 

by 1.4 % O 4.8 %. 

4 DISCUSSION

4.1 Micro air vehicle 

Vertical and horizontal force of a flapping-wing 

MAV was determined by means of a force balance. 

The wings create on average enough vertical and 

horizontal force to keep a small, fully equipped 

MAV airborne. Mean vertical force coefficient is 

inversely related to advance ratio. This is due to the 

fact that advance ratio decreases with increasing 

flapping frequency. The increase in flapping 

frequency causes an increase in the flow velocity 

over the wing and at the same time increases the 

effective angle of attack. These all contribute to an 

increase in aerodynamic force. The relation 

between mean vertical force coefficient and 

advance ratio as well as the magnitude of CB*** is very 

similar to the results reported by Kim et al. [20]. 

That study evaluated lift forces of a flapping wing 

MAV of a size similar to ours but with flexible foil 

wings, where airfoil camber could be changed using 

macro-fiber composite actuators. The performance 

of our MAV design in generating vertical force thus 

seems to be reliable. 

4.2 Blade-element analysis using “steady” 

coefficients 

Using data derived from kinematics, we applied a 

blade-element analysis to calculate forces using two 

different sets of force coefficients. Lift and drag 

coefficients from steady-flow measurements of the 

MAV’s wings applied to the blade-element theory 

underestimate mean vertical force by a factor of 

two. Previous studies using a similar method report 

comparable results: The “quasi-steady” approach 

has been applied to insects (e.g. [1]-[3]) and also to 

slow-speed flapping flight of cockatiels [21], where 

the wings are exposed to large effective angles of 

attack. However, in all cases the magnitude of 

aerodynamic forces observed could not be 

explained with “quasi-steady” assumptions. 

This discrepancy can be related to the effective 

angle of attack (!#gg) during the beat cycle, in 

particular close to the wing tip (see Figure 10). Our 

measurements of “steady” coefficients show that 

CL,max peaks at 11° geometric angle of attack; at 

higher angles of attack the lift decreases, as the 

wing stalls in a steady-flow environment. Hence, 

high flapping frequencies with relatively large !#gg 

will increasingly seriously underestimate CL. The 

fact that in the blade-element model the vertical 

force still increases at increasing !#gg is because 

the wing drag starts to contribute to the vertical 

force with QRSc!8op@CM (see Equation 12). 

 

Figure 10: Effective angle of attack as a function of span wise 

position and flapping cycle. During downstroke and close to the 

wing tip, the effective angle of attack reaches 50° (see colour bar 

at the right) 

 

4.3 Blade-element analysis using “vortex-lift” 

coefficients 

Several studies prove the existence of leading 

edge vortices in flapping flight and the ability of 

stably attached vortices to augment lift (e.g. [4], [6], 

[8], [9], [14]). Stamhuis et al. [16] have shown that 

LEVs instantly developed on the same type of wing 

that was flapping with very similar kinematics. An 

appropriate concept to model CL and CD including 

additional lift created by LEVs was introduced by 

Polhamus [11]. Using this concept, we model CL,max 

to be 2.5; a value much higher than CL,max under 

steady-flow conditions. Lift coefficients that are 

much higher than CL under steady-flow conditions 

seem to be typical for flapping and pitching airfoils. 

A numerical study on rapidly pitching airfoils (Re = 

1700) reveals instantaneous lift coefficients of 2.4 

to 3.2 [23]. Similar lift coefficients were reported in 

a CFD simulation of fruit fly wings (Re < 1800), 

and the presence of a stable LEV is made 

responsible for increasing CL up to a value of 3.2 at 

mid-downstroke of the insect wing [24]. Modelling 

CL with a concept that accounts for the additional 

lift of attached leading-edge vortices hence seems 

to be a good approximation of aerodynamic 

phenomena in flapping flight. This is also supported 

by Dickson et al. [25] who conclude that a  
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“quasi-steady” aerodynamic model may explain the 

force balance of a hovering insect when appropriate 

force coefficients are used. 

4.4 Mean horizontal force 

Comparing the mean horizontal force (>?***) from 

wind tunnel measurements and blade-element 

analysis does not seem to be feasible, due to 

limitations of our blade-element model. In contrast 

to the balance measurements, which measure >?*** of 

the entire MAV, the blade-element analysis only 

accounts for forces created by the wings. The 

present model does not account for the extra drag of 

the chassis, neither for any interference drag 

between the chassis and the flapping wings. 

Additionally, limitations in our force balance 

equipment required that the strut for attaching the 

MAV to the balance lies inside the wake of a wing. 

The wings accelerate the air periodically and the 

drag of the strut increases with velocity squared, 

increasing the overall drag measured by the force 

balance. Time-resolved measurements of the fluid 

velocity in the wake, together with detailed 

assumptions on the magnitude of the interference 

drag and improvements on the design of the setup 

could circumvent this limitation in future studies. 

5 CONCLUSION

The aim of this study was to check the feasibility 

of extending a relatively simple blade-element 

approach to include additional lift-enhancing 

aerodynamic effects. A concept initially postulated 

for sharp-edge delta wings provides data on CL and 

CD under the presence of leading edge vortices. The 

resulting maximal lift coefficient is a factor of 2.5 

greater than typical steady-flow coefficients, and 

agrees well with data reported in earlier studies on 

flapping flight. The key requirement for the 

applicability of the “vortex-lift” approach is the 

presence of a stable LEV. As Lentink and 

Dickinson [10] suggest, LEVs in flapping flight are 

stabilized by the centripetal and Coriolis 

acceleration. As these accelerations are relatively 

independent of the Reynolds number [10], it is 

likely, that the “vortex-lift” approach is not limited 

to a small bandwidth of flapping wing devices, as 

long as the advance ratio is low and wing geometry 

and kinematics create sufficient centripetal and 

Coriolis accelerations to stabilize the LEV. 

We believe that the approach presented in this 

study might be an appropriate tool to assess and 

predict forces of flapping-wing flyers and MAVs 

that operate at low advance ratio and potentially 

benefit from increased lift due to leading edge 

vortices. 
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Aerodynamic analysis of the wing flexibility and the

clap-and-peel motion of the hovering DelFly II
<; g#,,*8((%7∗A /;L; )(2 v=#X,*2A (23 L; H#X,
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2.2 ALE Navier-Stokes with OpenFOAM
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2.3 RBF mesh interpolation
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8* -**2 #2 _#6=%* C8; _#6=%* E -+&>- 7+* 4*-+ -?*>2*-- (23

2&2'&%7+&6&2(,#79 5&% &2* 5=,, 5 (::#26 :*%#&3 5&% 8&7+ ( -#2'

6,* %&> &5 $&27%&, :&#27- (23 7>& %&>- &5 $&27%&, :&#27-;

_#6=%* EV "*-+ K=(,#79 $+(%($7*%#-7#$- 5&% -#26,* (23 3&=8,*

%&> &5 :&#27-;

b&2'&%7+&6&2(,#79 #- 4*(-=%*3 89 7+* (26,* 8*7>**2 7+*

$*,, $*27%*- ,#2* .8*7>**2 7>& $*,, $*27%*-1 (23 7+* 2&%4(, &5

7+* #27*%4*3#(7* 5($*; <+* 3*6%** &5 -?*>2*-- #- 4*(-=%*3

(- 7+* 3#-7(2$* 8*7>**2 7+* 5($* $*27%* (23 7+* $%&-- :&#27

8*7>**2 7+* 5($* 7(26*27 (23 7+* $*,, $*27%*- ,#2*; <+#- 3#-'

7(2$* #- 7+*2 2&%4(,#-*3 >#7+ 7+* 4(62#7=3* &5 7+* $*,, $*2'

7%*- ,#2*; / -$+*4(7#$ *Y:,(2(7#&2 $(2 8* 5&=23 #2 BZD; N2

I:*2_I/" 4*-+*- (%* $&2-#3*%*3 &5 8(3 K=(,#79 >+*2 7+*

2&2'&%7+&6&2(,#79 #- ,(%6*% 7+(2 RJ 3*6%**- &% -?*>2*-- *Y'

$**3- G;J; c&2-#3*%#26 7+*-* 7>& $%#7*%#( #7 $(2 $,*(%,9 8* -**2

7+(7 7>& %&>- &5 $&27%&, :&#27- (%* 2**3*3 7& *2-=%* ( 6&&3

4*-+ K=(,#79 3=%#26 7+* $&4:,*7* 5 (::#26 4&7#&2; <+*%*5&%*

#2 (,, -#4=,(7#&2- 7>& %&>- &5 $&27%&, :&#27- (%* =-*3; N7 #-

$,*(% 7+(7 [H_ 4*-+ #27*%:&,(7#&2 $(2 :%&)#3* ( %&8=-7 4*-+

3*5&%4(7#&2 >+#,* :%*-*%)#26 7+* &%#6#2(, 4*-+ K=(,#79;

3 WING SHAPES

<+* >#26 -+(:*- (%* *Y7%($7*3 5%&4 *Y:*%#4*27- (7 -:*'

$#5 $ :&#27- #2 7#4* 3=%#26 ( 5=,, 5 (::#26 :*%#&3; @:,#2*- (%*

=-*3 7& $&2-7%=$7 7+* >#26 -+(:*- #2 -:($* 5%&4 7+* \N0 #4'

(6*- 5&% -:*$#5 $ :&#27- #2 7#4*; _&=%#*% -*%#*- (%* =-*3 7&

#27*%:&,(7* 7+* -+(:* #2 7#4*;

3.1 The PIV results

_%&4 7+* \N0 *Y:*%#4*27- 7+* $+&%3 >#-* -+(:* (7 3#55*%'

*27 -:(2'>#-* ,&$(7#&2- &5 7+* Q*,_,9 NN >#26 #- &87(#2*3 BTD;

<+* 5 (::#26 5%*K=*2$9 #- CC LMA >+#$+ #- $+(%($7*%#-7#$ 5&%

7+* Q*,_,9 NN; /7 RCk &5 7+* -:(2 .>#7+ ( $+&%3 &5 R;G $41 OJ

-+(:*- #2 7#4* +()* 8**2 %*$&%3*3 5&% &2* 5=,, :*%#&3; @:,#2*

#27*%:&,(7#&2 #- =-*3 7& #27*%:&,(7* 7+* >#26 -+(:* #2 -:($* 5&%

*($+ -:*$#5 $ :&#27 #2 7#4*; N2 _#6=%* F 7+* %*-=,7#26 -:,#2*-A

%*:%*-*27#26 7+* >#26 -+(:*-A (%* -+&>2 5&% 7+* &=7'-7%&?* &%

h:**,h :+(-*;

_#6=%* FV Q*5&%4#26>#26 -+(:* 5&% &=7'-7%&?* &87(#2*3 5%&4

*Y:*%#4*27-;

3.2 Interpolation in space

_&% [H_ 4*-+ #27*%:&,(7#&2 3#-$%*7* :&#27- #2 -:($* (%*

2**3*3 7& 5=2$7#&2 (- $&27%&, :&#27-; <+*-* 3#-$%*7* :&#27-

(%* &87(#2*3 5%&4 7+* -:,#2* #27*%:&,(7#&2- #2 -:($*; _%&4

7+* $&27#2=&=- 3*-$%#:7#&2 =-#26 -:,#2*- (29 2=48*% &5 3#-'

$%*7* :&#27- $(2 8* $+&-*2 (,&26 7+* >#26; @#Y79 =2#5&%4,9

3#-7%#8=7*3 :&#27- (,&26 7+* >#26 (%* =-*3 (- $&27%&, :&#27-

5&% 7+* [H_ 4*-+ #27*%:&,(7#&2; b*Y7 -7*: #- 7& #27*%:&,(7*

7+*-* :&#27- #2 7#4*;

3.3 Interpolation in time

/ %*K=#%*4*27 5&% 7+* #27*%:&,(7#&2 #2 7#4* #- 7+(7 7+* ($'

$*,*%(7#&2 .-*$&23 3*%#)(7#)* &5 7+* #27*%:&,(7#&2 #2 7#4*1 #-

$&27#2=&=-; N5 7+#- %*K=#%*4*27 #- 2&7 4*7 2=4*%#$(, &-$#,,('

7#&2- >#,, &$$=% #2 7+* -#4=,(7#&2 3=* 7& 7+* 7*4:&%(, 7*%4 #2
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7+* b()#*%'@7&?*- *K=(7#&2; <+* 7*4:&%(, 7*%4 #- #23#%*$7,9

%*,(7*3 7& 7+* :%*--=%* 6%(3#*27; Q=* 7& 7+* +#6+ ($$*,*%('

7#&2- (7 7+* >#26 ( +#6+ :%*--=%* 6%(3#*27 >#,, 8* :%*-*27 (7

7+* >#26 $(=-#26 (2 #44*3#(7* #2$%*(-* #2 :%*--=%* (23 7+=-

#2 7+* 5&%$*-; _&% 7+* #27*%:&,(7#&2 #2 7#4* _&=%#*% -*%#*- (%*

=-*3A >+#$+ *2-=%*- 7+(7 7+* -*$&23 3*%#)(7#)* #- $&27#2=&=-

(23 7+(7 7+* 5=2$7#&2 #- :*%#&3#$; _&% *($+ $&&%3#2(7* 5%&4

*($+ $&27%&, :&#27 ( _&=%#*% -*%#*- #27*%:&,(7#&2 #- :*%5&%4*3

#2 7#4*; N2 7&7(, CEJ _&=%#*% -*%#*- #27*%:&,(7#&2 #2 7#4* (%*

2**3*3 5&% 7+* PJ :&#27- #2 -:($*; L&>*)*% +&>4(29 _&=%#*%

4&3*- 4=-7 8* 7(?*2 7& #27*%:&,(7* #2 7#4*� N2$%*(-#26 7+*

2=48*% &5 4&3*- >#,, #2$%*(-* 7+* ($$=%($9 &5 7+* #27*%:&'

,(7#&2 7+%&=6+ 7+* 4*(-=%*3 3(7( :&#27-A 8=7 (- 7+* 4*(-=%*3

3(7( :&#27- $&27(#2 -$(77*% 5%&4 4*(-=%*4*27- *%%&%-A #7 >#,,

(,-& #2$%*(-* 7+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2;

L#6+ 5%*K=*2$#*- #2 7+* ($$*,*%(7#&2 #23=$* 2&2':+9-#$(, &-'

$#,,(7#&2- #27& 7+* -#4=,(7#&2A >+#$+ -+&=,3 8* :%*)*27*3 (7

(,, 7#4*-;

3.4 Influence of shape interpolation

<& 3*7*%4#2* +&> 4(29 4&3*- 4=-7 8* =-*3 8&7+ 7+* :&'

-#7#&2 *%%&% (23 7+* #25 =*2$* &5 7+* ($$*,*%(7#&2 5%*K=*2$9

#- -7=3#*3; N2 _#6=%* G 7+* :&-#7#&2 *%%&% >#7+ %*-:*$7 7& 7+*

$&27%&, :&#27- &87(#2*3 5%&4 7+* *Y:*%#4*27- #- -+&>2 5&% 7+*

#27*%:&,(7#&2 #2 7#4* 89 4*(2- &5 7+* 4(Y#4=4 2&%4(,#M*3

4(Y#4=4 *%%&% (23 7+* 4(Y#4=4 2&%4(,#M*3 E'2&%4 *%%&%;

_&% 7+* 2&%4(,#-(7#&2 7+* -7%&?* (4:,#7=3* #- =-*3A >+#$+ #-

*K=(, 7& T $4; <+* E'2&%4 *%%&% #- (,-& 2&%4(,#-*3 89 7+*

2=48*% &5 :&#27-;

_#6=%* GV "(Y#4=42&%4(,#-*3 4(Y#4=4 #27*%:&,(7#&2 *%%&%

)-; � _&=%#*% 4&3*-;

N7 #- $,*(% 7+(7 8&7+ 7+* *%%&%- 3*$%*(-* >+*2 7+* 2=48*%

&5 _&=%#*% 4&3*- #- #2$%*(-*3; ^+*2 4&%* 7+(2 R 4&3*- (%*

=-*3 7+* *%%&%- -**4- 7& ,*)*, &55 (23 7+=- =-#26 R 4&3*- 5&%

#27*%:&,(7#&2 $(2 8* $&2-#3*%*3 -=55 $#*27 #2 7*%4- &5 :&-#7#&2

*%%&%; L&>*)*% =-#26 +#6+*% 4&3*- +(- ( -#62#5 $(27 #25 =*2$*

&2 7+* ($$*,*%(7#&2 &5 7+* >#26;

N2 _#6=%* O 7+* ($$*,*%(7#&2 #2 7+* Y'3#%*$7#&2 &5 7+* ,*(3#26

*36* #- -+&>2 5&% GA R (23 CJ _&=%#*% 4&3*- 7&6*7+*% >#7+ 7+*

($$*,*%(7#&2 &5 7+* $&27%&, :&#27 &87(#2*3 89 5 2#7* 3#55*%*2$'

#26; <+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2 #- *K=(, 7&

7+* +#6+*-7 4&3* =-*3 #2 7+* _&=%#*% #27*%:&,(7#&2; N2 _#6=%*

P 7+* :*%#&3#$ ()*%(6* &5 7+* =:>(%3 5&%$* 5&% GA R (23 CJ

_&=%#*% 4&3*- $(2 8* -**2; <+#- :*%#&3#$ ()*%(6* #- &87(#2*3

89 ()*%(6#26 7+* 5&%$* &)*% :*%#&3 P 7#,, GG;

_#6=%* OV ]*(3#26 *36* ($$*,*%(7#&2 5&% 3#55*%*27 2=48*% &5

_&=%#*% 4&3*-;

_#6=%* PV j:>(%3 5&%$* 5&% 3#55*%*27 2=48*% &5 _&=%#*%

4&3*-;

<+* 3&4#2(7#26 5%*K=*2$9 #2 7+* =:>(%3 5&%$* #- *K=(,

7& 7+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2 &5 7+* >#26A

>+#$+ #- 3*7*%4#2*3 89 7+* +#6+*-7 _&=%#*% 4&3*; U(%,#*%

-7=3#*- .*;6 BED1 -+&>*3 7+(7 )&%7*Y 3*)*,&:4*27 (23 -+*3'

3#26 (23 2&7 7+* 5%*K=*2$9 &5 7+* >#26h- ($$*,*%(7#&2 #- 3&4'

#2(7#26 7+* 5&%$* )(%#(7#&2; j-#26 7+* +#6+*% _&=%#*% 4&3*-

5&% #27*%:&,(7#&2 #27%&3=$*- 2&2':+9-#$(, &-$#,,(7#&2- #2 7+*

:%*--=%* 5 *,3 (23 $&2-*K=*27,9 #2 7+* 5&%$*-; <& :%*)*27 7+#-

( Q*,_,9 NN ,#?* >#26 #- -#4=,(7*3 89 =-#26 G _&=%#*% 4&3*-;

<+#- -7#,, *2-=%*- 7+(7 6*2*%(, -+(:* &5 7+* 5 *Y#8,* >#26 #-

$(:7=%*3A >+#,* 7+* #27%&3=$7#&2 &5 +#6+ 5%*K=*2$9 &-$#,,('

7#&2- #- ,#4#7*3; _=%7+*% #2)*-7#6(7#&2 #27& 7+* -*,*$7#&2 &5 7+*

2=48*% &5 _&=%#*% 4&3*- #- 3&2* (7 ( ,(7*% -7(6* 89 $(%*5=,,9

3*7*%4#2#26 >+#$+ &-$#,,(7#&2- (%* $(=-*3 89 7+* ($$*,*%(7#&2

(23 >+#$+ 89 7+* )&%7*Y 8*+()#&=%;
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4 FLEXIBLE VS. RIGID

<+* #25 =*2$* &5 7+* >#26 5 *Y#8#,#79 #- -7=3#*3 $&4:(%'

#26 %*-=,7- &5 7+* 5 *Y#8,* >#26 >#7+ (2 *K=#)(,*27 %#6#3 >#26;

H&7+ 7+* =:>(%3 5&%$* (23 7+* )&%7*Y 3*)*,&:4*27 (23 -+*3'

3#26 #- $&4:(%*3;

4.1 Equivalent rigid wing

<& 3*7*%4#2* 7+* #25 =*2$* &5 7+* 3*5&%4#26 -+(:* (2

*K=#)(,*27 %#6#3 >#26 #- 2**3*3; b& Q*,_,9 NN *Y:*%#4*27-

>*%* $&23=$7*3 >#7+ %#6#3 >#26-; <+*%*5&%* (2 *K=#)(,*27

%#6#3 >#26 #- $&2-7%=$7*3 8(-*3 &2 7+* ,*(3#26 *36* (23 7%(#,'

#26 *36* 4&)*4*27 &5 7+* 5 *Y#8,* >#26; <+* ,*(3#26 *36*

4&7#&2 &5 7+* %#6#3 >#26 #- *K=(, 7& 7+(7 &5 7+* 5 *Y#8,* >#26;

Q%(>#26 ( ,#2* 5%&4 7+* ,*(3#26 *36* 7& 7+* 7%(#,#26 *36* &5

7+* 5 *Y#8,* >#26 6#)*- 7+* 3#%*$7#&2 >+#$+ #- =-*3 (- :#7$+

(26,*; ^#7+ 7+*-* 7>& :(%(4*7*%- .,*(3#26 *36* ,&$(7#&2 (23

:#7$+#26 (26,* #2 7#4*1 (23 7+* $&2-7(27 >#26 ,*267+ .R;G $41

7+* *K=#)(,*27 %#6#3 >#26 $(2 8* 4&3*,,*3 3=%#26 7+* $&4'

:,*7* 5 (::#26 :*%#&3; N2 _#6=%* R 8&7+ 7+* 5 *Y#8,* (23 7+*

*K=#)(,*27 %#6#3 >#26 (%* -+&>2 5&% 3#55*%*274&4*27- #2 7#4*

3=%#26 7+* &=7'-7%&?*;

_#6=%* RV _,*Y#8,* (23 *K=#)(,*27 %#6#3 >#26;

4.2 Results

_&% 7+* %#6#3 (23 5 *Y#8,* >#26 7+* 5&%$*- (%* $(,$=,(7*3

5&% -*)*%(, :*%#&3-; N2 7&7(, GG :*%#&3- (%* -#4=,(7*3 5&% *($+

$(,$=,(7#&2; / :*%#&3#$ ()*%(6* #- $(,$=,(7*3 5%&4 :*%#&3- T

7#,, GG; N2 _#6=%* T 7+* :*%#&3#$ ()*%(6* &5 7+* =:>(%3 5&%$*

#- -+&>2 5&% 7+* 7+%** >#26-; <+* 3(-+*3 ,#2* #- 7+* ()*%(6*

5&%$* &5 7+* :*%#&3;

c&4:(%#26 7+* 7>& >#26- #7 $(2 8* -**2 7+(7 7+* ()*%(6*

5&%$* #- +#6+*% 5&% 7+* 5 *Y#8,* >#26; _&% ( ,(%6* :(%7 7+#- #-

$(=-*3 89 7+* 3#: #2 5&%$* 5&% 7+* %#6#3 >#26 (7 7+* -7(%7 &5

7+* &=7'-7%&?* .(%&=23 EEk &5 7+* 5 (::#26 $9$,*1; N2 _#6=%*

Z 7+* )&%7#$#79 5 *,3 &5 7+* 5 *Y#8,* >#26 #- -+&>2 (7 EEk &5

7+* :*%#&3; ^+*2 7+#- #- $&4:(%*3 7& _#6=%* CJA >+#$+ #-

7+* )&%7#$#79 5 *,3 5&% 7+* %#6#3 >#26 (7 7+* -(4* 7#4*A ( $,*(%

3#55*%*2$* #- 5&=23;

_&% 7+* 5 *Y#8,* >#26 7+* ,*(3#26 *36* )&%7*Y #- 8*#26

5&%4*3 (23 7+* 7%(#,#26 *36* )&%7*Y #- %*,(7#)*,9 -4(,,A $(=-'

_#6=%* TV \*%#&3#$(, ()*%(6* &5 7+* =:>(%3 5&%$* 5&% 7+* 7+%**

>#26-;

_#6=%* ZV 0&%7#$#79 5 *,3 5&% 5 *Y#8,* >#26 (7 EEk &5 7+* :*'

%#&3;

#26 ( :&-#7#)* =:>(%3 5&%$*; / 3#55*%*27 -#7=(7#&2 #- 5&=23

5&% 7+* %#6#3 :#7$+#26 >#26; L*%* 7+* 5 %-7 ,*(3#26 *36* )&%7*Y

#- (,%*(39 -+*3 3=* 7& 7+* #27*%($7#&2 >#7+ 7+* ,*(3#26 *36*

)&%7*Y &5 7+* #2'-7%&?*A >+#,* 7+* 7%(#,#26 *36* )&%7*Y #- -7#,,

(77($+*3 (23 (,%*(39 ,(%6*% 7+(2 7+* &2* &5 7+* 5 *Y#8,* >#26;

Q=* 7& 7+#- 3#55*%*2$* 7+* 5 *Y#8,* >#26 :%&3=$*- ( -#62#5 $(27

(4&=27 &5 ,#57A >+#,* 7+* %#6#3 >#26 +(- ( 3#: #2 7+* =:>(%3

5&%$*; /7 ( ,(7*% -7(6* .(%&=23 GJk &5 7+* :*%#&31 7+* 5 *Y#8,*

>#26 -7(%7 7& ,&-* ,#57 3=* 7& 7+* 3*)*,&:*3 7%(#,#26 *36* )&%'

7*Y (23 -+*33#26 &5 7+* ,*(3#26 *36* )&%7*Y; L*%* 7+* %#6#3

>#26 :*%5&%4- 8*77*% 3=* 7& 7+* -+*33#26 &5 7+* 7%(#,#26 *36*

)&%7*Y (23 7+* 3*)*,&:4*27 &5 ( h2*>h ,*(3#26 *36* )&%7*Y;

L*%* 7+* $&4:,*Y 8*+()#&=% &5 #27*%($7#26 )&%7#$*- ,*(3- 7&

7+* 3#55*%*2$* #2 5&%$*-; <+* -+(:* &5 7+* >#26 3&*- +()* (

-#62#5 $(27 #25 =*2$* &2 +&> 7+* )&%7#$*- 3*)*,&: 3=%#26 7+*

5 (::#26 $9$,*;

5 ’CLAP-AND-PEEL’ MOTION

L&> 7+* h$,(:'(23':**,h 4&7#&2 #25 =*2$*- 7+* =:>(%3

5&%$* :%&3=$7#&2 (23 7+* )&%7*Y 3*)*,&:4*27 (23 -+*33#26A

#- -7=3#*3 89 $&4:(%#26 7+* %*-=,7- &5 7>& >#26- $,(::#26

(23 :**,#26 7&6*7+*% >#7+ 7+* %*-=,7- &87(#2*3 #2 7+* :%*)#&=-

:(%(6%(:+ =-#26 ( -#26,* >#26; <+* >#26 -+(:*- &5 7+* Q*,_,9

&87(#2*3 5%&4 7+* *Y:*%#4*27- (%* %*$&%3*3 3=%#26 7+* h$,(:'
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_#6=%* CJV 0&%7#$#79 5 *,3 5&% 7+* %#6#3 >#26 (7 EEk &5 7+*

:*%#&3;

(23':**,h 4&7#&2 (23 $(2 7+=- 8* =-*3 #2 7+#- -#4=,(7#&2; N2

_#6=%* CC 7+* h$,(:'(23':**,h 4&7#&2 #- #,,=-7%(7*3 89 4*(2-

&5 7+* >#26 -+(:*- &87(#2*3 5%&4 7+* *Y:*%#4*27-;

_#6=%* CCV hc,(:'(23':**,h 4&7#&2;

H9 (33#26 ( h-*$&23h >#26 4(?#26 7+* 4#%%&%*3 4&7#&2

7+* h$,(:'(23':**,h #- $%*(7*3 (- $(2 8* -**2 #2 _#6=%* CC;

<+#- $(2 (6(#2 8* 3&2* 5&% 8&7+ 7+* %#6#3 >#26 (23 7+* 5 *Y#'

8,* >#26; L&>*)*% 7+* /]U b()#*%'@7&?*- 4*7+&3 :%*-*27*3

*(%,#*% +(- 3#55 $=,7#*- >+*2 7>& 8&3#*- (%* 4&)#26 7&>(%3-

*($+ &7+*%; U-:*$#(,,9 >+*2 7+*9 (,4&-7 7&=$+ *($+ &7+*% 7+*

$*,,- 8*$&4* )*%9 -4(,,A >+#$+ #- =23*-#%(8,*; Q=* 7& 7+#-

7+* 4*-+ K=(,#79 $(22&7 8* :%*-*%)*3 (29 4&%*; H*$(=-* 7+*

h$,(:'(23':**,h 4&7#&2 &5 7+* 7>& >#26- #- -944*7%#$A ( -94'

4*7%9 :,(2* 7&6*7+*% >#7+ ( -#26,* >#26 :*%5&%4#26 7+#- 4&'
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ABSTRACT

Obtaining accurate aerodynamic characteristics of in-flight 

Micro Air Vehicles (MAVs) was viewed as difficult, due to the 

nature of very low Reynolds number, 3D complex flow, and 

strong influence from propulsion slipstream. This paper 

presents the study of the tailless, fixed-wing MAV, KuMAV-

001, performed at Kasetsart University. The team investigated 

different analysis and testing methods to determine the 

aerodynamics characteristics of this MAV. The Vortex Lattice 

Method was introduced in the conceptual design phase and 

helped with the evaluation of the 3D effects for winglet 

configurations. The wind tunnel tests with main wing and fully 

configured MAV were conducted for powered and unpowered 

models. The influence of propulsion-induced flows on CL, CD,

and CM(cg) was investigated during the wind tunnel testing. 

Verification of the performance results are to be completed 

with flight test data in the future.

1 INTRODUCTION

Micro Air Vehicles have been of interest for more than 10 

years. Many concepts have been realized and successfully 

flown for both military and civilian applications. This recent 

development has been made possible thanks to the progress 

in miniature size control systems. Originally aimed for 

outdoor missions, the MAV design in the last few years has 

also been tested for indoor flights. ISAE-Supaero initially 

incorporated an indoor mission to the international MAV 

flight competition in September 2007.   

A fixed-wing MAV is suitable for outdoor missions due 

to its high forward flight efficiency. This was successfully 

demonstrated by many fixed-wing MAVs, such as the 

BlackWidow, a flexible wing platform of the University of 

Florida and the MAVs from the University of Arizona. On 

the other hand, a rotorcraft MAV provides good hovering 

and low speed flight required in indoor missions. There 

have been various unconventional rotorcraft concepts: tri-

rotor, quad-rotor, coaxial rotor as well as flapping-wing 

type MAVs under continuing development. The famous 

DelFly [1] has outstandingly presented complex aero-

structure mechanism for miniature flying vehicles.  

Even with these achievements, more investigation and 

sophisticate test equipments are still necessary for 

understanding this difficult subject.  

Currently, multi-mission capabilities are of great interest. 

A new rotorcraft design has been studied and developed for 

a multi-mission UAV [2]. Many rotorcraft MAVs extend 

their task for outdoor missions and did reasonably well. In 

                                                          
! Email address: fengcpt@ku.ac.th 

the last few years, the rotorcraft concept has won over the 

fixed-wing configuration in both outdoor and indoor 

competition. Arguably, this accomplishment may have been 

the result of the limitation of the competition field size. 

Hence, the fixed-wing configuration could remain an apt 

option for outdoor assignments, particularly in high 

turbulence and unsteady flows [3].  

Multi-mission MAVs have also been studied in fixed-

wing configurations, particularly at the University of 

Arizona [4] and at the Institut Superieur de l’Aeronautique 

et de l’Espace (ISAE-Supaero) [5]. In Thailand, the market 

survey of UAV applications indicated that a fixed-wing 

configuration is more fitting to domestic requirements, 

which include real-time observations of forest, traffic, 

electrical lines and pipes. The Department of Aerospace 

Engineering (AE), Kasetsart University (KU) initially 

started working on a fixed-wing MAV design in 2009 with 

a primary focus on aerodynamics.  

Aerodynamic characteristics are significant to the 

improvement of MAVs’ performance and capacity. At very 

critically low Reynolds numbers, MAVs’ flight efficiency is 

comparatively poor. Strong three-dimensional flow of 

extremely low aspect ratio wings introduces more difficulty 

to the prediction of their aerodynamic characteristics. 

Furthermore, there are strong flow interactions between 

propulsion system, wing and airframe. Many studies have 

been focusing on the effects of propulsion slipstream on the 

aerodynamics of MAV wings. Longitudinal aerodynamic 

characteristics affected by propellers have already been 

extensively investigated [6,7]. Favorable or unfavorable 

results of the interaction highly depend on the installation 

angle of the propellers. As displayed in MITE MAV, the 

strong wingtip vortex of the very low aspect ratio wing is 

suddenly reduced when a propeller was placed at wingtip. 

Shkahavey et al. [8] empirically predicted thrust 

requirement for hovering and level flight of their first 

VTOL MAV by considering additional drag induced by 

propulsion. In this design, a wing is divided into two parts; 

the central part submerged in the propeller-induced 

slipstream and the external part influenced by freestream 

only.  

At present, the numerical methods are not sufficiently 

reliable to determine accurate aerodynamic coefficients and 

often require wind tunnel testing for validation. However, 

there are very few experimental data of low Reynolds 

number MAVs unlike larger air vehicles. Both force and 

speed are relatively small and difficult to measure. To 

obtain correct aerodynamic characteristics, extremely 

developed facilities, such as those at the University of 

Aerodynamics Study of Fixed-Wing MAV: 

Wind Tunnel and Flight Test 
C. Thipyopas and N. Intaratep 

Department of Aerospace Engineering, Faculty of Engineering, Kasetsart University               

50 Phaholyothin Rd., ChatuChak, Bangkok 10900, Thailand 
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Florida [9] and the ISAE [10], are necessary. The wind 

tunnel tests are certainly helpful for the study of low 

Reynolds number problems as seen in many publications. 

However, such experimental work has not always yielded 

results corresponding to real-flight characteristics. The 

study of Watkins [11] exhibited large variations in the real 

environment flow where highly turbulent and unstable flow 

was observed. With no conclusion on the best method to 

predict aerodynamics characteristics of MAV, the wind 

tunnel test results then should be compared with other 

methods. Flight test is one solution used by Ostler [12] to 

study aerodynamic characteristics of a flying wing in 

leveled flight. Longitudinal aerodynamic coefficients were 

calculated from flight data. 

The present paper describe methods for obtaining the 

longitudinal aerodynamic characteristics of the tractor-

propulsive fixed-wing KU-MAV001. These methods 

include a simple Vortex Lattice Method, a small-scale wind 

tunnel test, a flying-scale wind tunnel test with and without 

propeller, and a flight test.  

2 KUMAV-001: CONCEPTUAL DESIGN AND PROTOTYPE 

The team at Kasetsart University started working with a 

fixed-wing MAV. Due to a lack of experience and research 

equipments for low Reynolds number aerodynamic testing, 

the monoplane wing studied by the Arizona State University 

(ASU) [13] was selected as a baseline model to compare 

results. The KU design consists of propulsive tractor and 

elevon configuration as is most often found in MAVs. A 

relatively larger size wing with a span of 50 cm was selected 

since local commercial components and experienced pilot 

were not available for smaller size air vehicle. Estimated 

mass is around 500 grams. As a result, the model of ASU is 

scaled up 3 times to obtain a wing span of 45 cm. A 

fuselage was added to a thick airfoil E212 cross section to 

allow for practical center of gravity (CG) arrangement. The 

mission requirement was set with a flight speed of 7 to 15 

m/s and minimum endurance of 20 minutes. Finally, the 

Paparazzi System developed by ENAC team 

[http://paparazzi.enac.fr/wiki/Main_Page] was chosen for 

the autopilot version. A summary of design configuration is 

mentioned in Table 1. 

Table 1: KUMAV-001 design configuration 

Parameter  Parameter  

Airfoil E212 Max.Thickness 10.55%c 

Root chord 45 cm Tip chord 39 cm 

Aspect ratio 1.07 Span 45 cm 

LE Swept 17deg Dihedral 0 deg 

Aerodynamic 

Center

22% Cr = 10cm 

LEr

Center of 

gravity

7.5% = 7cm LEr

Control surface 20% LEr = 9cm Flight Speed  7-15m/s 

The CG location and the size of the control surfaces were 

achieved using the Vortex Lattice Method. The Tornado

program [http://www.redhammer.se/tornado/] gave the 

aerodynamic center at 10cm from the leading edge on the 

wing root chord (LEr). The CG position was then marked 

forward at 7cm (static margin of 7.5%). The control 

surfaces chord length of 20% of the root chord  was selected 

to minimize drag at a cruise speed of 10 m/s and with no 

power.

By this point, all components and their weights were 

known except for the propulsion system. The propulsion set 

was estimated from the Qprop program 

[http://web.mit.edu/drela/Public/web/qprop/]. Various on-

shelf propellers with diameters of 15.2 to 22.9cm were 

calculated and compared. The two main design constrains 

for the propulsion system were being the most efficient at 

the cruise speed (10m/s) and able to reach maximum speed 

of 15m/s with a suitable rotational speed. Hovering ability 

was also considered in the calculation but finally not taken 

into account. Four best candidates ended up being the  APC 

6x4, 7x4, 7x5, and 8x4. Their efficiencies were on the order 

of 0.43-0.55. The thrust results from Qprop were in good 

agreement with the static test results, but torque was under 

predicted. Comparison plots are presented in Appendix A. 

Finally, an RC version of KuMAV-001 illustrated in 

Figure 1 was fabricated by hotwire-cut foam. The total 

weight was 550 grams (including a three cells lipo-battery 

has capacity of 1300 mAh).  

Figure 1: KuMAV-001. 

3 MODELS AND EQUIPMENTS

3.1 Models 

This section provides detailed descriptions of the two 

wind tunnel models investigated in this study. Each model 

has its own studying objectives.  

Figure 2: Wind tunnel model for winglet study. 

3.1a) Half-scale wing model: This model was designed 

to study the effect of winglets on wing performance. The 

lateral characteristics were observed by a 6-components 

balance. The main wing was made of foam covered by 

composite material for rigidity. The planform dimensions 

were half scale of those shown in Table 1. Different winglet 

parameters, including winglet span, cant angle, leading edge 

sweep angle, and leading edge location as illustrated in 
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Figure 2, were designed by the Vortex Lattice Method and 

evaluated by wind tunnel testing. 

3.1b) Full scale and flying model: This model was 

primarily used for flight testing. Longitudinal characteristics 

were determined by wind tunnel testing using a 3-

component balance and were then compared to flight data. 

The model is the same one as presented in Figure 1 of 

section 2. 

3.2 Force Measurement Systems (for Wind Tunnel Test) 

As described in section 3.1, there were two force balance 

setups used in this study: one for the half-scale model and 

one for the full-scale model. Both force balance were not 

designed for very low Reynolds number testing, yet they 

were the only equipment available in the Department. 

3.2a) 6-component balance: The lateral effects of 

winglets were of primary interest for this study. The 

aerodynamic characteristics of the half-scale model were 

measured using a balance equipped with an ATI 6-

component Force/Torque sensor (DALTA model) at its 

base, as illustrated in Figure 3. The measurement ranges 

were "330N for axial and side force with "990N for normal 

force. The moment capacity was "30Nm. The balance was 

installed on a turn table under the test section so as to vary 

the yaw angle.

A two-strut mounting system was used to provide support 

for the model as well as a mechanism for changing the angle 

of attack. The model weight was carefully observed and 

subtracted from the test results.  

Figure 3: 6-component balance and set up of the half-scale model. 

3.2b) 3-component balance: To simulate level flight 

conditions, the flying model was supported by a single strut 

at the CG position. This location was selected to minimize 

any additional error arising from the force-moment 

translation. Lift, drag, and pitching moment were obtained 

directly by a pyramid balance outside the test section. The 

balance and angle of attack adjustment system using the turn 

table are shown in Figure 4. The maximum capacities were 

"500N and "50 Nm for force and moment respectively. The 

accuracies of the balance were 1N and 0.5Nm.   

3.3 Closed-Loop Wind Tunnel 

Kasetsart closed-loop wind tunnel has a test section of 

1m×1m×3m (W×H×L). A contraction ratio of 4 results the 

maximum speed of 60 m/s generated by a 2m-diameter fan 

with maximum power consumption of 75kW. The highest 

speed presented in this study was only 15m/s. The layout of 

the wind tunnel is displayed in Appendix B. The current 

equipment of the facility did not allow for measurements of 

the turbulence intensity. Wind speed was measured by a 

Pitot-static tube installed in front of the model and a digital 

manometer with an accuracy of 5Pa.   

 Figure 4: 3-component balance and test set up of the full-scale model.

3.4 Propulsive Measurement 

Due to the uncertainties in the results obtained from 

Qprop, the propulsion sets were tested for both static and 

dynamic performances. An in-house propulsive test bench, 

using 6N-load cell, was designed to measure thrust and 

torque. Future improvements of the test bench will include 

the measurement of other force and moment components 

will for characterizing propeller performance at various 

angles of attack. The schematic of the test bench and 

equipments are presented in Figure 5. The set up included a 

DC power supply of 30A and 15V max capacity, RC 

commercial brushless motor speed counter, RC transmitter, 

digital volt meters, and a National Instruments NI A/D 24 

bits converter. The motor was rated at 11.5Vand powered 

by three battery packs. The measurement parameters 

included the speed of the propeller (RPM), current (Amp), 

voltage (Volt), torque (N.m), and thrust (N). Thrust and 

torque were obtained by averaging 500 samples measured at 

500Hz.

Figure 5: Propulsive Measurement System. 

4 METHODOLOGY

4.1 Preliminary Calculation by Vortex Lattice Method 

The preliminary estimations of the aerodynamic 

characteristics for the KuMAV-001 were obtained from the 

Tornado code. Although the code was not designed for very 
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low Re flow, the results were acceptable for conceptual 

design of aerodynamic center, control surface efficiency, 

and other aerodynamic derivatives at small angle of attacks. 

The results of these estimations were used for the design of 

the first prototype mentioned in the section 2.  

The code was also used to study the effects of winglets. It 

gave the preliminary analysis of the winglet configurations, 

illustrated in Figure 2, used to minimize the number of wind 

tunnel models.  

4.2 Wind Tunnel Test Low Reynolds Number Wing 

After successfully obtaining the prototype design from 

the Vortex lattice Method, the half-scale wing model was 

tested in the wind tunnel to characterize the effects of 

winglets on the main wing longitudinal and lateral 

behaviors. Three winglet models detailed in Table 2 were 

studied.  

The first winglet model was based on the characteristics 

designed and simulated by ASU. Another two winglet 

models were selected from Tornado’s results. The 2nd

winglet model (s60_c60) gave the highest maximum lift-to-

drag ratio (L/D) while the 3rd winglet model (s60_c30) had 

the best lateral stability. The wing model with the winglet 

s60_c60 is presented in Figure 6. 

Table 2: Half Scale Test Model. 

Winglet shape Model 

No

Winglet 

8B S60_c60 S60_c30 

Airfoil - Flat plate Flat plate Flat plate 

LE-Swept angle - 26.6 deg 60 deg 60 deg 

LE-Location - 25.2% c 25.2% c 25.2% c 

Span - 16.9% c 16.9% c 16.9% c 

Cant angle 

(from vertical) 

- 0 deg 60 deg 30 deg 

Figure 6: Half Scale wing model with winglet s60_c60. 

4.3 KuMAV-001RC’s Flight Test 

As previously mentionned in section 2, the first RC-

prototype of the KuMAV001 was build and tested. The first 

flight was performed with the APC8x6 propeller. Due to 

limited experience in flying a very low aspect ratio wing 

model, the flight test did not initially achieve all the 

objectives. The torque from the propeller was too high for 

our pilot to control. Winglets were consequently added the 

damp the rolling motion. The winglets had a 10cm span 

with a length of 30cm.  

The second attempt completed with an endurance of 10 

minutes. The third flight was tested by changing the 

propeller to the APC7x4 model without winglet. This model 

flew but unstable roll was still an issue.  

The addition of the smaller winglets to the same APC7x4 

propeller resulted in the first fully successful flight of the 

KuMAV-001RC . 

4.4 Finding Propulsive Characteristics 

To evaluate the propulsion performances, the static and 

dynamic thrusts of a set of propellers (APC8x4, APC7x5, 

APC7x4 and APC6x4) were measured using the propulsive 

test bench mentioned in section 3.4.  

Thrust and torque of motor-propeller were recorded at 

different motor speeds, controlled by a radio transmitter 

sending the PWM signal to the propulsive system. Other 

parameters measured included motor speed, voltage and 

current.

Dynamic thrust of selected propeller was also 

investigated in the wind tunnel at the freestream, velocities 

of 5, 7.5, and 14.5 m/s. Although propulsive characteristics 

would change when a propeller was at incidence [14], the 

current set up has only been studied at zero degree AoA (the 

propeller disc was normal to freestream flow). The impact 

of the propeller incidence should be small as long as the 

angle of attack is less than 20 degrees. The picture of the 

dynamic thrust test bench used in the wind tunnel is 

illustrated in Figure 7a. 

    a.Dynamic Thrust Test                 b.WT-Equilibrium Flight Test 

Figure 7: Wind tunnel test of propeller and full scale model 

4.5 Equilibrium Test of Powered MAV: Wind Tunnel 

Due to the difficulty and low accuracy of the 

measurement system for the in-flight test, a wind tunnel 

experiment was conducted at wind speeds of 5, 7.5, and 

14.5 m/s to validate the results. The wind tunnel tests were 

performed with the real flight RC-model equipped with the 

APC7x4 propeller as presented in Fig. 7b. Both 

configurations (the models with and without winglets) were 

investigated. The equilibrium points (or trim point) for level 

flight were run at the same wind speeds of 5, 7.5, and 

14.5m/s. The throttle, AoA, and elevon setting were 

adjusted in order to reach zero pitching moment and 

minimum drag at a fixed wind speed.  

The drag correction from the strut effects was performed 

in real time during the measurements. One of the advantages 

of the wind tunnel tests is that they generated several data 

points for different lift configuration while for the flight 

test, the weight of the model was rather constant or hardly 

modified (primarily by changing the battery size). In this 

test, the lift forces of 300g to 500g were produced in the 

wind tunnel. All necessary parameters were collected 

including lift, motor speed, motor electrical data, AoA, and 

approximated elevon deflection angle. 
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4.6  Traditional Wind Tunnel Test on Unpowered MAV 

The wind tunnel testing of the unpowered full-scale 

model was carried out at the same speeds of 5, 7.5, and 14.5 

m/s. At each wind speed, a full polar curve with AoA 

between 0 and 36deg were produced. Also, the effects of the 

control surfaces on the aerodynamic characteristics were 

carefully observed at full deflection using an RC transmitter 

control. 

4.7 Equilibrium Test of Powered MAV: In-Flight 

The second flight model was fabricated with the same 

material and method as the RC model. At this point, the test-

flight is scheduled to include a Paparazzi system (PZ), with 

the normal TWOG system. Due to some shipping delay for 

the PZ system, the test-flight phase is still in progress. 

However, the PZ system was successfully tested inside a 

1m-span conventional airplane model as illustrated in Figure 

8.

The procedure consists in flying the KuMAV-001AT at 

constant level through two points A and B separated by a 

distance of 500m and observing the data during the flight. 

At each speed, 10 flights are performed and results are 

consequently averaged to determine the longitudinal 

aerodynamic characteristics. Now that the PZ system has 

been validated, the flight test is expected to be completed 

soon.

Figure 8: Flight trajectory of Paparazzi system done by conventional plane. 

4.8 Result and Data Correction 

Two corrections were required for the wind tunnel test 

data. The first one was a wind tunnel correction due to wall 

effect. The standard blockage and wall correction of Barlow 

et al. [15] was applied to the primary data, with a particular 

focus on the change in AoA. For the equilibrium test in the 

wind tunnel, the propulsive force or thrust (T) was 

subtracted out to determine the exact wing aerodynamic 

characteristics. The equilibrium level flight is detailed in 

Equations 1-3 from which the CL, CD, and CM of MAV can 

be calculated. 

(1)        0  D  )Tcos(   Fx #$#% &:0

(2)        0  mgL  )Tsin(   Fz #$$#% &:0

(3)        0  M  zT   M cgy #$#% :0

In Eq. (1-3), L, D, M, m, g and &!are respectively the lift, 

drag, pitching moment, mass, gravitational acceleration and 

AoA,.  Since the thrust vector was aligned with the wing 

chord line, the distance z is equal to zero. 

5 RESULTS AND COMPARISON

5.1 Comparison with ASU model 

The lift coefficients for the half-scale model without 

winglet are comparable to the numerical values produced by 

ASU (Figure 9). Both results have similar lift-curve slopes. 

The wind tunnel results appear to have some non-linearity 

in the lift curve slope possibly due to some uncertainty in 

the angle of attack.

Figure 9: Comparison of CFD and Wind Tunnel Test. 

5.2 Effect of winglet 

The effects of the winglets on the half-scale model 

performance and stability were studied in the wind tunnel at 

Reynolds numbers between 150,000 and 250,000. 

Longitudinal static stability does not appear to be influenced 

by the winglets. Figure 10 shows however that the static 

lateral stability is clearly affected. The most stable model is 

the 8B model due to its cant angle of 0 deg and to the fact 

that the vertical projection of the winglet area behind the 

aerodynamic center is greater than for other models. 

Figure 10: Effect of winglet on lateral static stability. 
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Winglets also have a strong effect on L/D. They are 

usually found to increase the lift curve slope and drag. 

Considering the L/D plot shown in Figure 11, the winglets 

do not appear to improve the wing aerodynamic 

performance. On the contrary, they seem to reduce the L/D 

of the MAV wing. 

Figure 11: Effect of winglet on L/D. 

5.3 Thrust results 

Propulsive force measured by load cell is presented in 

Figures 12 and 13. Thrust is plotted against the electric 

input power consumption in order to determine the most 

efficient propulsive system. The APC 6x4 and 7x4 

propellers produce the best efficiencies. Comparison 

between these two propellers reveals that the APC 7x4 is 

able to provide higher maximum thrust. Since this propeller 

has also already been tested in the RC flight test, it was 

selected for the next step of the project. 

 
Figure 12: Static Thrust of Propeller APCs. 

 
Figure 13: Dynamic Thrust of Propeller APC 7x4 

The dynamic thrust results are used in the thrust 

prediction of the powered MAV model. Dynamic thrusts for 

the APC 7x4 propeller at wind speeds of 5.5, 7.5, and 14.5 

m/s are plotted as a function of propeller speed. In Figure 

13, dynamic thrust is plotted for Reynolds numbers of 

140000, 190000, and 360000, corresponding to the speeds 

of 5.5, 7.5, and 14.5m/s respectively. The data was fitted 

with polynomial functions to extract the variation of the 

dynamic thrust with propeller speed. Such analysis were 

also performed as function of the input current but is not 

presented here. It will be however used to present with the 

flight test results. 

5.4 Full Scale Result 

This project also plans to test full-scale flight model in 

both by wind tunnel and free flight environments. Due to 

some delay in obtaining the flight control system, the data 

presented in the current study pertains only to the wind 

tunnel test. The flight test results will be published at a later 

date. 

 
Figure 14: Lift Coefficient of Full Scale Model. 

 
Figure 15: Drag Coefficient of Full Scale Model. 

Figure 16: Pitching Moment Coefficient at C.G. of Full Scale Model. 

CM
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The results for lift, drag, and pitching moment of the 

model without winglets are presented in Figures 14-16. CL,

CD and CM(cg) of powered and unpowered models are 

computed and plotted. Firstly, the Reynolds number effects 

are clearly revealed by the results of unpowered model as 

the lift curve slope increases with Re. Stall angle is 

consistently at about 28 degrees. Comparing the lift 

coefficient of the powered and unpowered models at high 

Re and low AoA shows that the CL of the powered model is 

slightly lower than that of the unpowered model. The 

difference increases with decreasing Re and increasing 

AoA. These results clearly highlight the effects of 

propulsive induced flow on the main wing aerodynamic 

characteristics.

Figure 17: Schematic of Propulsive Induced Flow Vector. 

Following the nomenclature presented in Figure 17 [16], 

an MAV is assumed to be flying from right to left with a 

speed V and at the AoA of &!deg. Without propeller, lift and 

drag are represented by the thick orange arrows. When the 

propeller is introduced, thrust T is then produced (tractor 

propeller in this configuration). According to momentum 

theory, induced velocity w is obtained by Equation 4. 

(4)      2)] cos(a [VA)]/( [(2T)w $# '

Therefore, the resultant velocity vector acting on the main 

wing is V ' and the local AoA is &!(!as illustrated. There are 

2 main effects of propulsive-induced flow which directly 

impact the aerodynamic characteristics: the reduction of 

local AoA (from &!to &!(!) and the increase of the local 

speed (from V to V ') resulting in the modified local lift and 

drag L' and D' respectively. Finally, the lift and drag force 

on the MAV must be a projection vector product of L' and 

D' to (X and Y), the freestream aerodynamic axes with an 

angle of )&*&!(+!.! The larger local velocity enhances the 

aerodynamic coefficients while the reduction of the local 

AoA degrades them. However, according to Figure 14, CLs

decreased due to the effects of propulsive-induced flow as a 

result of the reduction in the local AoA rather than the 

increase of the local velocity.

Drag coefficient results shown in Figure 15 have no clear 

tendency except at the lowest Re. For high Re, the CD of the 

powered model is just slightly less than that found in the 

unpowered model, but it is higher at the lowest Re. At the 

high speed, the enhanced velocity behind the propeller is 

negligible compared to that at low speed. Therefore it 

appears that the increment of drag force from induced speed 

is low. 

Consider now a regular curve of CD vs AoA. CD changes 

very little at very low AoA (parabola curve). Thus, the 

reduction of local AoA induced by the propeller does not 

present in the CD curves. On the other hand, at high AoA 

and low flight speed, the propeller flow strongly affects CD

on both AOA and local velocity account which may 

compensate each other. However, the sum of drag also 

includes the component of L' as the local AoA changes. 

Consequently, additional (‘propulsive’ induced) drag is 

presented on the model. The net effect is the same for the 

pitching moment presented in Figure 16. Hence, more 

accurate measurements of the force and local flow speed 

behind the propeller are necessary to obtain a clear picture 

of the flow behavior at each flight speed. Hopefully, the 

flight test results will provide an insight and confirm the 

wind tunnel data. 

6 CONCLUSIONS

This paper presents the development of Micro Air 

Vehicles (MAVs) at the Department of Aerospace 

Engineering, the Faculty of Engineering, Kasetsart 

University, Bangkok, Thailand. The 45cm-span fixed-wing 

MAV named KuMAV-001 was designed and studied. The 

wing model was based on the study of the Arizona State 

University (ASU).  

Aerodynamic characteristics of KuMAV-001 were 

investigated through several methods including an 

estimation by the Vortex Lattice Method from Tornado

code, half-scale and full-scale wind tunnel tests, powered 

model wind tunnel tests, and data from flight test.  

New experimental facility was designed and constructed 

to examine the propulsive characteristics. The Qprop code 

was used to validate the measurements. Dynamic thrust of 

various propellers was also measured in a 1m×1m test 

section wind tunnel. The effects of different winglets were 

evaluated by half-scale wind tunnel testing using 6-

component force balance to evaluate lateral characteristics 

as well as longitudinal characteristics. The results were then 

compared with that provided by ASU.  

A full scale model was fabricated and tested in both free 

flight and in a wind tunnel. In the wind tunnel test, the 

measurement for the full scale model was performed using a 

3-component longitudinal force balance. The test was 

conducted to simulate level flight conditions; pitching 

moment = 0 and result drag force = 0. An unpowered model 

was also built and tested for conventional aerodynamic data. 

 Due to the propulsive induced flow effects on the central 

part of model, local angle of attack and velocity were 

modified. This phenomenon explains the difference in the 

longitudinal aerodynamic characteristics between powered 

and unpowered models. A method by McCormick on the 

propulsive induced effects was offered as an explanation for 

the difference between the wind tunnel results of powered 

and unpowered models. However some of this difference 

may also be the result of errors introduced by the accuracy 

of facility and measurement system. 

7 ON-GOING EFFORTS

MAV activity is just starting at Kasetsart University. But 

the success of the current study highly motivates team 

members and students. Students suddenly got an 

opportunity to apply what they had learned from their 

classes while discovering an entertaining new field. The 
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MAV study is continuing since it is very attractive and a 

field of great potential in Thailand. 

The work is now focused on the development of new 

multi-mission platforms aimed at using new MAV in forest 

and city environment. VTOL and low speed flight capacity 

are very necessary for such areas. New propulsion system 

with better capabilities for forward and hovering flights will 

be researched as well as the study on optimizing propeller-

wing interaction. Active morphing wing with propulsive 

interaction will be another interesting option to improve 

flight performance. A new sensor for non-GPS environment 

will be studied as inter-departmental research projects. The 

Department of Aerospace Engineering at Kasetsart 

University will welcome any cooperation in MAV research 

and education. 
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APPENDIX A: WIND TUNNEL SCHEMATIC

APC 6x4: Result of Qprop is compared with the experimental test result. 

Qprop well predict static thrust but it is not good for calculate the torque of 

motor-propeller. 

APPENDIX B: WIND TUNNEL SCHEMATIC

Figure A: Closed-loop low speed wind tunnel of Department of Aerospace 

Engineering, Kasetsart University at Sriracha Campus. 
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ABSTRACT

A model for Micro Air Vehicles (MAV) propeller performance 

evaluation is proposed and investigated. This model is derived 

on the basis of simple analytical relationships and is examined 

on a set of experimental data. It allows to predict the main 

propeller characteristics (for example, thrust coefficient, power 

coefficient, efficiency as functions of advanced ratio) and gives 

the method for investigation of the powerplant as whole at the 

stage of preliminary design. 

1 INTRODUCTION
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_#6=%*!GV!U55#$#*2$9!(-!5=2$7#&2!&5!(3)(2$*3!%(7#&!5&%!H,($?!^#3&>!

:%&:*,,*%!(7!)(%#&=-!5%**!-7%*(4!)*,&$#7#*-!

3 THRUST COEFFICIENT

I2*!$(2!-**!5%&4!7+*!6%(:+-!&5!CT.λ1!.#2!_#6=%*-!C!(23!FA!
5&%! *Y(4:,*1! 7+(7! 7+*%*! *Y#-7! 7>&! $+(%($7*%#-7#$! %*6#&2-! &5!

CT.λ1;! b*(%! 7+*! M*%&! )(,=*-! &5! 7+%=-7! $&*55#$#*27! 7+*!
3*:*23*2$*!CT.λ1!#-!,#2*(%V!

(1)    CTeCTJ'CCλ,!
>+*%*!CTJ!(23!CC!(%*!-&4*!$&*55#$#*27-;!

_&%!7+*!:%&:*,,*%!>#7+!%(7+*%!+#6+!8,(3*!#2$,#2(7#&2!(26,*-!

2*(%! 7+*!M*%&!(3)(2$*3! %(7#&!)(,=*-! 7+*! 7+%=-7!$&*55#$#*27! #-!

2*(%,9! $&2-7(27! .#7! $(2! 8*! *Y:,(#2*3! 89! 5,&>! -*:(%(7#&2! &2!

7+*!8,(3*!(7!+#6+!(26,*-!&5!(77($?1;!

<+*! 5#%-7! %*6#&2! #-! 4&%*! #27*%*-7#26! #2! 7+*! $(-*! &5! +#6+!

*55#$#*2$9!%*K=#%*4*27-;!<+*!-*$&23!%*6#&2!#-!&5!#27*%*-7!5&%!

7+*!+&)*%#26!4&3*;!

<+*! 8*+()#&%! &5! 7+*! 6%(:+! #2! 7+*! 5#%-7! %*6#&2! $(2! 8*!

*Y:,(#2*3! 7+*&%*7#$(,,9;! ]*7h-! $&2-#3*%! (! -4(,,! :(%7! &5!

:%&:*,,*%! 8,(3*! .:%&5#,*1! (7! 7+*! 3#-7(2$*! r! 5%&4! 7+*! (Y#-! &5!

%&7(7#&2;! N5! 7+*! (26=,(%! )*,&$#79! #-! ω,! 7+*2! 7+*! %&7(7#&2(,!
)*,&$#79!&5!7+*!:%&5#,*!$&2-#3*%*3!#-!ωr;!!
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!

!

!

!
_#6=%*!OV!/26,*-!&5!α!(23!β!3*5#2#7#&2!5&%!7+*!:%&:*,,*%!8,(3*!:%&5#,*!(7!

3#-7(2$*!r!5%&4!7+*!(Y#-!&5!%&7(7#&2;!

!

N5!7+*!:%&5#,*!#-!(7!7+*!(26,*!β!>#7+!%*-:*$7!7&!7+*!:,(2*!&5!
%&7(7#&2!.(26,*!&5!#2$,#2(7#&21!.-**!_#6=%*!O1A! 7+*2!7+*!(26,*!

&5!(77($?!α!5&%!7+#-!:%&5#,*!#-!

( )EE
. 1 (%$-#2

V
r

V r
α β

ω

 
 = −
 + 

;!

N5!V�ωrA!7+*!,(-7!5&%4=,(!$(2!8*!-#4:,#5#*3!7&!

( )EE

. 1
V

r
V r

α β
ω

= −
+

;!

@&A!7+*!7+%=-7!&5!7+#-!:%&5#,*!3T!#-!

( )

( )
( )

EE

EE

EE

. 1

. 1
E

L

V
dT C r

V r

V r r
b r dr

V r

α β
ω

ω ω
ρ

ω

 
 = − ×
 + 

+
×

+

;!

/-!V�ωrA!&2*!$(2!>%#7*!7+#-!*Y:%*--#&2!(-!

( )E E. 1 . 1 . 1
E

LdT C r b r r dr Vb r rdrα ρ
ω β ω= − ;!

_%&4!7+#-!5&%4=,(!&2*!$(2!&87(#2!

(2)!!!

CE
E

J

C

. 1 . 1
T

T LC C r b r r drαπ
β

−

= ∫ A!

(3)!!!

C

C

C

. 1
T

LC C b r rdrαπ

−

= ∫ A!

>+*%*!,*77*%-!>#7+!&)*%,#2*!(%*!3#4*2-#&2,*--!>#7+!%*-:*$7!7&!

7+*!:%&:*,,*%!%(3#=-!R;!

I2*! $(2! (,-&! 7(?*! #27&! ($$&=27! 7+*! 3%(6! 5&%$*! &2! 7+*!

:%&5#,*;!N5!7+*!3%(6!5&%$*!$&*55#$#*27!(7!M*%&!,#57!5&%!:%&5#,*!#-!

CDJ! A! 7+*!:%&X*$7#&2!DT!&5!)#-$&=-!3%(6!5&%$*!&2!7+*!(Y#-!&5!

7+%=-7!$(2!8*!*Y:%*--*3!(-!
C

E G

J

C

. 1
T

T DD n d C b r rdr
−

= ∫
π

ρ λ ;!

c&%%*-:&23#26!$&*55#$#*27!CCD!#-!
C

C J

C

. 1
T

D DC C b r rdr
−

= ∫
π

;!

/--=4#26! 7+(7! CDJ! #-! (8&=7! J;JF! (23! CL
α
! #-! (8&=7!

Eπ (7+*&%*7#$(,! %*-=,7! 5&%!EQ! 5,(7!:,(2*)A! 7+*!)(,=*!&5!CCD! #-!
(8&=7! J;Ok!&5!CCA! (23!CCD $(22&7!8*! 7(?*2! #27&!($$&=27!(7!

7+*!5#%-7!(::%&Y#4(7#&2;!

<+*!,(-7!*Y:%*--#&2!(23!5&%4=,(!.F1!-+&>!7+(7!$&*55#$#*27!

CC! 4=-7! 8*! :%($7#$(,,9! 7+*! -(4*! 5&%! 7+*! -*%#*-! &5! :%&:*,,*%!

>#7+! 7+*!-(4*!b.r1!8=7!)(%#&=-!β.r1;!"&%*&)*%A! 5%&4!.F1!CC!
4=-7!8*!*K=(,!5&%!(,,!7+*!:%&:*,,*%-!>#7+!7+*!-(4*!)(,=*!&5!

C

C

. 1LC b r rdr
−
∫

α
!!

Q(7(! 5%&4!BCDA! BEDA! BGDA! BOD!-+&>!7+(7! 5&%!-4(,,!)(,=*-!&5!

C<!7+#-!5($7!#-!)(,#3!>#7+#2!7+*!*Y:*%#4*27(,!*%%&%-;!

UY:%*--#&2-!.E1'.F1!(,,&>!2&7!&2,9!7&!*Y:,(#2!7+*!8*+()#&%!

&5!!CT.λ1A!8=7!(,-&!7&!&87(#2!7+*!)(,=*-!&5!CTJ!(23!CC!5&%!7+*!

6#)*2! β.r1A! b.r1! (23! :%&5#,*! -+(:*;! @&A! &2! 7+*! &7+*%! +(23A!
7+*-*! 5&%4=,(-! $(2! 8*! )*%#5#*3! =-#26! 7+*! *Y:*%#4*27(,! 3(7(!

5&%!:%&:*,,*%-;!

<+*! )*%#5#$(7#&2! >(-! 4(3*! 89! (=7+&%-! 5&%! (! -*7! &5!

:%&:*,,*%-! 5%&4! jNjc! 3(7(8(-*! BOD;! L*%*A! 6*&4*7%#$(,!

:(%(4*7*%-!.β.r1A!b.r11!(23!*Y:*%#4*27(,!3(7(!&5!/\cA!a^@A!
`9&-+&A! g%(=:2*%! (23! "(-7*%! /#%-$%*>! :%&:*,,*%-! $(2! 8*!

5&=23;! <+*! 7>&! :%&8,*4-!>*%*! 7+*! (8-*2$*! &5! #25&%4(7#&2!

&2! 7+*!:%&5#,*! -+(:*!&5!:%&:*,,*%!s$+&%3-t!(23! 7+*!)(,=*!&5!

CL
α
! 5&%!:%&5#,*;!@&A!#7!>(-!(--=4*3!7+(7!7+*!$=%)(7=%*!&5!7+*!

:%&5#,*!$&%%*-:&23-!7&!7+*!(33#7#&2(,!(26,*!&5!(77($?!&5!J;JO!

%(3#(2-! .yF
J
1;! /-!CL

α
! #-! #2! 8&7+! 5&%4=,(-! 7+*2! 7+*! %(7#&! &5!

CTJdCC! #-! #23*:*23*27!&5!CL
α (23!$&%%*-:&23-! 7&!λ! 5&%!M*%&!

7+%=-7! $&*55#$#*27! .3*2&7*! #7! (-!λ0
1;!/2(,9-#-! -+&>-! 7+(7! 5&%!

7+*!:%&:*,,*%! *Y(4#2*3! 7+*! 7+*&%*7#$(,! )(,=*! $&#2$#3*-!>#7+!

7+*!*Y:*%#4*27(,!3(7(!6&&3!*2&=6+A! 7+*!*%%&%-!(%*! ,*--! 7+(2!

Ok;! /,-&A! #7! >(-! 5&=23! 7+(7! 5&%!CL
α
eO! 7+*! 7+*&%*7#$(,! (23!

*Y:*%#4*27(,!3(7(!&5!CT!$&#2$#3*!>#7+!6&&3!($$=%($9;!

N7!-+&=,3!8*!4*27#&2*3!7+(7!7+*!$&4:(%#-&2!&5!7+*&%*7#$(,!

(23! *Y:*%#4*27(,! 3(7(! >#7+! 7+*! %*-=,7-! 5%&4! :%&6%(4!

\%&:c(,$! BRD! -+&>-! 7+(7! 7+*! 7+*&%*7#$(,! :%*3#$7#&2-! (%*! 2&7!

>&%-*! 7+(2! 2=4*%#$(,! $(,$=,(7#&2! 5%&4! \%&:c(,$A! 8=7! &2,9!

5&%!7+*!%*6#&2!&5!,&>!CT!)(,=*-;!

/,-&! &2*! $(2! -**! 5%&4! 7+*! 6%(:+! #2! _#6=%*! C! 7+(7! 7+*!

)(,=*-! &5! λ0
! 5&%! M*%&! 7+%=-7! (%*! 2*(%,9! :%&:&%7#&2(,! 7&! 7+*!

(26,*!&5! 8,(3*! #2-7(,,(7#&2;! !<+#-! 5($7! #-! )*%9!=-*5=,! 5&%! 7+*!

-7(6*!&5!7+*!:%*,#4#2(%9!(#%$%(57!3*-#62!(-!#7!$(2!+*,:!7&!5#23!

7+*! 8*-7! :%&:*,,*%! %(7+*%! K=#$?,9;! <+*! (8&)*4*27#&2*3!

:%&:&%7#&2(,#79! 8*$&4*-! *)#3*27! #5! >*! ,&&?! (7! 7+*!

*Y:%*--#&2-! 5&%! CTJ! (23! CC;! /-! CC! #-! #23*:*23*27! &5! 7+*!

(26,*-! &5! :%&5#,*! #2-7(,,(7#&2! βJ;ROA! 7+*! )(,=*! &5! λ0
! #-!

3*7*%4#2*3!89!CTJ;!

(4)!!!
J

J CTC C λ= ;!

N2! 7=%2A! 7+*! )(,=*! &5! CTJ! #-! :%&:&%7#&2(,! 7&! 7+#-! (26,*!

.-**!.E11;!

"&%*! ($$=%(7*! #2)*-7#6(7#&2! -+&>-! 7+(7! 5&%!M*%&!(26,*!&5!

#2-7(,,(7#&2! 7+*! $&%%*-:&23#26! )(,=*! &5!λ0
! #-! 2&7! M*%&! .#7! #-!

3=*! 7&! 7+*! :%&5#,*! $*27*%,#2*! $=%)(7=%*1A! 8=7! 7+*! -+(:*! &5!

λ0
. βJ;RO1! %*4(#2-! ,#2*(%! 5=2$7#&2! 5&%! 7+*! 5#Y*3!Re;!_#6=%*!P!

-+&>-! 7+#-! 3*:*23*2$*! 5&%! /0'FC! (23! /\c! <+#2! U,*$7%#$!

CCt!:%&:*,,*%-;!

j25&%7=2(7*,9A! 8*$(=-*! &5! 7+#$?! 8,(3*! $+&%3-! :%&5#,*! (7!

/0'FC! :%&:*,,*%! &2*! $(22&7! &87(#2! 7+*! %#6+7! %*-=,7! &5! 7+*!

[*92&,3-!2=48*%!#25,=*2$*!&2!7+*!5=2$7#&2!&5!λ0
. βJ;RO1A!8=7!

7+*!%*-=,7-!5&%!H,($?!^#3&>!:%&:*,,*%!6#)*!7+*!+&:*!7+(7!7+#-!

#25,=*2$*! #-! -4(,,! *2&=6+;! .@**! _#6;! FA! (,,! 7+*! :&#27-! (%*!

2*(%,9!&2!7+*!&2*!,#2*;1!

!
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!

!

!

!

!
_#6=%*!PV!v*%&'7+%=-7!(3)(2$*3!%(7#&!(-!5=2$7#&2!&5!(26,*!&5!8,(3*!

#2-7(,,(7#&2!5&%!/0'FC!.=::*%1!(23!/\c!<+#2!U,*$7%#$!CCt!.,&>*%1!

!

[*-=,7-! 5%&4! BGDA! BOD! -+&>! 7+(7! λJ! 8*$&4*-! yOk! ,&>*%!
>+*2!Re!8*$&4*-!E!7#4*-!,&>*%!5&%!7+*!-(4*!:%&:*,,*%;!/,-&!

$&*55#$#*27!CC! 8*$&4*-! -,#6+7,9! ,&>*%! >+*2!Re! 8*$&4*-! E!

7#4*-!,&>*%;!

!

4 POWER COEFFICIENT AND EFFICIENCY

_&%!7+*!:%&:*,,*%-!(7!+#6+![*92&,3-!2=48*%-!7+*!5&,,&>#26!

-*4#'*4:#%#$(,!5&%4=,(!*Y#-7-!BTDV!

E E

P TC C
a b

λ λ
= + ;!

<+#-!*Y:%*--#&2!$(2!8*!%*>%#77*2!#2!7+*!5&%4!&5!

(5)!!!
E

P TC aC bλ= + ;!

_&%!7+*!:&>*%!(23!7+%=-7!7+#-!5&%4=,(!,&&?-!,#?*!

P e!nd.aT{ρbd
2
V
E
1!

/=7+&%-! *Y(4#2*3! 7+*-*! 5&%4=,(-! &2! 7+*! *Y:*%#4*27(,!

3(7(!BFDA!BODA!BPD!5&%!,&>!Re!:%&:*,,*%-;!N7!>(-!5&=23!7+(7!%*(,!

3*:*23*2$9! &5!CP.CT.λ1A!λ1! #-! 2&7! (! -7%(#6+7! ,#2*! 5&%! -&4*!
?#23-!&5!:%&:*,,*%-A!8=7!#7-!$=%)(7=%*!#-!-4(,,!*2&=6+!-&!&2*!

$(2!(--=4*!#7!(-!-7%(#6+7! ,#2*!(7! ,*(-7! 5&%! 7+*!%*6#&2!&5!+#6+!

*55#$#*2$9;!/-!(2!*Y(4:,*A!5&%!7+*!H,($?!^#3&>!:%&:*,,*%!#7!

#-! s)*%9! 6&&3t! -7%(#6+7! ,#2*A! 5&%! -*7! &5! /\c! U,*$7%#$A!

g%(=:2*%!(23!"(-7*%!/#%-$%*>!:%&:*,,*%-!7+*!6%(:+!(26,*!&5!

#2$#3*2$*! 8*$&4*-! ,&>*%! (7! +#6+! CTdλ
E
A! 8=7! (7! ,*(-7! 5&%!

/\c!TlT;O!:%&:*,,*%!7+#-!(26,*!8*$&4*-!,#77,*!+#6+*%!(7!+#6+!

CTdλ
E
;! /,-&! &2*!4=-7! ?**:! #2!4#23! 7+(7! 7+*!4*(-=%*4*27-!

2*(%! M*%&! λ! 6#)*! +#6+*%! )(,=*! &5! 7+*! %*,(7#)*! *%%&%A! -&! 7+*!
+#6+*%! )(,=*-! &5! 7+*! *%%&%! >#,,! 8*! #2! 7+*! )*%#5#$(7#&2! &5!

5&%4=,(!.O1!5&%!,&>!)(,=*-!&5!λ;!
_&%! 7+*! %*6#&2! 2*(%! 7+*! M*%&! )(,=*-! &5! λ! 5&%4=,(! .O1!

8*$&4*-!

P TC aC≈ A!

(23!.(-!CP!(23!CT!(7!7+#-!%*6#&2!3&!2&7!$+(26*!-#62#5#$(27,91!

7+*!*Y:%*--#&2!5&%!*55#$#*2$9!$(2!8*!>%#77*2!(-!

(6)!!!
a

≈
λ

η ;!

I2*!$(2!-**!7+(7!7+*!6%(:+!&5!η.λ1!#-!,#2*(%!(7!,&>!λ (-**A!
5&%!*Y(4:,*A!_#6=%*!E)A!-&!*Y:%*--#&2!.P1!$(2!8*!%*(,,9!=-*3!
5&%! 7+#-! %*6#&2! &5! λ;! /,-&! &2*! $(2! =-*! #7! 5&%! )(,=*! &5! 7+*!
$&*55#$#*27!a!3*7*%4#2(7#&2!.#5!%*K=#%*31;!

H=7!(,,!7+*!(8&)*!4*27#&2*3!#2!7+#-!$+(:7*%!5($7-!(%*!)(,#3!

5&%! 7+*! 5#Y*3! :%&:*,,*%! (23! 5#Y*3! Re;! @&A! 5#%-7! &5! (,,A! #7! #-!

#27*%*-7#26! 7&! 7*-7! 7+#-! 3*:*23*2$9! 5&%! )(%#&=-! [*92&,3-!

2=48*%-;!!

_#6=%*!R!-+&>-! 7+*!$&%%*-:&23#26!3(7(! 5&%!H,($?!^#3&>!

:%&:*,,*%! BFD;!@+&>2! #2!_#6=%*!T! #-! 7+*! %*-=,7!&5!/\c!<+#2!

U,*$7%#$! CClCJ! :%&:*,,*%! 3(7(! $&4:(%#-&2! BOD! 5&%! )(%#&=-!

5%*K=*2$#*-! &5! %&7(7#&2;! <+*! ,&>*-7! 5%*K=*2$9! 5&%!

/\c!CClCJ!.FJJJ![\"1!$&%%*-:&23-!7&!Re≈FPJJJ;!I2*!$(2!
-**! 7+(7! 7+*! $+(26*! &5! Re! 5%&4! FPJJJ! 7&! yPJJJJ! 6#)*-!

:%($7#$(,,9!2&!*55*$7A!7+*!6%(:+-!(%*!:%($7#$(,,9!7+*!-(4*;!

!

!
!
_#6=%*!RV!CPdλE!(-!5=2$7#&2!&5!CTdλE!5&%!H,($?!^#3&>!:%&:*,,*%!

!

!
_#6=%*!TV!CPdλE!(-!5=2$7#&2!&5!CTdλE!5&%!/\c!CClCJ!:%&:*,,*%!5&%!)(%#&=-!

[\"!
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!

!

!

!

/,-&!#7!#-!%(7+*%!#4:&%7(27!7&!?2&>!7+*!8*+()#&%!&5!a!(23!b!

$&*55#$#*27-! >#7+! 8,(3*! #2$,#2(7#&2! (26,*! $+(26*;! N2! &7+*%!

>&%3-A! 7+*! K=*-7#&2! #-! >+(7! #-! 7+*! 3#55*%*2$*! &5! 7+*-*!

$&*55#$#*27-A! 5&%!*Y(4:,*A! 5&%!/\c!CClO;O!(23!/\c!CClCJ!

:%&:*,,*%-;!

_#6=%*!Z!-+&>-!7+#-!3*:*23*2$9!5&%!/\cU!CCt!:%&:*,,*%-!

5(4#,9;!!

I2*! $(2! -**! 7+(7! )(,=*-! &5! a! (23! b! $+(26*! >#7+! 7+*!

:%&:*,,*%!:#7$+!$+(26*;!<&!4(?*!4&%*!($$=%(7*!#2)*-7#6(7#&2!

#7!#-!8*77*%!7&!=-*!3(7(!5&%!/0'FC!:%&:*,,*%;!_#6=%*!CJ!-+&>-!

7+*!)(,=*-!&5!a!(-!5=2$7#&2-!&5!λ0
;!.L*%*!s*55t!$&%%*-:&23-!7&!

7+*!:&#27-!2*(%!4(Y#4(,!*55#$#*2$9A!s(,,t!$&%%*-:&23-! 7&!(,,!

7+*! :&#27-! 5%&4! *Y:*%#4*27;1! I2*! $(2! 7+(7! a! #-! 2*(%,9!!

:%&:&%7#&2(,!7&!λ0
V!

(7)   aekλ0, 
>+*%*!k!#-!:%&:&%7#&2(,#79!$&*55#$#*27;!

<+*! -(4*! %*-=,7! $(2! 8*! &87(#2*3! (,-&! 5%&4! &7+*%! 3(7(;!

_&%!*Y(4:,*A!_#6=%*!CC! -+&>-! 7+*!*55#$#*2$9!(-! 5=2$7#&2!&5!

(3)(2$*3!%(7#&!5&%!)(%#&=-!(26,*-!&5!8,(3*!#2-7(,,(7#&2!BZD;!N7!

$(2! 8*! *(-#,9! 3*%#)*3! 5%&4! 7+*-*! 6%(:+-! 7+*! -(4*!

3*:*23*2$9!.R1;!!

!

!!
_#6=%*!ZV!CPdλE!(-!5=2$7#&2!&5!CTdλE!5&%!/\cU!CCt!&5!)(%#&=-!:#7$+*-!

!

!
_#6=%*!CJV!c&*55#$#*27!a!(-!5=2$7#&2!&5!λ0!5&%!/0'FC!:%&:*,,*%!5&%!)(%#&=-!

[\";!

!

!
_#6=%*!CCV!U55#$#*2$9!(-!5=2$7#&2!&5!λ!(23!βJARO!5&%!&2*!&5!:%&:*,,*%-!

5%&4!BZD;!

c+(%($7*%#-7#$! )(,=*-! &5! $&*55#$#*27! k! &87(#2*3! 5%&4!3(7(!

(2(,9-#-!(%*!J;O'J;ZA! (23!$+(%($7*%#-7#$!)(,=*-!&5!$&*55#$#*27!

b!(%*!(8&=7!J;JE'J;JT;!N7!#-!*)#3*27!7+(7!$&*55#$#*27!b!$(2!8*!

5&=23! 5%&4! *Y:*%#4*27(,! 3(7(! >#7+! ,*--! ($$=%($9! (-!

$&*55#$#*27! a;! @&A! #7! #-! %(7+*%! 3#55#$=,7! 7&! =23*%-7(23! 7+*! b!

3*:*23*2$9! &2! λ0 (&% βJ;RO);! <+*! $&*55#$#*27! b! &87(#2*3! &2!
7+*! 8(-#-! &5! *Y:*%#4*27(,! 3(7(! 5&%! /0'FC! #-! -+&>2! #2!

_#6=%*!CE;!I2*!$(2!-**! 7+*!=2$*%7(#279! #2! #7-!3*5#2#7#&2;!@&A!

7+*! (,7*%2(7#)*!>(9-! &5!b! 3*5#2#7#&2!4=-7! 8*! 5&=23;!I2*! &5!

7+*4! >#,,! 8*! :%&:&-*3! 8*,&>;! H=7! &2! 7+*! 8(-#-! &5! 3(7(!

(2(,9M*3! &2*! $(2! (--=4*! 7+(7! 5&%! %(7+*%! +#6+! (26,*-! &5!

#2-7(,,(7#&2! .(23A! (-! $&2-*K=*2$*A! +#6+! λ0
1! 7+*! )(,=*! &5! b!

3&*-!2&7!$+(26*!-#62#5#$(27,9;!
!

!
_#6=%*!CEV!c&*55#$#*27!b!(-!5=2$7#&2!&5! βJ;RO!5&%!/0'FC!:%&:*,,*%!5&%!

)(%#&=-![\";!

5 ANALYTICAL INVESTIGATION OF MAXIMAL EFFICIENCY

I2*! $(2! &87(#2! (! -*7! &5! =-*5=,! %*-=,7-! &2! 7+*! 8(-#-! &5!

*K=(7#&2-! .C1'.R1;!_#%-7!&5!(,,A! #7! #-!*(-9! 7&! 5#23! 7+*!)(,=*!&5!

(3)(2$*3! %(7#&! λ*55! $&%%*-:&23#26! 7&! 7+*! 4(Y#4=4! &5!
:%&:*,,*%!*55#$#*2$9!η4(Y;!@=8-7#7=7#26!.C1!#27&!.O1!(23!-*77#26!
#7-!3*%#)(7#&2!>#7+!%*-:*$7!7&!λ!7&!M*%&!&2*!$(2!5#23!

(8)!!
( )J C J

J

E

C J C J

T T
T

eff

T T

C C a C ab C a

C a C b C a C b

−
= =

− +
λ ;!

c&%%*-:&23#26!)(,=*!&5!η4(Y!#-!

(9)!!!! J
4(Y

C JE

T

T

C

C a C ab
η =

+
;!

c(,$=,(7#&2-! 8(-*3! &2! 3(7(! 5%&4! BFD'BPD! -+&>! 7+*! 6&&3!

4(7$+#26!&5!7+*-*!5&%4=,(-!>#7+!*Y:*%#4*27(,!3(7(;!

c&48#2(7#&2!&5!!.G1A!.R1!(23!.T1!6#)*-!

(10)!!!
JC

C

eff

C k

C k b
=

+
λ λ ;!

@&A!>#7+#2!&=%!4&3*,A!7+*!)(,=*!&5!λ*55dλ
0
!%*4(#2-!$&2-7(27!
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!

!

!

5&%!(,,!7+*!:%&:*,,*%-!&5!7+*!-(4*!8,(3*!6*&4*7%9!(23!)(%#&=-!

(26,*-!&5!8,(3*!#2$,#2(7#&2;!<+#-!5($7!#-!)(,#3!2&7!&2,9!5&%!7+*!

:%&:*,,*%-! *Y(4#2*3;! _&%! *Y(4:,*A! 7+*! 6%(:+! 5%&4! BZD! $(2!

,*(3!7&!7+*!-(4*!$&2$,=-#&2!.-**!_#6=%*!CC1;!

c&48#2(7#&2!&5!.G1A!.R1!(23!.Z1!,*(3-!7&!

(11)!!
CC

4(Y

C C CE E

CC

C k C kb C k kb
= =

+ +
η ;!

I2*!$(2!-**!7+(7!7+#-!*Y:%*--#&2!#-!*Y:,#$#7,9!#23*:*23*27!

&5! λ0
A! 8=7! #7! $(2! 3*:*23! &2! λ0

! 7+%&=6+! b! (23A! 4(9! 8*A!

7+%&=6+!CC;!_%&4!_#6=%*-!E!(23!CC!#7!#-!-**2!7+(7!7+*!)(,=*!&5!!

η4(Y! %*4(#2-! $&2-7(27! >#7+#2! %(7+*%! >#3*! %(26*! &5!
λ0 (0.8−1.5), $&%%*-:&23#26! 7&! 7+*! >&%?#26! %(26*! &5!λ0

! 5&%!

7+*! :%&:*,,*%-;! I2! 7+*! &7+*%! +(23A! 7+#-! $&#2$#3*2$*! :%&)*-!

&=%! (--=4:7#&2! 4(3*! (8&)*! 7+(7! 7+*! )(,=*! &5! b! 3&*-! 2&7!

$+(26*!-#62#5#$(27,9!>#7+!λ0
!5&%!%(7+*%!+#6+!λ0

;!!

<+*!*Y:%*--#&2! 5&%!CT! (7!λ*55! $(2!8*! 5&=23! 5%&4!.C1A! .G1A!
.CJ1!(-!

(12)!
J

C

C

T eff

b
C C

C k b
=

+
λ ;!

N7! #-! =-*5=,! 7&! $&4:(%*! 7+*! )(,=*-! &5! !η4(YA!λ*55! (23!CTeff!

7+%&=6+!5&%4=,(-!.CJ1A!.CC1A!.CE1!(23!*Y:*%#4*27(,!)(,=*-;!!

_&%! H,($?! ^#3&>! :%&:*,,*%! BFD! aeC;GZA! beJ;JCFGA!

CCeJ;CPTA! keJ;RCA! λJeE;C;! _&%! 7+*-*! )(,=*-! η4(YeJ;TFA!
*Y:*%#4*27(,! )(,=*! #-! J;TE'J;TFS! CTeffeJ;JTTA! *Y:*%#4*27(,!

)(,=*!#-!yJ;ZS!λ*55dλ
J
eJ;ROA!*Y:*%#4*27(,!)(,=*!#-!yJ;RG;!!

_&%! /0'FC! :%&:*,,*%! >#7+ βJ;ROeFO
J
! aeC;FGA! beJ;JEOA!

CCeJ;EJOA! keJ;TZA! λJeC;OS! η4(YeJ;PO! .J;POP! *Y:*%#4*271S!
CTeffeJ;JTO! .J;JZTR! *Y:*%#4*271S! λ*55dλ

J
eJ;RF! .J;PZ!

*Y:*%#4*271;!

_&%! /\c! <+#2! U,*$7%#$! CClT;O! .βJ;ROeCT
J
1! aeJ;PJOA!

beJ;JOEA! CCeJ;ECEGA! keJ;ROPA! λJeJ;TS! η4(YeJ;PCZ! .J;PEE!
*Y:*%#4*271S! CTeffeJ;JPC! .J;JPRO! *Y:*%#4*271S! λ*55dλ

J
eJ;PG!

.J;PEO!*Y:*%#4*271;!

@&A!&2*!$(2!-**!7+(7!7+*!(2(,97#$(,!%*-=,7-!(%*!%(7+*%!$,&-*!

7&! 7+*! *Y:*%#4*27;!@&A! 7+*!$&2$,=-#&2!$(2!8*!4(3*! 7+(7! 7+*!

4&3*,!:%&:&-*3!#-!(3*K=(7*!*2&=6+;!

^*! 2**3! 7&! ?2&>! 7+*! )(,=*-! &5!CCA! k! (23! b;! j-#26! 7+*!

5&%4=,(-! &87(#2*3! 7+*! %*K=#%*3! $&*55#$#*27-! $(2!8*!3*5#2*3;!

c&*55#$#*27! CC! $(2! 8*! 5&=23! #5! >*! ?2&>! 7+*! 6*&4*7%9! &5!

:%&:*,,*%A! 8=7! (--=4*! 7+(7! >*! +()*! 2&! -=$+! #25&%4(7#&2;!

/--=4*! 7+(7! >*! +()*! 7+*! *Y:*%#4*27(,! 3(7(! &5! CT.λ1! (23!
η.λ1;!_%&4!7+*!5#%-7!6%(:+!&2*!$(2!&87(#2!CC!=-#26!5&%4=,(!
.C1;!_%&4!7+*!-*$&23!6%(:+!>#7+!7+*!+*,:!&5!.P1!(23!.R1!&2*!

$(2!5#23!7+*!)(,=*-!&5!a!(23!k;!I2*!&5!5&%4=,(-!.CJ1!&%!.CC1!

6#)*-!7+*2!7+*!)(,=*!&5!b;!<+*!-*$&23!&5!.CJ1!&%!.CC1!$(2!8*!

=-*3!7&!$+*$?!(23!$&%%*$7!7+*!%*-=,7-!#5!2*$*--(%9;!

N7!-+&=,3!8*!*4:+(-#M*3!7+(7!&2,9!7+%**!$&*55#$#*27-!CCA!k!

(23!b!4=-7!8*!?2&>2!7&!3*-$%#8*!7+*!$+(%($7*%#-7#$-!&5!(,,!7+*!

s6&&3t!:%&:*,,*%-!>#7+! 7+*! -(4*!8,(3*!6*&4*7%9! 5&%!(,,! 7+*!

s6&&3t! &:*%(7#26! %*6#4*-;! @&A! 5&%4=,(-! &87(#2*3! $(2! 8*!

=-*3!5&%! 7+*!>+&,*!:&>*%:,(27!$+(%($7*%#-7#$-!3*7*%4#2(7#&2!

#2!(!>#3*!%(26*!&5!5,#6+7!$&23#7#&2-;!!!

6 PROPELLER MATCHING FOR MAV 

b&>!>*!+()*!*2&=6+!?2&>,*36*! 7&!:%&$**3! 7&! 7+*!4(#2!

7(-?! &5! 7+#-! #2)*-7#6(7#&2;!/--=4*! 7+(7!>*!+()*! 7+*! (#%$%(57!

7+(7! 5,9! (7! 7+*! )*,&$#79! V! (23! #7! :%&3=$*-! 3%(6!DA! (23! >*!

2**3!7&!5#23!7+*!:%&:*,,*%!>#7+!4(Y#4(,!*55#$#*2$9!(23!>#7+!

:%*3*5#2*3!3#(4*7*%!d;!!!

_#%-7!&5!(,,A!>*!4=-7!$+&&-*!7+*!:%&:*,,*%!5(4#,9!.>#7+!7+*!

-(4*! 8,(3*! 6*&4*7%#*-! 8=7! 3#55*%*27!βJ;RO1! 7+(7! :%&)#3*! 7+*!
4(Y#4(,! *55#$#*2$9! .(8&)*!>*! +()*! -**2! 7+(7! 7+#-! )(,=*! &5!

*55#$#*2$9!#-!:%($7#$(,,9!$&2-7(27!#2!%(7+*%!>#3*!%(26*!&5!λ0
1;!

<+*!2*Y7!-7*:!#-!7&!4(7$+!7+*!(26,*!&5!8,(3*!#2$,#2(7#&2!βJ;RO!
.&%A!#2!&7+*%!>&%3-A!λ0

1;!

/-! 7+*!3%(6!4=-7!8*!*K=(,! 7&! 7+*! 7+%=-7! .DeT1A! 7+*2!>#7+!

7+*!+*,:!&5!.CJ1!(23!.CC1!&2*!$(2!&87(#2!

(13)! ( )
E E

J

C

V d
C kb b

kT

ρ
λ = + ;!

<+#-!*Y:%*--#&2!6#)*-!=-!*2&=6+! #25&%4(7#&2!5&%! 7+*!8*-7!

$+&#$*!&5!:%&:*,,*%;!<+*!&2,9!7+#26!>*!4=-7!3&!#-!7&!$+*$?!#5!

7+#-!)(,=*!&5!λ0
! #-!>#7+#2! 7+*!%*6#&2!&5!4(Y#4(,!η*55;! N5! 7+#-!

)(,=*! #-! &=7-#3*! 7+#-! %*6#&2! &2*!4=-7! $+(26*! 7+*! :%&:*,,*%!

3#(4*7*%;!

/,-&!5%&4!7+*!,(-7!5&%4=,(!(23!.CJ1!&2*!$(2!&87(#2!

(14)!

E E

Ceff

V d
C kb

kT

ρ
λ = !

5&%!7+*!:%&:*,,*%!$+&-*2;!

_%&4!7+#-A!7+*!%*K=#%*3!5%*K=*2$9!5&%!-=$+!:%&:*,,*%!#-!

(15)!
F

C

eff

eff

V kT
n

d Vd C kb
= =

λ ρ
!

_&%4=,(-! .CF1! '! .CO1! ,*(3! 7&! 7+*! $&2$,=-#&2! 7+(7! ,&>*%!

)(,=*-! &5! 7+%=-7! 5&%! 7+*! 5#Y*3!3#(4*7*%! (23!)*,&$#79! %*K=#%*!

+#6+*%! (26,*-! &5! 8,(3*! #2-7(,,(7#&2! (23A! (-! $&2-*K=*2$*A!

,&>*%!%&7(7#&2(,!5%*K=*2$#*-;!

7 EXPERIMENTAL ERRORS AND INACCURACY  INFLUENCE 

ON MATHEMATICAL MODEL

/,,! 7+*! 3(7(! =-*3! (%*! &87(#2*3! #2! *Y:*%#4*27-;! @&A! 7+*%*!

$(2! 8*! *Y:*%#4*27(,! *%%&%-! #2! 7+#-! 3(7(;! _&%! *Y(4:,*A! 7+*!

%*-=,7-!5%&4!BOD!(23!BPD!-,#6+7,9!3#55*%!5%&4!*($+!&7+*%!.&2*!

$(2! $&4:(%*! 7+*! 4(Y#4(,! )(,=*-! &5! *55#$#*2$9! #2! 8&7+!

*Y:*%#4*27-1;! j25&%7=2(7*,9A! (=7+&%-! +()*! 2&7! 5&=23! 7+*!

)(,=*-! &5! *%%&%-! #2! 4&-7! &5! *Y:*%#4*27(,! 3(7(! =-*3! #2! 7+#-!

#2)*-7#6(7#&2;!

@&A! &2! 7+*! &2*! +(23A! 7+*! (2(,97#$(,! 4&3*,! (23!

$&%%*-:&23#26!*Y:%*--#&2-!$(2!8*!2&7!)*%9!($$=%(7*!(-! 7+*9!

=-*! -&4*! *Y:*%#4*27(,! 3(7(! (23! )*%#5#*3! &2! *Y:*%#4*27(,!

3(7(;!I2!7+*!&7+*%!+(23A!(=7+&%-!=-*3!7+*!*Y:*%#4*27(,!3(7(!

5%&4! 3#55*%*27! %*-*(%$+*%-! 5&%! 3#55*%*27! :%&:*,,*%-;! /-! 7+*!

4(#2! %*-=,7-! (%*! 2*(%,9! 7+*! -(4*! &2*! $(2! +&:*! 7+(7! 7+*!

4(7+*4(7#$(,!4&3*,!:%&:&-*3!#-!%(7+*%!(3*K=(7*;!

/,-&!(7! 7+*!-7(6*!&5!:%*,#4#2(%9!3*-#62!#7h-!8*77*%!7&!+()*!

,*--! ($$=%(7*! 8=7! -#4:,*%! (23! K=#$?*%! 4*7+&3-! %(7+*%! 7+(2!

4&%*! ($$=%(7*! 8=7!4&%*! $&4:,*Y! (23! -,&>*%!4*7+&3-;! @&A!

(298&39! >+&! =-*-! 7+*! (8&)*! 5&%4=,(-! 4=-7! ?**:! #2! 4#23!

7+(7! 7+#-!4*7+&3!3&!2&7!:%&)#3*! 7+*!8*-7!($$=%($9!(23!4=-7!

8*! =-*3! &2,9! 5&%! 7+*! 5#%-7! (::%&Y#4(7#&2;! N2! 7+*! $(-*! &5!

+#6+*%! ($$=%($9! %*K=#%*4*27-! &2*! 4=-7! =-*! 4&%*! $&4:,*Y!

4*7+&3-! 8=7! $(2! =-*! 7+*! �-#4:,*! %*-=,7-�! (-! 7+*! -7(%7#26!

:&#27;!!!
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8 FUTURE WORK

b&>! (=7+&%-! (%*! >&%?#26! &2! 7+*! 7+*&%9! 5&%! b! (23! k!

3*7*%4#2(7#&2! 7+%&=6+! 7+*!:%&:*,,*%! 6*&4*7%#$(,! :(%(4*7*%-!

(23! 5,&>! $&23#7#&2-;! @&A! 7+*9! +&:*! 7&! &87(#2! 7+*-*!

*Y:%*--#&2-!#2!7+*#%!5=7=%*!>&%?;!

9 CONCLUSION

I87(#2*3!#-!7+*!4(7+*4(7#$(,!4&3*,!&5!:%&:*,,*%h-!7+%=-7!

(23! :&>*%! $&*55#$#*27-! (-! 5=2$7#&2-! &5! 6*&4*7%#$(,! (23!

?#2*4(7#$(,! :(%(4*7*%-! 5&%! 7+*!:%*,#4#2(%9!"/0!3*-#62;! N7!

2**3-!4#2#4(,! -*7! &5! :(%(4*7*%-! %*K=#%*3! (23! $(2! 8*! =-*3!

5&%! %(:#3! 3*7*%4#2(7#&2! &5! :%&:*,,*%! $+(%($7*%#-7#$-;! <+#-!

4&3*,! >(-! )*%#5#*3! &2! (! -*7! &5! *Y:*%#4*27(,! 3(7(! (23! +(-!

-+&>2! 7+*! (3*K=(7*! ($$=%($9! #2! 7+*! %(26*! &5!

ReeFJJJJ�CJJJJJ;!I2! 7+*! 8(-#-! &5! 7+#-!4&3*,! 7+*!4*7+&3!

5&%! 7+*! 8*-7! :%&:*,,*%! $+&&-#26! #-! :%&:&-*3;! _&%4=,(-!

&87(#2*3! $(2! 8*! =-*3! 5&%! 7+*! >+&,*! :&>*%:,(27!

$+(%($7*%#-7#$-! 3*7*%4#2(7#&2! #2! (! >#3*! %(26*! &5! 5,#6+7!

$&23#7#&2-;!!!

N2)*-7#6(7#&2! $&23=$7*3! (,-&! (,,&>-! 7&! 4(?*! 7+*!

5&,,&>#26!%*$&44*23(7#&2-!$&2$*%2#26!7+*!:%&:*,,*%!3*-#62;!

_#%-7! &5! (,,A! 5&%! ,&>'Re! :%&:*,,*%-! 7+#2! 8,(3*-! (%*!

:%*5*%(8,*!(-!7+*9!6#)*!+#6+*%!)(,=*!&5!*55#$#*2$9;!

b*Y7A! 5&%! 7+*! 8*-7! *55#$#*2$9! 7+*! (26,*! &5! 8,(3*!

#2-7(,,(7#&2! #-! :%&:&%7#&2(,! 7&! 5,#6+7! )*,&$#79! -K=(%*3A! 7&!
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ABSTRACT

In the design of Micro Aerial Vehicles, decreasing the size is 

one of the most common challenging aims and to approach this 

aim, the weight of the whole aircraft shall decrease and 

structure is the second part which has the most weight [13].  

In this paper, the use of a shell structure made from Nylon 

6/6 is studied. Nylon was chosen because of its good mechanical 

properties and low mass density which is of great importance.

Also due to the low aspect ratio, the shell structure is used 

without any kind of ribs or spars to let the user put the 

instruments easily inside the structure which facilitates 

assembly and maintenance.

Then the aerodynamic forces are calculated by CFD, Fluent,

at Reynolds number 300000 at 5 AOA in a laminar flow.

Afterwards the nodal results of Fluent after a nodal

interpolation by MATLAB are imported in ANSYS for a full 

transient analysis. The model in ANSYS is a simple thin shell 

structure with low aspect ratio, AR=2, with 0.29 mm thickness

and volume of 37.2 cubic centimeters, which is calculated in

SOLIDWORKS.

Finally Nylon 6/6 is modeled as a nonlinear visco-elastic 

material and the model is assumed to have large deformations, 

and the constitutive model is based on the Prony series, which 

consists of 5 Maxwell elements parallel to a spring. The 

dynamic bulk and shear modulus are then defined in ANSYS.

Finally, the weight of structure is reduced to 42.40 grams, for 

the half of aircraft which is equal to about 16.74% of the whole 

aircraft’s weight. Simulation results are presented to prove the 

efficiency of this material for this structure.   

1 INTRODUCTION

Micro Air Vehicles (MAVs) are widely used in civilian 

and military fields for their light and agile characteristics 

[1]. Recently some researchers have focused on the 

development of MAVs and one of the biggest challenges is 

the reduction of size and weight of these aircrafts [8].

Some efforts have been done to decrease the weight and 

then the size, like using some light batteries or electrical 

engines; however, in this paper it is tried to decrease the 

weight by using Nylon 6/6, which is a light visco-elastic 

polymer and also has appropriate mechanical properties [2].  

Also employing a thin shell structure is suggested. This 

structure is assumed to be like a sea shell and therefore user 

can easily open it, assembles the wing and its components

which makes maintenance easy as well. Therefore, if one of 

the components like servos or engines does not work 

properly, there is no need to destroy the structure. So any 

change can happen in some seconds. 1

The procedure is done by the FEM software, ANSYS and 

Fluent, and the mesh generation of CFD part is done in 

Gambit and it is tried to have mapped meshing in all the 

                                                          
Hamidreza.Montazerhojjat@RUB.de 

procedure. So this paper analyzes the effects of aerodynamic 

forces on a simple shell structure wing as a Fluid Structure 

Interaction problem. Also Nylon 6/6 is modeled with Prony 

series, 5 Maxwell elements parallel to a spring, to consider 

the visco-elastic behavior of Nylon 6/6 in the analysis

during the time [3].

The root of the model is 30 cm and the span is supposed 

to be 50 cm, “Figure 1.”  

Figure 1: Half of the wing modeled in SOLIDWORKS 

Also for calculating the aerodynamic forces the model is 

located in a laminar flow at 5 AOA with Rey=300000 [4]. 

The airfoil which is used for this wing is named MH-91

and is a thick proper airfoil with high thickness for use in 

MAVs [9].     

2   Nylon 6/6

Nylon is the common name of linear polyamides which 

all have in common the carbonamide group –CO—NH--

recurring in a chain of methylene groups. In Nylon 6/6,      

--[HN—(CH2)6—NHCO—(CH2)4—CO]n--, the most 

common nylon, which is a polycondensation product of 

hexamethylenediamine H2N—(CH2)6—NH2 and adipic 

acid HOOC—(CH2)4 –COOH the first digit is derived from 

the number of carbon atoms in the diamine and the second

digit from the number of carbon atoms in the dibasic acid

[6].  

For this analysis, the dynamic young modulus of Nylon 

6/6 is obtained from literature [7] and then by using 

MATLAB, a curve is fitted on this diagram at T=25°C as 

shown below, “Figure 2”, and then the exact data of E with 

respect to time are obtained for the final structural analysis.

Finally by assuming that the Poisson ratio is constant in this 

!"!#$%&%'( )*+,- [11], the shear and bulk modulus are 

obtained by the following equations with respect to time.

(1) !"#$%&'()*

(2) K=E/3(1-%)*

TRANSIENT ANALYSIS of NYLON 6/6 for a

THIN SHELL STRUCTURE by FEM
H.R. Montazer Hojjat

Ruhr Universität Bochum, Bochum, Germany
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Figure 2: Dynamic young modulus with respect to time [7]. 

In the structure analysis by ANSYS, two curves are fitted 

on these data, “Figure 8”. 

3 CFD ANALYSIS

3.1 Modeling and Mesh Generation in Gambit

In this part, the wing is modeled in Gambit and then it is

reduced from three other volumes, one half cylinder and two

cubes. These volumes are presented as the flow of air

around the wing. Also to have a mapped meshing and to 

prevent some elements with sharp edges, the last node of 

airfoil on the trailing edge is divided to two separated key 

points [5].    

Also this wind tunnel is assumed to have 22.4c width and 

9c height and the radius of half circle is 8c, where c is the 

chord of the root airfoil [5]. 

After defining successive ratio on the edges of geometry, 

the areas are meshed by Mapped Quad elements and 

afterwards the volumes are meshed by Mapped Hex 

elements, “Figures 3, 4”. 

Figure 3: Elements around the wing. 

Also as shown in “Figure 4”, four boundary conditions, 

three types, are defined in this problem. 

The outer surface of the half cylinder and the cubes, 

whose norms are parallel to the norm of wings’ surface, are 

defined as far fields: 1(velocity inlet), 2 (velocity inlet) and

3(pressure outlet), respectively. Also all the side walls are 

defined as symmetry wall to prevent distortion along the 

edges [5].

    Figure 4: Meshed geometry and far field conditions.

3.2 Solution in Fluent

As already mentioned, the wing is located at 5 degree 

angle of attack in a laminar flow and the Reynolds number 

is assumed to be 300000 [4] and this value would lead us to 

calculate the V. by the following equation. Also the Mach 

number is then equal to 0.0319. 

(3) V+",-.!$/0 =10.95 m/s

For the CFD solution in Fluent, due to the low Mach 

number, the energy equation is turned off and the model is 

solved in steady state with a pressure based and implicit

solver. 

The result is converged with lift coefficient of the wing 

equal to 0.54122. So the total lift produced by this wing at 

these conditions could be calculated as following.

(4) 21/ 2 LL V SC"
#

$ =4.9684 N

In “Figure 6” the static pressure around the wing, as the

output of Fluent, is plotted and the maximum static pressure 

is about 69.8 Pascal. 

Figure 5: Contours of static pressure around the wing
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Finally the nodal forces and pressure are written on a file 

to use in other software.

4 INTERPOLATION OF NODAL RESULTS

After calculating nodal values in CFD, Fluent, it is 

desired to import these values on the nodes or elements in 

structural software but the problem which exists is that the 

nodes in CFD analysis are different in ANSYS. 

The first way to solve this dissimilarity is a mesh 

refinement. Although, mesh refinement increases the 

accuracy and the procedure time there is another problem in 

this analysis which makes the interpolation necessary. 

The element which is chosen to capture the nonlinear 

behavior of shell structure is a 8-node element with 4 mid 

nodes, “Figure 7”, and ANSYS could not use this element, 

when the results are exported from Fluent to ANSYS. 

On the other hand, each node on the trailing edge is 

divided to two separated nodes, to have a better mesh 

generation in CFD, but in structural analysis there is no

tendency to increase the thickness of trailing edge. Hence to 

use this powerful element, it is decided to do a simple linear

interpolation on the nodal results of CFD to find the nodal 

forces which should be imported on structural nodes. To do

the interpolation, a code is written in MATLAB and then the

ASCII code is read and the interpolation results are exported 

as the ANSYS format. 

5 STRUCTURAL ANALYSIS

5.1 Element and Mesh Generation

In this part, the wing is modeled in ANSYS and the first 

step is choosing an appropriate element to capture the 

nonlinear behavior of thin shell structure and the chosen 

element should support visco-elastic material behavior and 

large deformations as well. For this purpose the 8-node shell 

element, SHELL 281, is selected. 

To have more accuracy it is suggested not to use 

triangular shapes [10]; therefore, in this paper, meshing is 

done by mapped quadrilateral elements, “Figure 6”.  

Figure 6: Modeled wing in ANSYS with quadrilateral elements

SHELL 281, “Figure 7”, is suitable for analyzing thin to 

moderately-thick shell structures. It is an 8-node element 

with six degrees of freedom at each node: translations in the 

x, y, and z axes, and rotations about the x, y, and z-axes. 

(When using the membrane option, the element has 

translational degrees of freedom only.) SHELL 281 is well-

suited for linear, large rotation, and/or large strain nonlinear 

applications. Change in shell thickness is accounted for in 

nonlinear analyses [10]. 

Figure 7: mid nodes in shell 281 [10]

5.2 Material Modeling in ANSYS

For the constitutive model of Nylon 6/6, due to its visco-

elastic properties, Prony series is used. Here five Maxwell 

elements parallel to a spring are modeled by curve fitting in 

ANSYS. For this approach the Bulk modulus and shear 

modulus with respect to time are imported in ANSYS and 

two 5th order curves are fitted on these data, “Figure 8”. 

Figure 8: Bulk and Shear modulus with respect to time

In the last part, the solution is started with the “full 

dynamic” solution in 2 steps. It is assumed that at t=0 the 

forces are zero and they increase linearly until they reach

nodal results, which are interpolated by MATLAB, and at 

time t=4 sec, the forces reach their maximum value and

afterwards remain constant.      

6 RESULTS

Finally solution is done and the desired results are 

plotted. As shown in “Figure 9”, the stress is reduced with 

respect to time during the second step of loading. Also in

this analysis all the values are converted to cm and therefore 

the final results shown in figures are in cm. 
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Figure 9: Stress relaxation for a point on the upper surface of wing

At time t=48 sec, the maximum value of von misses 

stress is 1.5266 MPa, and the maximum displacement in Y 

direction at this time is 0.1412, “Figure 10”. 

Figure 10: Von misses stress at t=48 sec.

Figure 11: Maximum displacement in Y direction at t=48 sec. 

Also the maximum value of the von misses total 

mechanical strain is 0.00057. This value is very small in 

comparison with yield strain of the material (5% at dry 

conditions) [11]. On the other hand, the maximum von 

misses stress is much smaller than yield/break stress of PA 

66 (Nylon 6/6), 54
y

MPa% & in dry/humid conditions [11].

7 Weight 

After calculating forces and stresses, for this thin shell 

structure with 0.29mm thickness, the weight is calculated 

with the density of Nylon 6/6 (/"'.'1234$
3

cm ). The volume 

is calculated with SOLIDWORKS, V=37.2 cubic 

centimeters and then it is clear that the weight of structure 

would be 42.4 grams for half of the wing.  

If the total weight of aircraft is considered equal to the lift, 

then the weight of structure divided by the total weight 

would be 16.74%.  

This value is estimated in other MAVs about 17% [12],[13]. 

Thus by this shell structure the weight of aircraft is

decreased. 

8 CONCLUSION

In this paper we tried to show the high mechanical 

properties of Nylon 6/6 on a simple thin shell structure for 

MAVs. Also this structure omits some difficulties during the

assembly, maintenance and after crashes.  

Finally, the weight of the aircraft is reduced to 42.4 grams.

Considering that one wing accounts for about 16% of the 

whole aircraft's weight, this means a significant reduction in 

weight however, the wing has still very good strength and 

reliability for Micro Aerial Vehicles.   
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ABSTRACT

A control problem is discussed for unmanned aerial 

vehicle (UAV) as applies to its short-period longitudinal 

motion. The problem is formulated taking into account 

various uncertainty factors such as imperfect knowledge 

about UAV parameters and characteristics as well as 

environment exposure. One more class of the 

uncertainty factors includes failures of UAV systems and 

its structural damages. A preliminary step is needed to 

synthesize adaptive damage-tolerant control systems. 

This step consists in plant identification using artificial 

neural network (ANN) techniques. Next step is a 

synthesis of appropriate neural controller. An adaptive 

control scheme based on inverse dynamics problem 

(IDP) approach is used to achieve control goals for the 

conditions mentioned above. The scheme is implemented 

basing on ANN tools. Simulation is carried out to 

confirm efficiency of the adaptive damage-tolerant 

neural control. Appropriate computer experiment 

results are presented and discussed to demonstrate 

features of the proposed approach. 

1 INTRODUCTION

We need to provide a motion control for modern and 

advanced UAVs under such conditions as considerable 

various uncertainties in values of their parameters and 

characteristics, flight regimes and environment exposure. 

Besides numerous failure conditions can emerge during 

UAV flight including equipment failures and structure 

damages. These conditions should be counteracted by 

means of reconfiguration for control system and control 

surfaces of the UAV. 

Therefore the UAV faces each time circumstances that 

can vary considerably and unpredictably. The UAV control 

system must be able to conform efficiently to these 

variations by means of on-line changes in parameters and/or 

structure of control laws used to manage UAV behavior.  A 

way based on theory of adaptive control allows us to satisfy 

these requirements [1]–[9]. 

An approach basing on neural network simulation and 

control is one of the most effective tools to implement 

adaptive systems [7], [8]. An important part of the 

implementation process for the proposed approach is 

generation of artificial neural network based model (ANN-

model) for the UAV which is interpreted as a plant. An 

example of ANN-model generation is presented in 

subsequent sections as applies to simulation of longitudinal 

short-period motion for a mini-UAV. 

2 GENERAL ADAPTIVE CONTROL SCHEME BASED ON 

INVERSE DYNAMICS APPROACH

There are problems which consist in generation of control 

laws providing realization some prescribed motion for a 

plant [10], [11]. We designate these problems as inverse 

dynamics problems (IDP). As applies to the IDP problem 

we need to implement a motion of the dynamic system 

which fits to some desired or reference motion 
 

(1) ( ), ( ), 0m mx t x t t!!! "!
 

with prescribed accuracy. The desired motion in this case 

can be defined by means of a reference model (RM). In 

other words we need to satisfy relationship  

( ) ( ) ( ) ( ) ,m me x t x t x t x t# $%! & ' & (! !  

where $ is the prescribed accuracy for tracking of the 

reference model output. In the perfect case we have 0e %  

therefore  

(2) ( ) ( ).mx t x t!!! %! !  

This relationship is satisfied only if following conditions are 

fulfilled: 

) mathematical model of the plant fits precisely to 

the plant itself; 

) initial conditions for the plant model and reference 

model coincide precisely; 

) no disturbances affect on the plant. 

However these conditions are not satisfied usually for real 

world application problems because of uncertainties in the 

DS behavior caused by external factors as well as 

approximate nature of the plant model. 

To prevent a rise of the tracking error in time we need to 

add in Eq. (1) an auxiliary member providing elimination of 

the tracking error: 

(3) ( ).m mx x K x x!!! % ' &! !  

We have in such case, that  

(4) .e Ke!!! % &!
 

If source equations of motion for the plant had the form 

(5) ( , )x f x u!!! %!  

then we can rewrite Equation 2 in the form 

(6) ( ) ( , ( , , )).m m m mx x K x x f x u x x x!!! % ' & %! ! !  

We cannot derive analytically the required control function 

(control law) ( , , )m mu x x x! from Equation 6. Therefore we 

Inverse Dynamics Approach to Adaptive Damage-Tolerant Control 

for Unmanned Aerial Vehicles 
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have to build an approximate solution which we can obtain 

using a feedforward multilayer neural network named here 

as neurocontroller (NC) and learned with the error 

backpropagation algorithm as a standard tool for such kind 

of the networks. 
 

3 SYNTHESIS OF A NEURAL NETWORK BASED MOTION 

MODEL FOR UAV 

A plant model is needed in many of adaptive control 

schemes. Deriving of the plant model basing on some 

experimental data corresponds to the classical identification 

problem for dynamic systems [12]. We know from 

experience that using of ANN-based techniques and tools is 

very efficient way to solve this identification problem with 

regard to nonlinear systems [13]–[15]. Neural network 

simulation allows us to build rather accurate and 

computationally effective models of dynamic systems. 

 

 
 

Figure 1: Neural network based scheme for plant identification. 

Here u  is control, 
p

y  is plant output, 
m

y  is reference model 

output; $  is divergence between outputs of plant and ANN based 

model; *  is corrective action. 

 

Computational efficiency roots of ANN-based models is 

based on the following fact: an artificial neural network is 

algorithmically universal mathematical model [16], [17] 

which allows us to represent with arbitrary accuracy any 

nonlinear mapping :
n m

R R+ , . In other words we can 

represent with arbitrary accuracy any nonlinear relationship 

between n-dimensional input vector and m-dimensional 

output vector. 

A synthesis of ANN-based model for controlled nonlinear 

plant motion is interpreted below as generation of a neural 

network approximation for some source mathematical 

model of UAV motion. This source model is formulated 

frequently as a system of ordinary differential equations. 

General scheme of neural network plant identification is 

presented on Figure 1. 

Squared difference between plant output 
p

y and ANN-

based model output 
m

y both under control signal u is used 

as an error signal $ guiding a learning process for the 

ANN-based model. A trained ANN-based model realizes 

recurrent-type computational scheme using output signal 

ŷ and control signal u values for instant time it  to compute 

output signal ŷ  value for instant time 1'it . 

The NARX (Nonlinear AutoRegressive network with 

eXogeneous inputs) model was chosen to represent the 

dynamic plant because it corresponds well with UAV 

control problem. This model is a recurrent dynamic layered 

neural network with feedbacks between layers and with 

TDL (Time Delay Line) units before its inputs. 

Validation of the ANN-based model is carried out with 

regard to angular longitudinal motion of UAV described 

with a mathematical model which is rather common for air-

craft flight dynamics [18]: 
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where -  is angle of attack, deg; q  is pitch angular veloc-

ity, deg/sec; +  is deflection angle of elevator or elevons, 

deg; 
L

C  is lift coefficient; 
m

C  is pitching moment coeffi-

cient; m  is mass of UAV, kg; V  is airspeed, m/sec; 
2

/ 2q V/%  is airplane dynamic pressure; /  is mass air 

density, kg/m3; g is acceleration of gravity, m/sec2; S  is 

wing area of UAV, m2; c  is mean aerodynamic chord, m; 

yyI  is pitching-moment inertia, kg·m2; dimensionless coef-

ficients 
L

C  and 
m

C  are nonlinear functions with respect to 

their arguments; ,T . are time constant and relative damp-

ing factor for actuator, 
act

+  is command signal value for 

elevator actuator limited in the 
0

200  range. Variables - , 

q , +  and +!  in the model are plant states and variable 
act

+  

is plant control.  

This ANN-based model were built and described in [18] 

as applies to the considered UAV control problem. 

Validation of the model is carried out for X-04 mini-UAV 

[18] with airborne weight 4.2 kg. 

It was suggested some special way to generate training 

samplings intended to learn considered ANN-based UAV 

model. This way relates to using of very aggressive actions 

(often and strong random variations) which are carried out 

with elevator as longitudinal motion control surface to 

obtain command signal 
act

+  for the relevant actuator. The 

purpose of such approach to command signal generation is 

to ensure diversity of simulated system states as large as 

possible and to cover the system state space as uniformly 

and tightly as possible. Besides it is necessary to provide 

variety of differences between states in adjacent instant 

times as large as possible to represent dynamics of the 

simulated system in the ANN-based model with maximum 

adequacy.  

The similar approach under similar reasons is used below 

to generate training samplings for neurocontroller in the 

IDP-based scheme. It also was used for two another 

adaptive control schemes (MRAC and MPC) considered in 

[18]. 

Validation results presented on Figure 2 were obtained 

for closed-loop ANN-based UAV model using simulation. 

These data demonstrate the model efficiency as applies to 

the UAV angle of attack tracking problem for dynamically 

specified reference values of this angle. The results show us 
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rather high simulation accuracy of the suggested approach. 

Simulation error which equals a difference between UAV 

state and ANN-model output does not exceed 0.3 deg for all 

experimentally studied conditions. 

 

 

 
Figure 2: Synthesis of ANN-based plant model for X-04 UAV in 

respect to flight regime with indicated airspeed 70
i

V % km/h and 

altitude 10H % m. Here -  is angle of attack, deg; e
-

 is 

difference between angle of attack values for the plant and ANN-

based model, deg; q  is pitch angular velocity, deg;/sec; 
e
1  is 

angle of elevator deflection, deg; qe  is difference between pitch 

angular velocities for the plant and ANN-based model, deg/sec; t  is 

time, sec. 

 

4 SYNTHESIS OF INVERSE DYNAMICS BASED DAMAGE 

TOLERANT ADAPTIVE CONTROL FOR UAV 

An application of traditional control theory requires us to 

know plant mathematical model as well as values of plant 

and environment parameters and characteristics. These 

requirements can be satisfied not always in practice. Besides 

values of plant parameters and characteristics can change in 

the course of its operation. Traditional control theory 

methods lead often to unacceptable results in that case. 

Because of such situation a demand arises to build control 

systems which do not require full a priori knowledge about 

the plant and its environment. These systems must afford to 

adjust themselves to changing conditions including plant 

and environment properties. Adaptive systems satisfy such 

demand. They use current available information not only to 

generate control actions just as it occurs in traditional 

control systems but to correct a control law. 

A general structure of adaptive system can be repre-

sented as it is shows on Figure 3. As we can see from Fig. 6, 

corrective action ( )t*  for the controller is generated by 

means of some adaptation mechanism which uses control 

signal )(tu , plant output signal )(ty  and some additional 

“external” information 23##4 ),( to provide the correc-

tive action. The additional information can be necessary to 

take into account some data enter into the UAV motion 

model as parameters, e.g. airspeed and altitude in model of 

UAV angular motion. 

 

 

 
 

Figure 3: A controlled system scheme with adjustable control law: 

Here ( )r t  is reference signal; ( )u t  is control; ( )y t  is plant 

output; ( )t*  is corrective action for controller; ( ),4 # # 32  

is some additional information we need to take into account while 

generating control signal value, for example, velocity and altitude 

values for UAV as applies to angular motion control problem. 

 

There are numerous adaptive control schemes including 

ANN-based ones [1]–[8]. The MRAC (Model Reference 

Adaptive Control) and MPC (Model Predictive Control) 

schemes belong to the most frequently used ones (see 

Figures 4 and 5 respectively).  

A controller in the MRAC scheme can be implemented 

basing on an artificial neural network. A learning process 

for the ANN-based controller named below as 

neurocontroller is accomplished to satisfy proximity 

condition for motions realized with the reference model and 

the plant under synthesized control law. The reference 

model shows an idea of control system designer about 

“good” or appropriate behavior of the plant which need to 

be tracked with the neurocontroller.  

The MPC scheme exploits a plant model used to predict 

future behavior of the plant together with some optimization 

algorithm to choose appropriate control actions providing 

best values of predicted characteristics for the considered 

system. 

We have considered MRAC and MPC schemes as applies 

to control UAV longitudinal short-period motion in our 

previous paper [18]. One more scheme is discussed in this 

article. This scheme is based on the inverse dynamics 

problem (IDP) approach. It is used to stabilize a prescribed 

value for UAV angle of attack which transmits from the 

pitch control channel. 
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Figure 4. General scheme for a model reference adaptive control. 

Here ( )r t  is a reference signal;  ( )
p

y t  is a plant output; ˆ ( )y t  is an 

output of the ANN-model;  ( )
rm

y t  is a reference model output; 

*

( )u t  control signal generating with neurocontroller; 
add

( )u t  is 

additional control signal generated with a compensator; ( )u t  is 

combined control input acting on the plant; ( ) ( ) ( )
p m

t y t y t$ % &  is 

a difference between outputs of plant and reference model. 

 

Figure 5. General scheme for a model predictive control. Here ( )r t  

is a reference signal;  ( )
p

y t  is a plant output; ˆ ( )y t  is an output of 

the ANN-model;  ( )
rm

y t  is a reference model output; 
*

( )u t  

control signal generating with predictive controller based on 

optimization algorithm; 
add

( )u t  is additional control signal 

generated with a compensator; ( )u t  is combined control input 

acting on the plant; ( ) ( ) ( )
p m

t y t y t$ % &  is a difference between 

outputs of plant and reference model. 

 

 
 

Figure 6: Structure of the IDP-controlled system. Here -  and 

m
-   is angle of attack from UAV and reference model, q  is 

pitch angular velocity, 
m

e  is divergence between outputs of plant 

and reference model; 1 , e1 and 
NN

1  are control signals. 

 

 
 

Figure 7: Neural network based scheme for plant identification. 

Here 
ref
5  and 

ref
-  are required values for pitch angle and angle 

of attack; m-  is angle of attack from reference model; q  is pitch 

angular velocity. ‘Trajectory generator’ here is the reference 

model and ‘Inverse dynamic-!’ is the IDP-based neurocontroller. 

 

A flowchart for the IDP-controlled system is shown on 

Figure 6. The neurocontroller generates here a control signal 

to track precisely the reference trajectory generated by the 

reference model and the dynamic PD-compensator 

( )mK x x&  adjust the control signal to decrease a value of 

difference between actual trajectory ,x x!
 

and reference 

one ,m mx x! , i.e. a value of the tracking error.  

The neurocontroller shown on Figure 6 is a part of the 

UAV pitch control channel presented on Figure 7. Input of 

the pitch channel is prescribed value for UAV pitch angle 

transmitted from the trajectory control channel. 

The controller in the IDP scheme is implemented basing 

on an artificial neural network. A learning process for the 

controller named here as neurocontroller is accomplished to 

satisfy proximity condition for motions realized with the 

reference model and the plant under synthesized control 

law. The reference model shows an idea of control system 

designer about “good” or appropriate behavior of the plant 

which need to be tracked with the neurocontroller.  

The reference model can be defined in a variety of ways. 

Within this article the reference model is built basing on an 

oscillatory link with rather high damping ratio in aggregate 

with an aperiodic link interpreted as a prefilter. It is ac-

cepted that the reference model defined as 

  (7)  

2

2 2
((1 ) 1)( 2 )

RM

PF RM RM RM

W
p p p

-

6

6 6 7 6
%

' ' '
   

if the UAV motion is described by means of equations men-

tioned above. In model (7) parameter values are specified as 

5
RM

6 % 1/ sec, 80
PF

6 % , 0.8
RM

. % for mini-UAV X-

04. Here 
RM

6  and 
PF

6 are natural frequencies of the os-

cillatory and aperiodic links; 
RM

. is damping ratio for the 

oscillatory link. 

The ANN-based plant model obtained above is used to 

implement learning process for the neurocontroller. The 

adjustment purpose specified for the neurocontroller con-

sists in minimization of the error ˆ
rm

y y& . In other words it 

is needed to bring the plant under neurocontroller behavior 

nearer as possible to the reference model behavior. If the 

ANN-based model has appropriate accuracy then the neuro-

controller will minimize “genuine” error 
rm

y y& too, i.e. it 

will try to reduce a difference between behavior of the 

ANN-based plant model and the real plant under the same 

neurocontroller actions. 
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Figure 8: Simulation results for the IDP-based system with adapta-

tion in the angle of attack stabilization loop. 

 

 

 

 

 

 
 

Figure 9: Simulation results for the IDP-based system without adap-

tation in the angle of attack stabilization loop. 

 

 

 

 

 

 
 

Figure 10: Comparison of control quality for pitch angle before and 

after damage with adaptation in the angle of attack stabilization 

loop. 

 

 

 

 

 
 

Figure 11: Comparison of control quality for pitch angle before and 

after damage without adaptation in the angle of attack stabilization 

loop. 
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Simulation results for the IDP-based adaptive control 

scheme are presented on Figures 8 and 9. All of 

computational experiments were carried out for X-04 mini-

UAV [18]. An indicated airspeed iV  is used here as an 

external parameter to specify aircraft flight regime. All data 

presented on Figures 8 and 9 were obtained for 

70
i

V % km/h. Here 5  is pitch angle, deg; -  is angle of 

attack, deg; -e  is tracking error for angle of attack, deg; q  

is pitch angular velocity, deg/sec; 
e
1 is elevator deflection 

angle, deg; t  is time, sec; RefTrajectory is output of the 

reference model. 

Capabilities are demonstrated here for adaptation to 

abrupt changes of plant dynamics: 1) center of gravity aft 

shift on 15% in instant time 10t %  sec; 2) decreasing of 

elevator efficiency on 50%  at the same instant time. 

Figures 10 and 11 shows us comparison results for 

control quality as applies to pitch angle channel with and 

without adaptation in the angle of attack stabilization loop 

(Figures 8 and 9 respectively). Besides we can see an 

influence of damage on control quality for conventional 

controller to compare it with IDP-based one. 

 

 

 
 

Figure 12: Influence of damage on control quality for conventional 

controller. 

 

 

Simulation results (see Figures from 8 through 12) dem-

onstrate how the IDP-based system equipped with the PD-

compensator manage effects of two simultaneous damages 

influencing significantly on the plant dynamics. First of the 

damages leads to UAV center of gravity aft shift on 15%. It 

occurs in instant time 10t %  sec. The second damage 

causes decreasing of longitudinal control efficiency on 50% 

at the same instant time. We can see that the IDP-based 

scheme provides operation with a slight error (as a rule 

0, 05e
-
8 0 deg) until the first failure occurs. Adaptation to 

the plant dynamic change in this case executes quite rapidly 

taking 1.2–1.5 sec approximately. The tracking error is now 

larger than before the failure but its value still lies in the 

range 0.2e
-
8 0 deg and the system stability is unbroken. 

After the second failure the system stability is still unbroken 

although the tracking error values become rather large, their 

values belong mostly to the range 0.5e
-
8 0 . 

Thus the suggested reconfiguration scheme for the UAV 

motion control law proves its efficiency as a tool which al-

lows us to suppress on-the-fly effects of equipment failures 

and structural damages. Therefore we can ensure some 

specified level of fault tolerance and damage tolerance for 

the UAV control system. 

We can compare these results with simulation results ob-

tained in [18] for the MRAC and MPC control systems 

equipped with the PD-compensator as applies to the same 

X-04 UAV under the same failure cases. Both MRAC and 

MPC schemes provide operation with the same error value 

( 0.05e
-
8 0 deg) until the first failure as it occurs for the 

IDP scheme. Adaptation to the plant dynamic change for 

MRAC and MPC schemes executes taking 1.2–1.6 sec ap-

proximately. The tracking error values are 

(0.18 0.22)e
-
8 0 & deg after the first failure and the sys-

tem stability is unbroken. After the second failure the sys-

tem stability is still unbroken for both MRAC and MPC 

cases [17]. The relevant tracking error values are 

(0.48 0.52)e
-
8 0 & deg after the second failure. Thus the 

MRAC-based and MPC-based reconfiguration schemes for 

the UAV motion control law have in whole very similar 

properties in comparison with IDP-based scheme. 

The most important conclusion following from the simu-

lation results for the IDP-based system as well as for 

MRAC-based and MPC-based systems (see [18]) consists in 

the fact that all of these systems can operate successfully 

including cases with UAV equipment faults and structural 

damages. 

5 CONCLUSION

Investigations considered above show us that the ANN-

based approach to build models of complex nonlinear 

dynamic systems is very effective from the standpoint of 

simulation accuracy as well as processing speed while using 

these models. Such ANN-based model features are 

especially important for on-board implementation of UAV 

control laws. 

The obtained results demonstrate clearly that the ANN-

based approach to control complex nonlinear dynamic 

systems under uncertainty conditions using adaptation 

mechanisms allows us to adjust control systems effectively 

in respect to a current situation including emergence of 

various failures and damages in UAV equipment and 

structure. Neural network based techniques and tools show 

us very high efficiency concerning adaptive fault-tolerant 

and damage-tolerant control for nonlinear systems under 

various kinds of uncertainty. 

Comparison of the MRAC, MPC, and IDP systems do not 

allow us to prefer explicitly one of these adaptive control 
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schemes. Each of these systems has both positive and 

negative properties. Some final choice between MRAC, 

MPC, and IDP control systems can be carried out only with 

regard to specific application problem performing 

sufficiently large sequence of computational experiments. 
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ABSTRACT

A reasonable selection of wing airfoil is very important 

part of aerodynamic design process for micro-UAVs. The 

selected airfoil predetermines substantially performan-

ces of the designed UAV. This reason causes us to pay 

attention to the problem of UAV wing airfoil selection 

taking into account properties specific for micro-UAVs. 

A concept of multitask design is suggested to solve this 

kind of problems. This concept is explained in regard to 

selection process for micro-UAV airfoil. Presented 

simulation results demonstrate that using of multitask 

approach to aerodynamic design of micro-UAV enables 

us to enhance UAV efficiency due to improvement of its 

aerodynamic perfection.

1 INTRODUCTION

A class of very-small unmanned aerial vehicles (micro-

UAVs) includes UAVs with a mass in the range from 

several dozen grams up to 1 kg or up to 5 kg according to 

other appraisals. Micro-UAVs are equipped mostly with 

electric propulsion system consists of rechargeable battery 

and electric engine to drive propeller. There are many 

papers related to reasonable selection of design parameters 

for a micro-UAV including selection of its airfoil [1]–[8], 

[10], and [14]. A reasonable selection of wing airfoil is very 

important part of aerodynamic design process for any 

micro-UAV. The selected airfoil predetermines substantially 

lift to drag ratio, altitude-airspeed performance, stalling 

performance as well as takeoff and landing performance for 

the designed UAV. These reasons stimulate us to investigate 

the problem of UAV wing airfoil selection taking into 

account properties specific for micro-UAVs. 

 

2 AN  INFLUENCE OF FLIGHT REGIMES ON SELECTION 

OF WING AIRFOIL FOR MICRO-UAVS

The wing airfoil selection problem for micro-UAVs has 

some peculiarities caused by reasons discussed below.  

1. Low airspeeds and low Reylolds number values. 

Airspeed values for typical micro-UAVs are usually in the 

range from 8–10 m/sec to 25–30 m/sec. This range is 

specified by requirements which are formulated usually to 

the UAV. According to these requirements the UAV should 

have capability to carry out flight tasks both during calm 

and at strong enough wind. In combination with small UAV 

dimensions it leads to a situation when UAV flies in about 

critical Reynolds number values if it is near to the bottom of 

the UAV airspeed range. It is important because of almost 

all aerodynamic characteristics change considerably for 

critical Reynolds number values [1], [2], and [14]. 

Critical Reynolds number values are from 80000 to 

140000 for various wing airfoils. A transition from 

subcritical Reynolds number values to supercritical ones 

causes essential enhancement of UAV aerodynamic 

characteristics. For example UAV lift to drag ratio rises 

approximately on 50% in this case. 

For subcritical Reynolds number values, i.e. for low 

airspeed, airfoils with small relative thickness (5–7%) and 

with large relative concavity (even downstream airfoil face 

is concave in this case) are preferable if we need to 

maximize airfoil lift to drag ratio. These airfoils become 

inefficient if airspeed increases because of enhancement for 

airfoil profile drag. 

For middle airspeed values (U=15–20 m/sec) airfoils with 

relative thickness approximately 14–16% and with almost 

flat or even convex downstream face are most preferable. 

Finally, for large airspeeds (for micro-UAV airspeed 

about U=25–30 !/" is large enough) sufficiently thin airfoils 

(8–12%) become preferable again but this time they need to 

be close to symmetrical one with small relative concavity. 

The fact is that we do not need high values of UAV lift 

coefficient for these relatively large airspeeds but it is very 

desirable to decrease airfoil profile drag. 

Thus, the requirements claimed to airfoils in regard to 

various flight regimes are obviously contradictory. 

2. Nonstationarity of aerodynamic characteristics for 

micro-UAV with respect to Reynolds number and angle of 

attack values. If micro-UAVs flied all the time on small 

Reynolds numbers including subcritical ones then it would 

leads only to some decreasing of their lift to drag ratio in 

comparison with the flight within supercritical Reynolds 

number region. However, micro-UAVs have very small 

flight weight and small wing load values. Then micro-UAV 

under a gust influence can transits very quickly (for few 

seconds) from subcritical Reynolds numbers to supercritical 

ones and back to subcritical Reynolds numbers. These 

transitions cause significant changes in UAV aerodynamic 

characteristics. 

Micro-UAVs have small values for moments of inertia 

about X, Y, and Z body axes. For this reason micro-UAVs 

have large angular accelerations and large angular velocities 

p, q, and r. Moreover, instantaneous center of rotation for 

micro-UAV do not coincide as a rule with center of gravity 

for the UAV. Quick changes in angle of attack and sideslip 

values caused by the rotation lead to emergence of 

additional aerodynamic moments which depend not only 

from these angles but also from their rate of change as well 

as from roll angular velocity. We can see in this case that 

Design Approach for Selection of Wing Airfoil with Regard to Micro-UAVs 
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the transitions from subcritical Reynolds numbers to 

supercritical ones and back to the subcritical Reynolds 

numbers run in different ways. This phenomenon is named 

as the aerodynamic hysteresis [14]. Almost all aerodynamic 

characteristics of micro-UAV become highly nonstationary 

and they depend also from dynamics of changes for 

Reynolds number values. Moreover large UAV angular 

velocities about Z axis can cause critical angle of attack 

value and stalling of the UAV. Various airfoils have 

different kinds of ! "
L

C #  function with more steep or more 

smooth function value changes for 
CR

# #$ i.e. for angle of 

attack values exceeded critical ones. As a rule airfoil with 

relatively large radius of it forebody have more smooth stall 

characteristics while airfoil with small forebody radius have 

more steep characteristics. 

We can see now that airfoil have an influence on non-

stationary aerodynamic characteristics of UAV because of 

dependence between these characteristics and Reynolds 

number. 

Thus, the reasonable selection of airfoil for micro-UAV 

must be some compromise between desired airfoil proper-

ties for each UAV flight regime and actual characteristics 

for the selected airfoil. 

The design philosophy suggested in our paper is based on 

usage of some collection of alternative airfoils with known 

aerodynamic characteristics to choose a reasonable 

alternative contained in the collection. A synthesis of new 

airfoils additional to the alternatives of the collection is a 

separate problem which is not considered in this paper. 

 

 

3 DESIGN PHILOSOPHY BASED ON MULTITASK 

APPROACH FOR REASONABLE AIRFOIL SELECTION     

IN REGARD TO MICRO-UAVS

Thus, as it was stated above, we need to solve the 

problem of compromise airfoil selection for the wing of a 

micro-UAV. It is necessary to make this selection for some 

range of flight regimes which differ one from another with 

airspeed values. Let us consider this selection problem in 

wider statement. We will suppose that airspeed is only one 

element from a set of flight tasks and application conditions 

for designed micro-UAV. 

A problem of adequate representation for the source set 

of flight tasks and application conditions are very important 

for the designed micro-UAV as well as for its components 

especially for airfoil. This problem has great significance 

for micro-UAVs both for their theoretical issues and 

applications. A solution of this problem determines 

immediately requirements specification for the designed 

micro-UAV. In addition it predetermines optimization 

approaches and techniques used for micro-UAV design. 

Two different approaches are used in contemporary 

design activity. First of them is based on replacement (by 

means of aggregation technique) of source set X of flight 

tasks and application conditions by another set X % . The X %  
set has fewer elements than the X set. For marginal case of 

the X % set it consists of only one element x* which is some 

typical task named usually as ‘design task’ or ‘nominal task’ 

(see Figure 1). 

However this approach causes the problem of appropriate 

selection for the design task x* to represent sufficiently the 

source set X. 

An alternative approach suggested and developed in the 

USSR in the middle of 1960s is presented in [11], [12], and 

[13].  

This multitask approach takes into account the set of 

flight tasks and application conditions through introducing 

of the external set X. We choose values of design 

parameters for UAV according to the multitask approach by 

means of appropriate optimization problem solving. 

 

 

 
 

Figure 1:  Replacement of the external set X by the design task x*:    

1 – external set X; 2 – aggregated external set X % ; 3 – design task x* 

 

This problem involves some unified operation criterion 

[12], [13] 

(1)  ! "& ', ,F X y u t , 

required to be minimized or maximized subject to UAV 

design parameters; here y is vector of design parameters and 

u(t) is vector of control law parameters for UAV. 

Following the aggregated approach [13] we take into 

consideration tasks and application conditions as some 

design task !* X( in a mathematical model of optimal 

design. This design task !* is usually the main element of 

requirements to the developed UAV and it is derived by 

means of design task analysis as well as analysis of the 

source set of flight tasks and conditions of their 

accomplishment.   

As an example of design task x* for micro-UAV we can 

specify a flight operation to search some small surface 

object for prescribed search range D with predetermined 

UAV payload. A design task in airfoil case can be stated as 

a cruising flight with some prescribed airspeed U. The 

influence of airspeed value on reasonable airfoil selection 

for wing of micro-UAV was discussed above. 

According to this approach the optimal design process 

consists in selection of some alternative micro-UAV 

version, which is most effective for the prescribed design 

task. However in real flight conditions our micro-UAV has 

to be capable to run not only this design task but a set of 

other flight tasks. Therefore parameter values of the UAV 

must ensure some design compromise to run efficiently 

every flight task of the set although these values are not 

possibly the best for any task.     

On Figure 2 we can see how concepts introduced above 

relate to such important micro-UAV design element as wing 

airfoil. This example uses a one-dimensional continuous set 

of tasks & '
0 1
,U U U) which is the range of UAV airspeeds. 

Figure 2 shows us that the first airfoil version (Profile 1) is 
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most efficient for the design task 
*

r
U , but this airfoil has 

large drag losses (they marked with hatching an Figure 2) 

for off-nominal values of airspeed, therefore the Profile 2 

airfoil is preferable in regard to discussed case.  

There are no doubts that it is necessary to consider 

quantitatively the whole set of flight tasks and application 

conditions for the designed micro-UAV and its elements. If 

we build the optimal design model taking into account the 

diversity of prescribed tasks then we can avoid considerable 

losses of effectiveness for developed UAV. This problem 

can be solved using the concept of external set X and 

appropriate optimization algorithms. 

 

 
 

Figure 2: A drag losses for the Profile 1airfoil due to off-nominal 

values of airspeed 

 

However such approach complicates obviously the 

optimization model for micro-UAV design parameters as 

well as it enhances efforts needed to solve optimal design 

problem. The question is natural about reasonability of this 

complication as compared with the conventional optimal 

design problem. It was shown in [11], [12], and [13] as an 

answer to this question that deriving of the design task !* 

basing only on the information about external set X leads to 

a considerable error in UAV effectiveness estimation. 

 

 

4 PROBLEM OF MULTITASK OPTIMIZATION AND A WAY 

TO SOLVE IT

Thus, we can see that a choice of optimal parameters can 

be represented as an optimization problem for some simple 

scalar multitask system with external set X, set of strategies 

Y, and strategies A={yi(Y}, i=1,…,m.  

An efficiency index for this multitask system can be 

specified in two ways according to [12] as some efficiency 

function in regard to the optimal design problem for a 

system of UAV airfoils or wings. 

First of all, the efficiency function in case of integrated 

multitask system can be stated as 

(2)  ( , , ( )) ( ) ( , )
i

X

F X A E x p x G x y dx) *  

or 

(3)  ( , , ( )) ( )( ( , ) ( ))
i

X

F X A E x p x G x y G x dx) +*  

Variable F(X, A, E(x)) defined by Equation 2 corresponds 

to the mean value of the functional ( , )
i

G x y . This value is 

related to a single task from the external set X which is a 

region of flight tasks in the considered problem. The 

optimization problem using this efficiency index is 

equivalent to the well-knows unification problem [11], [12], 

and [13]. Solving this problem it is possible to derive 

optimal values for design parameters of the system of UAV 

airfoils if we know the p(x) function. 

Variable F(X, A, E(x)) defined by Equation 3 corresponds 

to the value of absolute deviation of the functional ( , )
i

G x y  

from the value ( )G x  which this functional could possess 

for the UAV wing optimized in regard to the flight regime 

x X( . 

In the second case which is guaranteed multitask system 

one, the efficiency function for UAV system of 

airfoils/wings { }, 1, ...,
i

A y i m) )  can be stated as 

(4)  ( , , ( )) max ( , ),
i

x X

F X A E x x y
(

) ,  

where ( )E x is a distribution function, which connects airfoil 

alternatives with their reasonable usage regions for the 

predetermined external set X. 

Here we introduce the functions 

(5a)  
( , )

( , )
( )

i

G x y
x y

G x
, )  

or 

(5b)  
( , ) ( )

( , )
( )

i

G x y G x
x y

G x

+
, )  

which define the nonoptimality degree of arbitrary UAV 

airfoil yi for a flight regime (flight task) x X(  in 

comparison with the airfoil optimized for the same regime 

x X( . 

Then efficiency function defined by Equation 4 is 

maximal nonoptimality degree for the UAV airfoil yi in 

regard to the whole region of tasks X. 

We can formulate now a general optimization problem 

named also as strategy optimization problem for described 

system of airfoils treated as multitask system. 

The system of airfoils { }, 1, ...,
i

A y i m) )  is optimal for 

the set X of flight regimes x X( if: 

1) the collection of airfoils { }, 1, ...,
i

A y i m) ) provides 

maintenance of the UAV for all flight regimes of X; 

2) the efficiency function value is maximal (see Eq. 6) or 

minimal (see Eq. 7) for this collection, i.e. 

(6)  
, ( )

( , , ( )) min ( ) ( , )
i

A Y E x
X

F X A E x p x G x y dx
-

) *  

(7)  
, ( )

( , , ( )) min ( ) ( ( , ) ( ))
i

A Y E x
X

F X A E x p x G x y G x dx
-

) +*  

or the value of maximal nonoptimality degree is minimal for 

this system of airfoils 

(8)  
, ( )

( , , ( )) min max ( , )
i

A Y E x x X

F X A E x x y
- (

) ,  

Let us notice that we can write expressions according to 

[12]  

1,...,

( , , ( )) min ( ) min ( , )
i

A Y i m
X

F X A E x p x G x y dx
- )

) *  
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1,...,

( , , ( )) min max min ( , )
i

A Y i mx X

F X A E x x y
- )(

) ,  

due to specific nature of relationships described by 

Equations 2, 3, and 4. 

We need to specify realization rate function p(x) for all 

flight regimes x X( to determine indices (6) and (7). 

However, the efficiency index specified by Equation 8 

allows us to derive optimal design parameters of the airfoil 

system { }, 1, ...,
i

A y i m) ) without information about 

distribution of flight tasks in the region X. It is very 

convenient on early stages of UAV design process when it 

is especially important to take into account expected region 

of flight tasks. Optimization according to this efficiency 

index provides UAV maintenance for each flight regime of 

the region X. This approach ensures that nonoptimality 

degree described by Equation 5 do not exceed some limiting 

value obtained from solution of the problem defined by 

Equation 8. 

The suggested optimality criteria is coincide with 

conventional minimality conditions if the external set X is 

reduced to one flight task, i.e. the UAV will operate only in 

one flight regime.  
 

 

5 SOLUTION EXAMPLE OF MULTITASK OPTIMIZATION 

PROBLEM FOR MICRO-UAV 

We will discuss in this section a solution example for 

multitask micro-UAV optimization problem. Our goal is to 

select the most reasonable airfoil from the predetermined 

collection of airfoils with known aerodynamic characteris-

tics. Lift to drag ratio /L DK C C)  is used here as an effi-

ciency function G(x) together with K. as a value of relative 

loss for a wing with arbitrary airfoil { }, 1, ...,
i i

y y i m)(  

as applies to a flight regime x X(  in comparison with the 

airfoil optimized for the same regime x X( . 

 

 

 

Airfoil 1 

 

Airfoil 2 

 

Airfoil 3 

 

Airfoil 4 

 
 

Table 1: Dominance of low speed flights (U = 8–12 m/sec) 

 

 

 

 

Airfoil 1 
 

Airfoil 2 
 

Airfoil 3 
 

Airfoil 4 
 

 

Table 2: Dominance of middle speed flights (U = 15–20 m/sec) 

 

 

 

Airfoil 1 
 

Airfoil 2 
 

Airfoil 3 
 

Airfoil 4 
 

 

Table 3: Dominance of large speed flights (U = 25–30 m/sec) 

 

Example. A rational choice of the most suitable airfoil 

from the predetermined collection. 

We have some predetermined collection of airfoils with 

known aerodynamic characteristics (see Tables 1, 2, and 3) 

as well as three versions of the weight function p(x) which 

is interpreted here as a quantity N of flights carried out with 

different airspeeds (see Figures 3, 4, and 5). 

 

 

 
 

Figure 3 
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Figure 4 

Figure 5 

 

Aerodynamic characteristics for airfoils presented in 

Table 4 allow us to make up some preliminary conclusions 

about preferable regions of airspeed values for each subset 

of the airfoil collection. 

 

 

 

Integrated relative L/D losses  

for micro-UAV wing, K. % 

Airfoil Weight 

function, 

Figure 3 

Weight 

function, 

Figure 4 

Weight 

function, 

Figure 5 

Eppler 61 42.15 54.51 68.19 

Eppler 193 42.85 13.17 16.55 

FS 60100 9.41 6.61 18.81 

Göttingen 495 37.6 42.74 49.62 

G 532 63.89 74.96 78.50 

N-81 68.73 82.54 80.93 

NACA 4512 14.27 5.99 2,58 

NACA 4212 13.33 11.96 11.28 

NACA 19 12.97 12.74 18.14 

NACA 20 42.81 52.65 56.24 

NACA 15 8.09 10.04 28.39 

NACA 17 74.84 76.34 74.82 
 

Table 4: Computational experiment results for collection of 

alternative micro-UAV airfoils with regard to the integrated 

approach 

 

 

 

We can use the integrated approach (see Eq. 7) with 

weight functions p(x) defined with Figures 3, 4, and 5 to 

choose more precisely the most reasonable wing airfoil for 

micro-UAV. Appropriate simulation results are presented in 

Table 4. 

As we can see the NACA 15 airfoil is preferable for the 

region with dominance of low speed flights (see Figure 3). 

This airfoil has minimal integrated relative L/D loss which 

equals to 8.09K. ) %. As regards to the dominance of 

middle speed and large speed flights the NACA 4512 airfoil 

is preferable. It has 5.99K. ) % and 2.58K. ) % 

integrated relative L/D losses, respectively (see Figures 4 

and 5).  

 

 

Airfoil 
Maximal relative 

losses  
1

K. , % 

Reasonable 

airfoil 

Eppler 61 96.6  

Eppler 193 36.8  

FS 60100 54.0  

Göttingen 495 82.8  

G 532 96.6  

N-81 30.0  

NACA 4512 94.3  

NACA 4212 77.0  

NACA 19 19,5 NACA 19 

NACA 20 82.8  

NACA 15 36.8  

NACA 17 97.7  

 
Table 5: Collection of alternative airfoils for micro-UAV 

 

 

We can apply also the guaranteed approach (see Eq. 8), 

which does not require weight functions p(x). An estimation 

of relative L/D losses in this case is carried out for the whole 

region of airspeed values from 8 m/sec to 28 m/sec. Only 

maximal values of the losses 1K. are essential for each 

airfoil in the guaranteed case. Simulation results to obtain 

1K. maximal values are presented in Table 5. 

As we can see from Table 5 the smallest maximal relative 

L/D loss equals to 1 19.5K. ) %. This value belongs to the 

NACA 19 airfoil which is the most reasonable choice 

according to the guaranteed approach.  This airfoil is not the 

best design alternative according to the integrated approach, 

however its relative losses are rather small. The losses 

values make up 12.97 %, 12.74 %, and 18.14 % for the 

weight functions presented on Figures 3, 4, and 5 

respectively.  

 

6 CONCLUSION

The problem of most reasonable selection for airfoil was 

stated and solved in this paper to ensure UAV efficiency for 

some range of its flight regimes, for example for some range 

of the micro-UAV airspeed values. The selection is carried 

out from predetermined collection of airfoils with known 

aerodynamic characteristics. Appropriate methodology was 

suggested to solve this kind of design problems using 

multitask approach.  

The multitask approach is based on a set-theoretic 

statement of design optimization problem which allows to 

take into account diversity and uncertainty of UAV flight 

regimes as well as a set of effectiveness criteria. 

We can apply the integrated multitask approach to select 

the most reasonable alternative airfoil if we have 

information about realization rate function p(x) for all flight 

regimes. Otherwise we can use the guaranteed approach, 

which does not require information about p(x) function. 

Simulation results show us that suggested multitask 

approach to select reasonable airfoil enables us to enhance 

UAV efficiency due to improvement of its aerodynamic 

perfection.  
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ABSTRACT

Flight investigations of aerodynamics and flight 

dynamics for micro-UAVs and mini-UAVs stimulate us 

to use automatic data acquisition systems to obtain valid 

estimations for UAV performances and characteristics. 

There exist many kinds of microprocessor-based and 

microcontroller-based data acquisition systems but all of 

them do not satisfy specific requirements of UAV flight 

tests. A Flight Data Acquisition System (FDAS) is 

suggested to provide support for flight data gathering 

and registration processes. This FDAS consists of 

microcontroller-based flight data recorder equipped 

with SD/MMC memory card to store experimental data, 

set of sensors to measure UAV flight parameters and 

software utility providing experiment planning, 

processing and visualizations of recorded data. Some 

examples related to UAV flight tests are presented and 

discussed to demonstrate features of the proposed 

approach.

1 INTRODUCTION

Flight investigations of aerodynamics and flight dynamics 

for small UAVs demand usage of automatic data acquisition 

systems to support valid estimation of UAV aerodynamic 

and flight performances. There exist many kinds of 

microprocessor-based data acquisition systems but all of 

them do not satisfy specific requirements of UAV flight 

tests. 

Investigation of aerodynamic and flight performances for 

small UAVs is rather complicated problem because of 

severe dimensions, mass and power restrictions for a Flight 

Data Acquisition System (FDAS) needed to support flight 

data gathering and registration [1], [7]–[9]. Another difficult 

problem is a selection of composition and placement for 

FDAS sensors.  

A programmable micro-controller unit (MCU) based 

flight data recorder (FDR) is the main component of the 

FDAS. The FDR is intended to measure and record analog 

voltage signals incoming from sensors and converters 

dealing with various physical quantities. The PRP-J5 

recorder described in the paper is based on the PRP-J1 type 

of FDR developed and tested earlier. The tests of PRP-J1 

device had revealed necessity of real-time verification for 

measured and recorded data. In addition we use plug-in 

memory card to provide quick and convenient data reading 

from the card outside of FDR. In addition plug-in FDR data 

memory allows preprogramming of flight experiment 

schedules to enhance efficiency of flight tests. 

 

2 DESCRIPTION AND PERFORMANCES OF THE FLIGHT 

DATA  ACQUISITION SYSTEM

The FDAS is composed of several units including MCU-

based flight data recorder (FDR) equipped with flash card 

external memory, card reader to transfer recorded data from 

the memory card into memory of personal computer, 

software to manage measurements and to process obtained 

experimental data, storage battery, gyroscopic motion 

sensor card, linear accelerometer card, pressure sensor card, 

voltage stabilizer to supply external devices, temperature 

sensor card and three converter cards to transform remote 

control radio commands into voltage signal for recording 

with FDR.  

The PRP-J5 allows us to register up to 24 UAV flight 

parameters. An SD/MMC flash memory card is used as 

plug-in recording media in the FDR. 

 

 
 

Figure 1: PRP-J5 flight data recorder placed into container housing. 

 

An acquisition of values for needed physical quantities is 

carried out using such devices as: 

! integrated Motorola MPX4115A and Freescale 

Semiconductor MPX7007 absolute and differential 

pressure sensors to measure velocity and baromet-

ric altitude values [2, 3]; 

Flight Data Acquisition System for Small Unmanned Aerial Vehicles 
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! high performance STMicroelectronics LIS344ALH 

3-axis linear accelerometer to measure accelera-

tions along UAV body axes [4];  

! two STMicroelectronics LPY530AL dual axis ana-

log gyroscopes to measure angular velocities 

around UAV body axes [5]; 

! deflection sensors for UAV control surfaces im-

plemented through conversion of PWM (Pulse 

Width Modulator) command signal obtained from 

remote radio control unit. 

Block diagram of the Flight Data Acquisition System is 

presented on Figure 4. 

 

 

Figure 2: Flash card side of the FDR board. 

 

 

Figure 3: MCU side of the FDR board. 

 

The described FDR is characterized by following features: 

! input signals – 24 programmable external analog 

inputs, ADC with 12-bit resolution, programmable 

amplifier gains of 16, 8, 4, 2, 1, and 0.5 for each 

channel; 

! memory – plug-in SD/MMC memory card with ca-

pacity up to 512 MB; 

! measurement/recording frequency – programmable 

time intervals (1 ms, 5 ms, 10 ms, 50 ms, 100 ms, 

200 ms, 500 ms, 1 s, 5 s, 60 s) for each channel; 

! reading of recorded data – with SD/MMC PC-

connected card reader;  

! power supply – Li-Po battery or DC source with 

4.5-12 V voltage and 20 mA maximum operating 

current; 

! dimensions – 57 x 37 x 9 mm; 

! weight – 17 g without container housing and bat-

tery. 
 

 

3 MICRICONTROLLER BASED CORE OF THE FDAS

 

Flight data acquisition system presented in the paper is 

based on the C8051F206 micro-controller unit of the Silicon 

Laboratories C805F2xx family [6], which is a family of 

fully integrated, mixed-signal System on a Chip MCUs. The 

C8051F206 is available with a true 12-bit multi-channel 

ADC. It features an 8051-compatible microcontroller core 

with 8 kbytes of flash memory. There are also UART and 

SPI serial interfaces implemented in hardware. The 

C8051Fxxx family matches well to build systems with high 

throughput and low power consumption providing high-

precision measurement and recording of experimental data. 

The C8051F206 microcontroller of this family was chosen 

for PRP-J5 FDR because it allows us to use SD/MMC card 

as an external memory for experimental data recording.  

On-board JTAG debug support allows non-intrusive (uses 

no on-chip resources), full-speed, in-circuit debug using the 

production MCU installed in the final application. This 

debug system supports inspection and modification !" 

memory and registers, setting breakpoints, watchpoints, 

single steppings, run and halt commands. All FDAS 

peripherals are fully functional when emulating using 

JTAG. 

The C8051F206 microcontroller used as the FDAS core 

has following features: 

! high speed 8051 microcontroller core – pipelined 

instruction architecture; executes 70% of instruc-

tions in 1 or 2 system clocks; up to 25 MIPS 

throughput with 25 MHz clock; expanded interrupt 

handler; up to 22 interrupt sources; 

! memory – 256 bytes internal data RAM; 1024 

Bytes extended data RAM; 8k bytes FLASH, in-

system programmable in 512 bytes sectors; 

! analog peripherals – 12/8-bit resolution; up to 100 

ksps; up to 32 channel input multiplexer, each port 

I/O pin can be an ADC input; programmable am-

plifier gains of 16, 8, 4, 2, 1, and 0.5 for each 

channel; two comparators (16 programmable hys-

teresis states; configurable to generate interrupts or 

reset); 

! digital peripherals – 32 port I/O, all are 5 V toler-

ant; hardware SPI and UART serial ports available 

concurrently; three 16-bit counter/timers; dedicated 

watch-dog timer; bi-directional reset; 

! clock resources – internal programmable oscillator, 

2-to16 MHz; external oscillator (crystal, RC, C, or 

clock); can switch between clock sources on-the-

fly; 

! on-chip JTAG debug – on-chip debug circuitry fa-

cilitates full speed, non-intrusive in-system debug; 

provides breakpoints, single stepping, watchpoints, 

stack monitor; inspect/modify memory and regis-

ters; 

! supply voltage is 2.7V to 3.6V, typical operating 

current is 9 mA at 25MHz, and 0.1 #A at sleep 

mode; 

! temperature range is from –40
0C to +800C. 
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Figure 4: General block diagram of the Flight Data Acquisition System. 
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4 SOFTWARE USED TO MANAGE FLIGHT DATA 

ACQUISITION WITH FDAS

 

Management of measurement and recording processes for 

UAV flight data is implemented using a configuration file. 

This file is generated by means of PC-running utility 

program and it is stored in flash memory card pulled into 

FDR socket. The utility program allows us to perform such 

operations as setting of parameter values to handle data 

acquisition, to read experimental data recorded on the 

SD/MMC memory card, and to convert source (raw) data 

into appropriate text and graphical format. 

Screenshots presented on Figures from 5 through 7 

demonstrate usage of the FDAS software. 

 

 

Figure 5: Adjustment window for parameters of recording channels. 

 

 

 

Figure 6: Range adjustment for measured UAV flight parameters. 
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Figure 7: Generation of file with experimental data. 
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Figure 8: Micro-UAV altitude and airspeed registered in a flight test. 

 

Flight data recording is started by means of FDR power 

switch on. The recording process is terminated with 

power switch off then SD/MMC card is pulled out of 

FDR and is processed off-line with PC to process and 

visualize obtained experimental data.  

Flight test results are presented on Figures 8 and 9 as an 

example of acquisition and visualization of micro-UAV 

flight data. 
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Figure 9: Micro-UAV angular velocities registered in a flight test. 

 

5 CONCLUSION

1. The MCU-based automatic data acquisition system 

(FDAS) is developed and tested to record flight parameter 

values for small UAVs. 

2. Flight Data Recorder as the main part of FDAS has 

small dimensions (57 x 37 x 9 mm) and weight (17 g 

without FDR case and battery). 

3. If appropriate sensors are available then the FDR 

provides recording up to 24 flight parameters of a small 

UAV using a memory card as well as reading of the 

recorded data on a personal computer and visualization of 

the measured data. 

4. The FDAS discussed in the paper is equipped with 

such kind of sensors as: 

! absolute and differential pressure sensors to meas-

ure air speed and barometric altitude values; 

! three-axis linear accelerometer to measure accel-

erations along UAV body axes;  

! two dual axis analog gyroscopes to measure angu-

lar velocities around UAV body axes. 

5. The FDR can also record angle of attack and sideslip 

values if appropriate sensors are in the FDAS.  

6. Recording of deflection angles for UAV control 

surfaces (elevator, rudder, ailerons) is carried out trough 

conversion of autopilot control signal or remote radio 

control pulse signal into analog signals. Three conversion 

units is used in the FDAS for elevator, rudder and ailerons 

channel.  

7. Innovation of the described FDAC system is to record 

configuration parameters in the same file as the recorded 

data. While making experiments it allows us to configure 

the system very quickly, by inserting an appropriate 

programmed SD memory card. Working ON-LINE allows 

to load initial values from the sensors and calibrate their 

offset and gain, which are then credited to the configuration 

file on some SD card data. This increases the system 

modularity and allows us to install other sensors to perform 

different measurement tasks. 

8. The FDAS can be used not only for flight tests but to 

support wind tunnel tests of real micro-UAVs [10]. 
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An Architecture with Integrated Image Processing
for Autonomous Micro Aerial Vehicles

Christian Dernehl∗, Dominik Franke, Hilal Diab, Stefan Kowalewski
RWTH Aachen University, Germany

ABSTRACT

This paper presents an overall MAV design with
an integrated camera system. It shows the inte-
gration of the camera into the hardware and soft-
ware architecture and how camera information
can be used within the logical design for improv-
ing flight control. The presented architecture will
be tested and evaluated during the International
Micro Aerial Vehicle Conference and Competi-
tion 2011 (IMAV 2011)1.

1 INTRODUCTION

During the last decade research and development of mi-
cro aerial vehicles (MAV) have increased and new applica-
tion areas have been discovered. With the improvement of
smaller and better cameras, camera systems found their way
as additional and important components in MAVs. By having
a camera system available on a MAV the efficiency of this
air vehicle increases and new fields of applications become
available. For example, this is needed in military operations,
where targets have to be identified. Such an identification is
often done by a human on ground, to reduce the probability of
mistakes. But a camera system is also helpful if a MAV shall
autonomously fly through an arch. In such a scenario cam-
era image evaluation can be integrated into the flight control
system to help navigation. In addition tiny cameras today are
not only getting cheaper, but also capable of high resolution
pictures. Together with improved computing power of em-
bedded systems on-board video processing becomes possible.
By having video processing on-board of a MAV the reliability
of the video processing system increase, since it is not nec-
essary to send video data via a network connection to some
other device (e.g. base station) for evaluation. Further, such
an approach improves the performance of the overall system,
because the time and effort of sending video data to another
device and receiving results can be omitted.

In this work we present an autonomous MAV system de-
sign with an integrated camera system. On the one hand we
show the integration of the camera system in the hardware ar-
chitecture. On the other hand we also show how to integrate
the camera system into the MAVs software architecture. The
camera is integrated into the logical system by introducing

∗Email address(es): {dernehl, franke, diab,
kowalewski}@embedded.rwth-aachen.de

1See www.imav2011.org .

sensor weighting in the MAVs decision making process. We
also indicate, how one can use the additional, and often pow-
erful, camera system for load balancing of the overall system.

This architecture is implemented in a tilt wing MAV,
which takes part in the International Micro Aerial Vehicle
Conference and Competition (IMAV) 2011. During this com-
petition MAVs have to perform specific tasks, described in the
section below.

The remainder of the paper is organized as follows. Chap-
ter 2 presents functional and non-functional demands on the
presented MAV system. In Chapter 3 we list some of the
related work on this area. Chapter 4 introduces the MAVs
hardware architecture, which is the basis for the software ar-
chitecture, presented in Chapter 5. Chapter 5 further explains
the integration of the camera system into hardware and soft-
ware. Chapter 6 concludes this work.

2 REQUIREMENTS

There are several missions which the MAV has to accom-
plish in the IMAV 2011 competition. These include take-off,
landing, flying through an arch, hitting a balloon, drop a lis-
tening device, record audio from the listening device, identify
a vehicle and observe a group of humans. In addition to these
tasks, there is an endurance mission, focusing on energy con-
sumption and speed of the MAV. In all tasks, extra points are
given for autonomy. In fact, autonomy can win the competi-
tion, since the factor 12 is multiplied to the total score if full
autonomy is given, i.e. the MAV needs no instructions from
humans. From these missions, requirements on the MAV can
be derived.

There are various functional requirements. One goal is to
have a MAV, which is capable to control itself with respect
to environmental interferences, such as wind. In addition au-
tonomy needs to be implemented to fulfill the missions. For
instance autonomy means, that the MAV is capable to observe
humans and depending on their actions, the MAV shall react
appropriately without human interaction. A camera system
is crucial with respect to the observation missions. But the
camera can also be used to improve the flight control system
during other tasks, such as landing. Finally safety regula-
tions, including a safe landing in case of GPS loss, have to
be fulfilled. Furthermore, an emergency system is required,
allowing a human operator to operate the MAV in case the
autonomous flight control does not work properly.

In addition to functional requirements , some non-
functional requirements can also be derived. Only small ve-
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hicles of a limited size are allowed. Furthermore, vehicles,
which are longer than 1m, have a disadvantage in the rat-
ing process. This implies a limited size of the MAV. More-
over, there is a maximum weight of 25kg and a momentum,
defined as mass times speed, of 20kgm

s is allowed. As our
goal is to achieve high points at the endurance mission with
a high air speed, we have strict limitations to the mass of the
MAV. The computation hardware components of the MAV
shall only have a total weight of less than 150g.

3 RELATED WORK

The related work are separated into two parts. In the first
part we present work related to the architecture of MAV. The
second part presents related work done in the area of object
recognition.

Architecture Autonomous aerial vehicles are being devel-
oped since multiple decades. In 1996, Johnson et al. [1] built
an aerial vehicle capable of taking off, landing and discov-
ering certain items with an attached camera system. In their
work, the UAV transmits video data to the base station, which
processes the images and sends the results back to the UAV.
There is no automatic image processing component on-board
of the MAV. Instead images are processed at the ground. In
our approach video processing is performed on-board of the
MAV, which we expect to be faster and more reliable (no
transmission delays and faults).

Pastor et al. [2, 3] developed an architecture for UAVs,
which includes a base station, an on-board camera system, a
communication subsystem and a mission controller. The au-
thors use the IEEE 802.3 standard2 (Ethernet) for communi-
cation between their components. On top of the IEEE 802.3,
application layer protocols are used, such as web services [4].
This architecture allows a high degree of flexibility, since
components are easily exchangeable by other components
implementing the suitable application protocol. In contrast
to our work, an implementation of such a complex protocol
stack is not necessary, since we face strong hardware con-
straints and do not make use of high-level protocols like Eth-
ernet. This is due to the fact that in our project MAVs are con-
sidered, whereas the work of Pastor was applied to UAVs in
general. Compared to their work our approach is on one side
more low-level, but on the other side also more lightweight.

Maranhão et al. [5] designed in their work a hardware and
software architecture for UAVs. The main idea is to connect
components with the Universal Serial Bus (USB), in which
a normal PC, performing fast image processing, is the mas-
ter while other microcontrollers and the camera act as slaves.
Compared to our work, Maranhão focuses on the USB con-
nection between the PC and the microcontroller, controlling
the UAV. In our work we use the USB only to connect the
camera module to the camera system and use the I2C bus for

2See www.ieee802.org/3 .

other purposes. Our focus is on the integration of the camera
system into a flight control system.

Handling multiple UAVs at the same time is the focus of
the work of Tisdale et al. [6]. The authors developed an ar-
chitecture containing a communication system via which the
UAVs transmit data to each other. With respect to the commu-
nication, a hybrid approach was chosen, featuring communi-
cation between UAVs and data transmission to a base station.
The base station assigns tasks to the UAVs. These tasks are
then processed by one of the UAVs, being capable of accom-
plishing this mission. Our work, however, focuses on camera
evaluation within one single MAV, so no other sensor data
from other MAVs are available and, for video evaluation, no
connection to a base station is necessary.

Object Recognition In 2011 Chiu and Lo [7] developed a
system, in which a camera module is attached to an UAV,
transmitting data to a base station. The base station evaluates
the video and is connected to a adapted RC receiver in a way
the base station can control the UAV. With the detection of the
skyline, flight control only by video evaluation is possible.
Similar research has been done by Bao et al. [8], focusing
primary on horizon extraction. In our work, we incorporate
other sensors as well and perform video evaluation on board.

Tisdale et al. [9] used in 2008 multiple UAVs to identify
and locate objects in a certain area. In their work, the authors
focus on data fusion, which arises from the different available
data sources and implement a particle filter, performing in
their scenario better than a default Kalman filter.

Chen and Dawson [10] analyzed the tracking problem
with UAVs. In their scenario, one UAVs has an attached cam-
era and follows another UAV. The main focus of their work
is, however, based on the coordinate system transformations
between real world coordinates and the image planes of the
UAVs.

4 HARDWARE ARCHITECTURE

A flight control system is responsible for the stability of
an aerial vehicle by reading and interpreting sensor data and
controlling the engines and other actuators. Since the be-
havior of the environment, i.e. wind and other interferences,
cannot be modeled perfectly, a closed loop control model is
chosen. In this model the impact of the environment on the
aerial vehicle is measured and fed back into the controller.
Basically, there are three types of components: controllers,
sensors and actuators. The main component is the controller
itself, described in the next subsection. In the second subsec-
tion sensors are introduced, measuring the environment and
transmitting the measurement data to the controller. There-
after actuators, executing the actions of the MAV are pre-
sented. Finally in the last paragraph a summary of the ar-
chitecture is provided.
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4.1 Microcontroller

In our work an Arduino3 based platform was chosen
consisting of a software library, providing hardware ab-
straction, and hardware, the ArduPilot Mega board. The
board can be programmed via USB, e.g. by a desktop
computer. A (FTDI)-chip, converting USB data streams to
other data streams like RS232, connects the hardware to the
USB. Besides, the ArduPilot Mega board features two Mi-
crocontroller Units (MCUs), an ATmega1280 and an AT-
mega328 from Atmel. The ATmega1280 offers 16MHz fre-
quency and 128K RAM, while the ATmega328 provides up
to 20MHz frequency and 32K RAM. The less powerful AT-
mega328 increases reliability by working independent of the
ATmega1280 as an emergency system. If the ATmega1280
is not available due to heavy overload, the ATmega328 is
still capable of controlling the MAV via forwarding incoming
RC signals in a well-specified way to the corresponding ac-
tors. The ATmega1280 is used for autonomous flight control,
which includes reading data from the sensors and telemetry
devices and the evaluation of this data for controlling pur-
poses. All devices within the MAV are connected by wires
and various bus systems are used for communication. The
ATmega1280 features four universal asynchronous receiver
and transmitter (UART) devices and offers registers to attach
the I2C bus to the MCU. The ATmega328 provides one sin-
gle UART.

For the camera system we decided to chose a dedicated
embedded system. Our choice is the BeagleBoard xM4,
including a 1GHz ARM A8 MCU and 512 megabyte of
RAM. Further, the Beagle Board xM features an I2C port
and an USB host chip. Having its own floating point unit
the ARM A8 is wide spread for image processing.

Concluding, the airborne computer consists of three
microcontrollers, an ATmega1280, ATmega328 and an
ARM A8 processor. Each microcontroller is responsible for
specific tasks. The ATmega1280 is the main airborne com-
puter and designed for controlling and the decision making
process. The decision making process evaluates the current
sensor data, e.g. camera data, with respect to the current mis-
sion goals and chooses an action. The ATmega328 is used for
backup in case the ATmega1280 fails. While both ATmega
microcontrollers are responsible for controlling the MAV, the
ARM A8 microprocessor has to perform different tasks, i.e.
evaluating data from the camera.

4.2 Sensors

Choosing the appropriate sensors is important especially
for flight control, in order to get as many reliable information
about the environment as needed to follow the current mis-
sion. Sensor data is critical for the closed control loop. They
include air speed, acceleration, altitude, attitude and position
of the aerial vehicle. Each of these environment variables can

3See www.arduino.cc .
4See beagleboard.org/hardware-xM .

be measured by a suitable sensor. A very important sensor
unit is the Inertial Measurement Unit (IMU), which consists
of gyroscopes, measuring the attitude, and an accelerometer,
measuring the acceleration. Only with the IMU already all
six degrees of freedom can be determined. Additional sen-
sors are an air speed sensor with an attached pitot tube and a
pressure sensor, which can be used for height sensing. With
respect to low altitudes, an ultrasonic sensor might also be
used in combination with the pressure sensor to improve the
height estimation. Finally a GPS receiver locates the aerial
vehicle in space.

For this scenario the ArduPilot Oil Pan IMU Shield,
which has also been developed within the ArduPilot project,
has been chosen. This board contains gyroscopes, ac-
celerometer, pressure sensor and a 12-bit Analog Digital Con-
verter (ADC). For instance, ADC is used to convert the sen-
sors on the IMU Shield. The IMU board is located on top of
the ArduPilot Mega board.

4.3 Actuators
After the controller has evaluated data from the sensors,

the appropriate actions are performed. Data is transmitted to
actuators in order to change the MAV’s fly route accordingly.
With respect to the type of the MAV, available actuators dif-
fer. For example, a rotary based aircraft has two actuators,
motors for the main rotor and the tail rotor. On the contrary
a fixed wing aircraft has two motors, a rudder, an elevator
and the aileron. One result of the composition of the rotary
and fixed wing concept is the tilt wing aircraft, which can
flip its wings up to 90 degree during flight. Compared to the
fixed-wing concept, there exist additionally one tail rotor and
another motor, regulating the degree of the wings. Further-
more, there might be actuators for specific mission tasks, for
example a chute to drop specific items.

In our scenario, only electric motors are considered, even
for the main propulsion. This fact allows the usage of Pulse
Width Modulation (PWM) to control all actuators. PWM sig-
nals can be generated by the ATmega1280 MCU. In this way
the controller can directly interact with the actuators without
an external, additional engine controller.

4.4 RC System and Telemetry
There are two ways to control the actuators of the MAV,

the first is via the airborne computer and the second is via
the RC system. The RC system operates in Europe on either
35MHz or 2.4GHz and consists of a remote and a receiver. In
most cases data transmission on these frequencies is analo-
gous. When using an airborne computer in autonomous flight
mode, the RC system is used as an emergency system, al-
lowing the operator to control the MAV in case the airborne
computer is not available (e.g. due to a failure).

Since the RC system serves for manual control of the
MAV and as an emergency system, other data (e.g. video
data) have to be transmitted to the base station in a different
way. Video streaming requires a high transmission rate and
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Figure 1: Hardware Architecture

is usually done via digital protocols. The ZigBee specifica-
tion includes a protocol for digital data transfer and is com-
parable to other protocols like Bluetooth. In fact, Bluetooth
and ZigBee reside both in the IEEE 802.15 working group.
Unlike analogous RC transmission, the ZigBee specification
is packet based and includes its own MAC layer, so multi-
ple devices can be addressed. This is useful, when operating
multiple MAVs with a single base station. ZigBee operates
on the 868MHz, 902-928MHz, 2.4GHz frequencies.

In our scenario two XBee modules, operating at 2.4GHz,
are provided. XBee modules implement the ZigBee speci-
fication. One module serves as the base station controlling
the MAV, and one communicates with the airborne computer.
The base station in this scenario is a laptop.

4.5 Overall Hardware Setup
The hardware architecture presented in Figure 1 describes

the interactions and connections between the different hard-
ware components. The essential part of the architecture is the
airborne computer (ATmega1280) and the IMU board (IMU
Shield). The ATmega1280, providing four UART modules,
which are used for communication between two hardware
components, is responsible for the manual as well as au-
tonomous flight control. In the ArduPilot project the first
UART module is assigned to communicate with the FTDI
chip. This allows the developer to upload Arduino programs,
i.e. programs written in the C language and linking the Ar-
duino libraries, via USB to the ATmega1280. The second
UART module is used to communicate with the GPS receiver.
The third UART module is utilized to read data from sensors.
Analogous sensor data is first transmitted to a 12-bit ADC,
before processed by the ATmega1280. In comparison to the
UART modules, supporting data transmission between two
devices, the I2C bus can handle multiple devices in a master-
slave fashion. The ATmega1280 was chosen to be the mas-
ter device, whereas the magnetometer and the camera system

work as slave components. Note that the camera system is
computationally more powerful than the airborne computer.
However, the airborne computer with its access to all sensors
and actuators is responsible for the decision making process.
Therefore, the airborne computer was chosen as the master
component.

5 SOFTWARE ARCHITECTURE

After providing an overview of the hardware architecture,
this section describes the software architecture. The Ardupi-
lot Mega project provides a general purpose flight control sys-
tem, capable of navigating to given GPS locations. However,
the software architecture needs to cover the additional camera
system, as well.

5.1 Camera System
The camera system consists of two components, first a

camera board for video processing and second a camera mod-
ule, connected via USB to the camera board. In contrast to
the ATmega MCUs, the powerful camera board is capable to
execute a full Linux operating system. It has no hard disc
drive, so Linux is installed on a flash card. Since a RS232
port is available, the console can be accessed via the serial
interface to communicate with the operating system during
the development process. The USB host chip on the camera
can be accessed through the Linux USB drivers. So the de-
veloper can run software on the camera board, which reads
RGB frames from the camera module. For image process-
ing a software module is implemented, which takes advan-
tage of the OpenCV library. Image processing in this context
includes the recognition of objects and deriving from this a
flight control suggestion, which is sent to the ATmega1280.

For this scenario a camera module with 30 frames per sec-
ond with a resolution of 640x480 pixels is used. The com-
puter vision algorithms of OpenCV can process 7 frames per
second on our hardware, if color frames are evaluated. In-
stead of calculating color images, about 15 greyscale images
can be calculated in a second. Evaluation means here that
items, e.g. an arch, within a taken picture are recognized and
their position in the picture determined (x- and y-coordinates
in pixels relative to the image border). Assuming a cruise
speed of about 10m

s this allows 0.7 frames per meter in color
mode or 1.5 frames per meter in greyscale mode.

5.2 Airborne Computer
The software of the airborne computer is based on the

Arduino Mega platform, which again is based on the open
source Arduino platform. Next to the introduced hardware
the Ardupilot Mega provides also various libraries, e.g. for
autonomous stabilization and GPS navigation.

The airborne computer in our setup consists of a telemetry
module, the flight controller, mission controller and is influ-
enced by the camera system. Further, it has access to all sen-
sors and actuators (see Figure 2). The camera system trans-
mits flight control suggestions to the mission controller. This
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Figure 2: Software Architecture

is explained in detail in the next subsection. Consider the
MAV approaching a balloon. The coordinates of the balloon
are fixed and known, stored in the mission database. Then
together with the IMU and GPS the flight route can be set
accordingly. However, when the MAV is very close towards
the balloon the frequency of data measured from the IMU and
GPS might not be sufficient to hit a balloon with a diameter
of 60cm flying in about 10 meter height. From then on, the
MAV can fly assisted by the camera system. Additionally,
plausibility tests have to be performed on the mission con-
troller to check the reliability of the camera suggestions or to
detect a failure in the camera system. For instance, the camera
system suggests to fly lower to hit the balloon. Then the mis-
sion controller checks, if this can be confirmed by the current
IMU and GPS data (e.g. flight direction and last GPS coor-
dinates indicate that the MAV is flying towards the expected
GPS position of the balloon). Furthermore, the mission con-
troller is capable of turning the camera system on or off, e.g.
for energy efficiency reasons if the camera is not needed in a
mission.

Missions are stored in a database, attached to the mission
controller. In this way delays, resulting from loading mis-
sion data, are minimized and do not interfere or depend on
the current communication load. Mission data is also used by
the mission controller for further improvements of the flight
control system. For example, in some missions certain sen-
sors are more important to flight control than others. The
sensor importance can be expressed by a weighting function,
assigning a weight to each sensor before the decision making
process (e.g. which actuator is activated) starts. Therefore,
the airborne computer can behave differently in each mission.
Consider a mission to land the MAV and another one to ob-
serve an area. During landing the altitude is crucial, whereas
during observation, the exact altitude is of lower importance,
but camera data becomes significant. Therefore, in a landing
mission, the altimeter and ultrasonic sensors have a higher
weight than the camera.
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Figure 3: Overall Architecture

In the autonomous mode the mission controller, knowing
what the next task is, works together with the flight controller,
which has access to all actuators and sensors (details in next
subsection). Since the flight controller implements a closed
control loop, current state values are read from the sensors
and output data is transmitted to the actuators. The telemetry
module allows the user to set the current state of the mission
controller, e.g. skip mission x and proceed with mission y.

The decoupling of the mission controller from the flight
controller increases, by encapsulation, the reusability of the
software modules. Consider the type of the MAV changes
from fixed wing aircraft to rotary wing aircraft. In this case
the flight controller module needs to be replaced with an ac-
cording module. The mission controller, however, does not
need any additional changes.

In Figure 3 the overall structure is depicted. On the left
side, the system used for the base station is illustrated. Sig-
nals are transmitted either with the RC remote or the XBee
module to the airborne computer. The airborne computer is
attached via the I2C bus to the camera system. For intercon-
nections within the airborne computer UART is used, except
for the magnetometer, which is not included in the illustra-
tion.

5.3 Integration of the Camera System into the Airborne
Software Architecture

In this chapter we explain the interaction of the camera
system with the airborne computer in detail. If the current
mission, chosen by the mission controller, needs the camera
system, it will be switched on by the mission controller. Fur-
ther, the mission controller tells the camera system, which
object shall be recognized by sending an object ID. For this
purpose a set of corresponding objects with IDs are already
specified in the flash storage of the camera system. The
camera system is then responsible for recognition, process-
ing and evaluation of the object (e.g. with OpenCV, as ex-
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Figure 4: Calibration of Object Size

plained above). Finally evaluation results has to be send to
the mission controller, which is capable of interpreting them
as flight suggestions. The interpretation in the mission con-
troller is dependent on the current flight mode (manual or au-
tonomous), the current mission (does camera play a role?)
and reliability and relevance of the camera system informa-
tion (do GPS and IMU also confirm, that the MAV is ap-
proaching the balloon position?).

To get a better idea of this concept, we take a close look on
the communication protocol between the camera system and
the airborne computer. Our communication protocol between
these two systems contains the following elements:

Status Bit This bit is set to 0, if the camera system does not
recognize the wanted object. It has the value 1, if the object is
recognized by the camera system. Only in this case, the other
three parameters are available to the mission controller.

Size of Object This parameter contains the size of the rec-
ognized object, which is needed in the mission controller to
estimate the distance to the object and derive from this the
intensity of future actions, like adjusting the route.

The size is given in a relative manner. In a calibration
process on the ground each object is placed exactly 10 meters
ahead of the MAV. The object is then recognized by the MAV
and the area that the object takes on the camera images during
this recognition is defined as 100%. Figure 4 shows the setup
during calibration and recognition of a balloon. In our project
the balloon recognition is based on color and shape features.
The balloon area is labeled A. We chose area as measurement
unit, since it can be fast computed with our camera system.
A distance of 10 meters is chosen with respect to the flight
speed and size of the available objects during the IMAV com-
petition. If an object is closer than 10 meters to our flying
MAV, then reacting on corresponding images becomes diffi-
cult as less than one second is left to pass the object in fixed
wing mode. But values greater than 100% are possible as
well. This is the case, if the object is closer than 10 meters.

We chose a relative measure to keep the encapsulation of

Distance [m] 

Object Size 

[pixel*pixel] 

Figure 5: Relation between Object Size and Distance

C 100% 

Deviation (60%) 

Figure 6: Computation of Deviation

our software and hardware modules high. For instance, if a
camera module is replaced, then no adjustments have to be
made to the mission controller, since the relative value will
not be changed. In case of a camera replacement only the
calibration on ground has to be repeated to define the size of
100% area of each object and store this value in the camera
processing hardware.

Concluding, the size of the recognized object, as area A
on the camera picture, is passed as a relative value to the
mission controller. The mission controller has a model con-
taining the size of objects relative to distance. The model is
sketched in Figure 5. This model is based on the fact that size
of objects recognized on camera images, relates exponential
to the distance of the objects. The current size of the ob-
ject together with the size of the object during calibration, are
used by the mission control system to derive the current dis-
tance to the object. Based on this knowledge the strength of
the necessary action (e.g. steer hard or soft left) is computed
by the mission control algorithm.

Deviation Another parameter passed by the camera system
to the mission controller is the deviation of the recognized
object in the camera image from the center of the image.

Figure 6 sketches the computation of the deviation param-
eter. It is computed as the distance between the center of the
camera image and the center of the recognized object. We
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Figure 7: Close to Object

again pass a relative value to the mission controller, for the
same reason as with the size of the recognized object. For the
deviation 100% are defined as the distance from the center of
the image to the left and right border of the image (see Fig-
ure 6). The deviation parameter is larger than 100%, when
the center of a recognized object is located one of the cor-
ners of the image, since the diagonal of a rectangle is larger
than its width. Together with the parameter size of object, the
deviation parameter is used within the mission control algo-
rithm to compute how hard a corresponding reaction of the
flight controller has to be executed. For instance, if the mis-
sion controller detects with the parameter size of object, that
it has a large distance to the recognized object (as explained
above), and the deviation parameter has a value of 80%, then,
although deviation is large, the mission control algorithm in-
structs the flight controller for a soft reaction, since the dis-
tance to the object is large.

If the center of the camera image is within the recognized
object (see Figure 7), deviation is likely to be still greater than
zero (figure 7, distance between center of image C and center
of recognized balloon object BC). This is due to the fact, that
it is within fixed wing flight mode and some certain speed
improbable that the center of the recognized object remains
exactly on the center of the camera image. Therefore, the
mission controller additionally has for each stored object, de-
pending on its size, a certain deviation tolerance. This means,
if it for example approaches the balloon, for which it com-
putes that the distance is about 12 meters, and the deviation
is 5%, no reaction is necessary. As another example, if it ap-
proaches orthogonally an arc, with a width of 10 meters and a
height of 5 meters, and computes out of the previous parame-
ters a left distance of 12 meters, then even a deviation of 30%
does not imply any reaction, since the arc is large enough to
pass properly through with the current route.

Direction The fourth parameter passed by the camera sys-
tem to the mission controller is a suggestion, to which direc-
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Figure 8: Identification of Direction Parameter

tion the plane should adjust its route. Therefore, we divide the
camera image to different areas, as presented in Figure 8. The
center of this pattern complies with the center of the camera
image. The different areas are named by cardinal points (N =
north, NNE = north north east, NE = north east, NEE = north
east east, ...). To keep the protocol between the camera sys-
tem and airborne computer short and high-performance these
abbreviations are passed from the camera system to the mis-
sion controller.

For instance, if a balloon is recognized in the bottom right
corner of the camera image (see Figure 8), then depending on
the area, in which the center of the balloon is placed, the cor-
responding abbreviation is passed to the mission controller.
The mission controller interprets this direction parameter as
a flight suggestion. In case of the balloon, the corresponding
flight suggestion would be SSE, meaning that the flight route
has to be adjusted down and a bit right.

With the first three parameters the plane knows if an ob-
ject is recognized (status bit), what the distance to the object
is (derived from the size of the object) and the deviation of the
object from our current flight route. So the mission controller
can compute if a reaction is needed and the strength of cor-
responding actions. However, it has no information about the
direction, in which the action shall be applied. With the di-
rection parameter the mission controller gets a suggestion, in
which direction the flight route has to be adjusted. Depending
on the current speed of the MAV and the distance to the tar-
get, the mission controller decides, if an action is performed,
or not.

With these parameters from the camera system together
with sensor data (position, orientation, speed), the model of
size-distance relation (see Figure 5) and the current mission
objectives the mission control system is able to autonomously
control the MAV via the flight control system.
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6 CONCLUSION

This work presents an overall MAV architecture with a
completely integrated camera system. We present the inte-
gration on hardware as well as on software layer. While the
integration on hardware layer is often given by the available
connection types, the software architecture integration can
become pretty challenging.

For the communication between the camera system
and the airborne computer, we introduce a modular and
lightweight protocol. The structure of this protocol consists
of four elements: status bit, size of object, deviation and di-
rection. All four values are computed within the camera sys-
tem. We show how this parameters can be used in the mission
control system together with the flight control system, to in-
tegrate image processing into autonomous flight control.

By introducing a modular and lightweight protocol for
the communication between the camera system and airborne
computer, we also clearly separate the tasks of these two mod-
ules. We separate the following tasks (on software layer):

1. image recognition

2. image processing

3. image evaluation

4. deriving flight suggestions based on the evaluated im-
ages

5. sensor weighting

6. and decision making

Such an encapsulated approach has different benefits on
hardware as well as on software layer. On hardware layer, if
the camera itself has to be replaced, then only the modules
1 and possibly 2 have to be adjusted. Furthermore, image
processing hardware, like the BeagleBoard xM, is often more
powerful than the flight control hardware (here Atmega1280).
This is why we execute tasks 1-4 on the BeagleBoard xM and
tasks 5 and 6 on the Atmega1280. Such a load balance can
even be enhanced by outsourcing even more tasks from the
flight control hardware to the video hardware (e.g. sensor fu-
sion). This depends on the overall architecture of each single
MAV system.

Next to load balancing our approach also increases the
safety and reliability of the MAV. If the BeagleBoard xM
crashes due to complex tasks or heavy load, this has just a
small effect on the separated flight control system. In our case
the Atmega1280 will simply notice, that one sensor, namely
the camera system, is not available any more.

As future work of this project the evaluation of this
presented approach in different flight competitions like the
IMAV 2011 is planned.
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