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Abstract 

This report presents research studies performed under the Statement of Work for the Grant 

FA8651-07-1-0002. The report is organized in six chapters comprised of papers published during 

the course of the project.  

In the present project, we investigated novel concepts of MAVs with vertical takeoff and 

landing capabilities. Two fixed-wing MAV configurations were tested in the wind tunnel and 

compared: a tilt-wing concept controlled by two non-coaxial counter-rotating propellers and a 

tilt-body concept based on coaxial motors and counter-rotating propellers. The tilt-wing concept, 

although superior to the tilt-rotor concept, does not provide a significant benefit over an 

equivalent tilt-body MAV configuration. Finally, two tilt-body coaxial prototypes were designed 

and successfully flight tested to demonstrate the capability of fixed-wing MAV configurations to 

lift off, sustain hover flight, and perform transition between forward and hover flight. Special 

attention was paid to the coaxial tail-sitter concept for which the propellers slipstream guarantees 

aerodynamic efficiency over the whole flight envelope. Side-by-side comparison of a mini- and a 

micro-sized coaxial tail-sitter model was carried out and discussed.  

 The tilt-body, tail-sitter concept for VTOL MAVs was analyzed and designed based on a 

contra-rotating propeller-motor electric propulsion system. It can be equipped with video 

cameras that capture and transmit video to a ground station for analysis, making it a very 

effective research platform. Values of thrust, torque, power, and efficiency of this propulsion 

system were measured in pusher and tractor arrangements of propellers and compared against 

single motor-propeller propulsion. With comparable efficiency, the developed propulsion system 

has very little propeller torque. Hot-wire measurements have been conducted to investigate the 

velocity profile in slipstream. Wind tunnel testing was conducted for a motor, a wing, and an 

arrangement of a wing with a motor. The drag force on the wing is produced by two mixing 

airflows: free stream and propeller-induced pulsating slipstream. A drag force model based on 

the classical propeller momentum theory was introduced in the present study, and a formula for 

the drag coefficient for the wing in the presence of a free stream and slipstream is derived. The 

results of this study were utilized in the design of a VTOL MAV prototype that was successfully 

flight tested. 
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The development of an automatic control system and the investigation of the flight dynamics 

of the VTOL MAV during the hovering phase of flight were undertaken for the second stage of 

the project. A state-space model was formulated and used in a control law design. The effects of 

propeller slipstream impinging on the airframe are discussed in the context of control design. 

Feedback control laws based on a proportional, integral, and derivative (PID) control were 

developed and programmed into the autopilot. The development and evaluation of two VTOL 

MAVs with wingspans of 65 and 31 cm are presented. A number of test flights of vehicles with 

attitude stabilization and altitude hold were conducted with telemetry acquisition. Despite the 

difference in size, similarities were noted in the dynamic responses for both aircraft. The 

actuation delays in the propulsion systems caused a systematic error in altitude. Average 

amplitudes of rotational oscillations in all three axes were also about the same for both aircraft. 

Higher roll rates were explained by lower inertia in roll axis. 

The second focus of the project was on the development of a dynamic model for a flapping-

wing air vehicle (ornithopter) and on the identification of the model parameters for this vehicle 

using in-flight data. The proposed dynamic model combines the flapping wings motion with the 

motion of the ornithopter’s center of mass. A set of six equations in the integral form was 

obtained for the motion of the center of mass of the ornithopter. The aerodynamic forces acting 

on the wing during one full stroke are presented as a sum of stroke-averaged forces, acting 

during upstroke and downstroke. The dynamic model is linearized with respect to the state 

variables and the equations of motion are obtained for the longitudinal mode in state-space form. 

Parameters of the linearized model are conventional stability and control derivatives. The system 

identification procedure is proposed based on the value of a scalar objective function in the least 

squares sense.  

Finally, the ornithopter with a wing span of 74-cm was equipped with an automatic control 

system that provides stability augmentation and navigation of the vehicle and flight data 

acquisition. Wind tunnel tests were conducted with the control surfaces fixed in neutral position 

and the flapping motion of the wings activated by a motor at a constant throttle setting. 

Coefficients of a lift, drag, and pitching moment were determined. In addition, variations of 

derivatives of aerodynamic coefficients with the freestream velocity were investigated. A series 

of flight tests were conducted with fixed controls demonstrating ornithopter stability in all axes. 

Proportional control laws were programmed into the autopilot for the closed-loop controls. A 
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number of test flights of the autonomous ornithopter were conducted with the telemetry 

acquisition. During the autonomous flights, the autopilot performed waypoint and altitude 

navigation demonstrating stable performance. 

Based on the results of international MAV competitions, no other university has 

demonstrated the level of mastery of the UA team in creating autonomous micro MAVs.  The 1st 

US-Asian Demonstration and Assessment of Micro Aerial and Unmanned Ground Vehicle 

Technology was held in Agra, India, March 10-15, 2008. For the competition, the University of 

Arizona team used an MAV system that includes two types of MAVs developed under the 

present project that are capable of performing three separate missions. Twelve teams from 

universities and companies from the US, France, Germany, Netherlands, Japan, Australia, Spain, 

and India participated in this competition. The University of Arizona team received the following 

awards: Best Mission Performance (tied with 3 other teams), Best design, and US Army Aviation 

& Missile Research Development & Engineering Center (ARMDEC) Meritorious Award. 

The results of the study presented in this report have been disseminated via seven conference 

and two journal papers, and presented at six conferences and seminars. As part of the technology 

transfer, we worked closely with the Battle Command Battle Laboratory (Ft. Huachuca, Arizona) 

and provided them with results of the present study. One MS thesis by Bharani Malladi was 

completed in December of 2007 and one PhD thesis by Bill Silin is in progress and expected by 

May 2009.  
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Results 

 The results of this grant have been very well documented in five conference papers and 

one presentation that are included as appendices to this report.  The following task outline 

highlights the results and progress under this grant and refers the reader to the appropriate 

appendix.  

 

Task 1. Conceptual design of fixed-wing VTOL MAVs [Completed Sept 2007] 

          1.1 Flight performance analysis for three VTOL MAV concepts 

          1.2 Development of novel propulsion and design method for VTOL 

Appendices: [1, 2] 

 

Task 2. Aerodynamics of fixed and flapping wings [Completed March 2008] 

          2.1 Studies on VTOL MAV propulsion 

          2.2 Wind tunnel measurements on wing under free stream and slipstream 

          2.3 Development of model for zero-lift drag of thin cambered wing 

          2.4 Wind tunnel studies on an ornithopter 

Appendices: [1, 2] 

 

Task 3. Flight testing of VTOL MAVs [Completed May 2008]            

          3.1 Test flights with stability augmentation 

          3.2 Studies on automatic controls for VTOL MAV in hover  

          3.3 Technology demonstration and assessment 

Appendices: [5, 6] 

 

Task 4. Flight dynamics and controls of flapping-wing MAVs [Completed Sept 2007] 

          4.1 Dynamic model for an ornithopter 

          4.2 Integration of autopilot into ornithopter    

          4.3 Flight dynamics of an ornithopter 

Appendices: [3, 4, 6] 
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Recommendations 

 Theoretical and experimental capabilities developed in the course of the project will enable 

investigations of the following challenges in future micro flight research.  

1. Unsteady Aerodynamics of Rapidly Maneuvering MAVs. High rotational rate maneuvers at 

high angle of attack cause unsteady flow regimes. Flight experiments with data acquisition 

by micro autopilot and wind tunnel measurements utilizing sensitive sting balance will be 

conducted on MAVs with vertical takeoff and landing capabilities. The unsteady 

aerodynamic effects on small aircraft cannot be adequately described with time-invariant 

aerodynamic coefficients and linear dynamic models. Therefore, an approach based on state-

space formulation will be developed providing a direct coupling of unsteady flow with flight 

dynamics. This approach enables system identification through the measurements of the 

quasi-steady and transient responses from appropriate maneuvers.  

 

2. Basic Experimental and Theoretical Studies on Aerodynamics and Controls of Flapping 

Wings. Instantaneous aerodynamic forces and deformations in membrane flapping wings will 

be measured using sensitive sting balance and high-speed cameras, respectively. Reduced-

order flapping-wing model for forces as functions of initial wing shape parameters will be 

derived. This model will be integrated into multi-body dynamic model of a flapping-wing 

apparatus making possible the development of aerodynamic controls by way of wing shape 

changes.  

 

3. Non-Linear Dynamic Effects and Development of Control Laws for Autonomous Micro Air 

Vehicles. Non-linear dynamic effects will be investigated using flight data acquired by micro 

autopilots and high-speed cameras during rapid maneuvers in wall and ground proximity. 

Dynamic models for fixed- and flapping-wing micro aerial vehicles will be developed. The 

nonlinear nature of the micro flight suggests a control design based on adaptive algorithms 

for gain scheduling. Finally, flight tests of novel MAV designs are planned in order to 

examine a correlation with theoretical results and to adjust developed control laws. 
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On Fixed-Wing Micro-Air Vehicles with Hovering 
Capabilities 

Jean-Marc Moschetta*, Boris Bataillé†, Chinnapat Thipyopas‡

Institut Supérieur de l’Aéronautique et de l’Espace, Université de Toulouse, France 

and 

Sergey Shkarayev§

Department of Aerospace and Mechanical Engineering, University of Arizona, Tucson, Arizona 

The present paper investigates the possibility to improve the aerodynamic performance 
of a fixed-wing micro air vehicle (MAV) concept so as to simultaneously allow high cruise 
speed for covertness and hovering flight for stable image transmission. Two fixed-wing MAV 
configurations were tested and compared: a tilt-wing concept powered by two non-coaxial 
counter-rotating propellers and a tilt-body concept based on a coaxial rotor. The different 
configurations were separately analyzed based on wind tunnel experiments. The tilt-wing 
concept, although superior to the tilt-rotor concept, does not provide a significant benefit 
over an equivalent tilt-body MAV configuration. Finally, two tilt-body coaxial prototypes 
were designed and successfully flight tested to demonstrate the capability of fixed-wing 
MAV configurations to lift off, sustain hover flight and perform transition between forward 
and hover flight. Special attention was paid to the coaxial tail-sitter concept for which the 
propellers slipstream guarantees aerodynamic efficiency over the whole flight envelope. 
Side-by-side comparison of a mini- and a micro-sized coaxial tail-sitter model was carried 
out and discussed.  

Nomenclature 
α = angle of attack (°) 
Λ = wing aspect ratio 
AC = aerodynamic center location (cm) 
c = chord 
CD = drag coefficient 
CF = mean friction drag coefficient 
CL = lift coefficient 
Cm(AC) = pitching moment coefficient at the aerodynamic center 
D = drag force (N) 
Drotor = rotor diameter (mm) 
DL = rotor disk loading (N/m2) 
fM = rotor figure of merit 
k = coefficient of induced drag: CD = CD0 + k CL

2

L = lift force (N) 
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Pind = rotor induced power (Watts) 
PL = rotor power loading (Watts/kg) 
q0 = free stream dynamic pressure (N/m2) 
S = wing surface (m2) 
T = thrust force (N) 
W = weight (N) 

I. Introduction 
ECENT developments of micro air vehicle systems (MAVS) have revealed that a new generation of multiple-
tasking MAVS is coming up1. The classical distinction between forward-flight airframe and VTOL platform is 

now being reconsidered in view of giving rise to vehicles capable of both dashing to escape enemy fire and slowly 
loitering over a target. Fixed-wing micro air vehicles are considered to be very attractive for outdoor surveillance 
missions since they usually offer better payload and endurance capabilities than rotorcraft or flapping-wing vehicles 
of equal size. They are generally less challenging to control than rotorcraft in outdoor environment and allow for a 
dash capability to escape enemy attention. On the other hand, they usually fail miserably to perform vertical take-off 
and landing (VTOL) and sustain stable hover flight which proves to be crucial for urban surveillance missions 
including building intrusion. The present paper investigates the possibility to improve the aerodynamic performance 
of a fixed-wing MAV concept so as to allow for hovering capabilities and still maintain high cruise speed for 
covertness. 
 In a typical MAV recon mission, both capabilities are needed since long-endurance to reach a remote area is as 
important as the capability of sustaining hover flight over the target. Furthermore, the efficient use of MAVS in an 
urban environment supposes a threefold flight plan which includes both outdoor flights and indoor flights. During a 
first outdoor phase, the MAV will typically endeavor to select and identify a place of interest: a street, a roof or a 
building facade. The MAV should then be able to perform rapid translations over a large zone and loiter over the 
selected area during a certain period of time. That first part of the mission requires long-endurance performances 
and the ability to flight against windy conditions, promoting classical fixed-wing, low-drag configurations. During a 
second phase of the mission, when the area of interest has been selected, the MAV should be in a position to reduce 
its speed at a minimum level so as to transmit clear images back to the ground station. It is also required to be able to 
maneuver through narrow streets and withstand wind gusts. The second phase of the mission clearly requires high 
maximum lift coefficients and the capability to transition from horizontal to vertical flight so as to perform high 
angle of attack maneuvers and near prop-hang attitudes. At that point, stationary flight is not strictly needed to 
capture clear images, provided that the MAV is equipped with an efficient gyro-stabilized camera system. Finally, 
during a third flight phase, building intrusion can be considered through an opening such as an open window for 
instance. That last part of the mission is by far the most challenging part since it simultaneously involves the 
capability to perform a stable outdoor transition from slow flight to hover flight in a way that can authorize building 

R

     
Figure 1. Low-speed wind tunnel (left) and the 5-component micro-balance (right). 
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ingress and the ability to hover in a confined environment. Although it may seem that the indoor flight is the easy 
part of the mission because it is almost free of atmospheric perturbations, the flow induced by rotors in the vicinity 
of walls generates strong nonlinear aerodynamic ground effects which makes the task of developing control laws 
extremely difficult. Furthermore, additional practicalities must be carefully considered such as: obstacle avoidance, 
autonomous navigation in a GPS-denied environment, packing requirements2,3 and durability through the design of a 
collision-proof airframe. 

II. Experimental equipment and procedure 
All MAV models have been carefully tested in a closed-loop low-speed wind tunnel devoted to MAV studies at 

ISAE. The test section is 70 cm long with a square cross-sectional area of 45 x 45 cm. This wind tunnel has a 
contraction ratio of 6.2 and the flow speed can be adjusted by controlling the motor speed. A series of honeycomb 
grids at the beginning of the contraction cone gradually splits and damps vortical structures so that the turbulence 
intensity of the incoming flow is reasonably low (~ 1%). In order to produce a stable and uniform flow at low speeds 
(2-3 m/s), the propellers pitch angle has been reduced to 22° in the wind tunnel fan. Although the maximum speed 
has bee reduced from 40 to 20 m/s, stable speed regimes from 2 m/s to 20 m/s can now be obtained with a standard 
deviation below 0.2 m/s. All powered models were measured using a new 5-component aerodynamic balance 
devoted to MAV studies4. The precision of this balance has been calculated to be less than 0.4 grams or 0.004 N for 
force measurements and less than 0.2 gram-cm. or 0.002 N.cm for moments. The new balance is comparable to 
other aerodynamic balances specifically designed for MAVs5-7. The model were supported by three struts and 
inserted into the test section. The struts drag was carefully measured and corrected with the result of each 
observation. A calibration of the wind tunnel and the balance was performed before each test series. Standard 
deviations of aerodynamic coefficients were determined using calibration measurements and the small-sample 
method8. Solid blockage, wake blockage, and streamlined curvature corrections were estimated based on the 
methods described in Ref. 9. The test facility and a schematic view of the new balance are shown in Fig. 1.  

Mini-UAV configurations were tested in an open loop Eiffel-type wind tunnel called S4 with an elliptical test 
section of 3m x 2m and a contraction ratio of 5 (Fig. 2). A 6-component sting balance was used to measure 
aerodynamic forces and moments with a piloted arm that can combine pitch, roll and yaw angles so as to explore 
angles of attack and sideslip angles in the range -10° to 90°. 

III. Tilt-body vs. tilt-wing MAV configurations 
Transition flights can be performed with fixed-wing mini-UAVs by tilting the airplane from the horizontal 

position to a vertical prop-hang position. In the present paper, such a concept is called a tilt-body configuration. 
Several problems are related to the use of a single-prop tractor configuration. One problem is the resulting torque 
that has to be balanced on the body axis by the elevons in a way which eventually produces additional drag. Another 
problem is related to the control of a tilt-body airplane in hover mode because of strong gyroscopic effects. In fact, 
when the rotor is at full throttle in hover mode, a moment exerted perpendicular to the body axis in order to maintain 
the upright position will produce an induced moment in the direction perpendicular both to the body axis and to the 
axis where the initial moment was applied. Spiral propwash and the P-factor effect are additional side effects which 
can indirectly affect the overall rotor efficiency. To avoid those side effects, the use of a pair of counter-rotating 
propellers has been considered in which both propellers are in a tractor configuration rather than in a pusher 

Figure 2. Elliptic low-speed wind tunnel. 
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configuration such as in the TYTO concept. In the present section, a bimotor tilt-body configuration has been 
compared to a tilt-wing bimotor configuration. The tilt-wing configuration has been preferred to the tilt-rotor 
concept in which the propellers are rotated at the wing tips while the wing and fuselage remains horizontal. Yet, for 
MAVs, the tilt-rotor concept is difficult to implement for at least two reasons: 1. the severe dimension constraint 
imposed on MAVs is not consistent with the use of propellers which extend beyond the wing tips since the outer 
maximum dimension would be the sum of the full wing span and a propeller diameter as in the MITE concept10, 2. 
the downward force induced by the rotor when perpendicular to the wing is very important on low-aspect ratio 
wings and dramatically degrades the thrust generated by the tilted rotors. Therefore, it has been proposed to carry 
out an experimental side-by-side comparison between a tilt-body bimotor MAV and a tilt-wing bimotor MAV using 
the same monoplane Zimmerman wing as designed at the University of Arizona11. 

A. Tilt-wing powered models 
The Zimmerman planform wing is formed by joining two half-ellipses at the quarter-chord, with a 200-mm wing 

span, 136-mm root chord, and aspect ratio of 1.9 (Fig. 3). The S5010-TOP24C-REF airfoil11 was utilized in 
designing the wing, with a maximum camber of 3% located at 0.24 c and an inverse camber of 1% at 0.85 c . The 
wing geometry, generated using SolidWorksTM (Fig. 3, left), has been designed so that the maximum camber points 
follow a straight line at 0.24c. That straight line was actually used to place the axis of rotation for the tilt-wing 
configuration. The outer portions of the wing could then be rotated up to 90° with respect to the central part. Ten 
layers of carbon fiber resin were applied so that the model has constant thickness of 2 mm, with a leading edge 
radius of 1 mm. The tilt-wing cutting line location was selected so as to allow sufficient fuselage volume and to 
reduce the downward forces induced by the propellers in upright position. Finally, a 40 mm-span was chosen for the 
central part which stays horizontal and carries the fuselage (Fig. 3, right). 

The propulsion system consists of two 4-blade contra-rotating propellers which diameter is 92 mm. Each 
propeller weights 2 grams and is attached to a brushless micro-motor LRK-13-4-15Y which stator diameter is 13 
mm. Each motor weights 5.8 grams and is regulated by a single MOS-FET RISC YGE4-BL speed controller, which 
provides the same RPM to both motors. In the present study, no differential throttle effects were investigated since 
the emphasis was put on the comparison between a tilt-wing and a tilt-body bimotor concept. The propulsion sets 
were then attached to the model through a motor rib which was glued on the windward side of the wing model at 55 
mm from the root chord. Each propeller disk was located at 20 mm ahead the leading edge and the motor axis were 
aligned with the wing root chord. It should be noticed that the propellers were placed so that the maximum overall 
dimension is still 200 mm. Since the test was done in a close test section, a slipstream correction was calculated but 
it was found to be less than 1% of the free stream velocity. 

B. Experimental procedure 

          
Figure 3. Schematic views of the Zimmerman wing (left) and the bimotor tilt-wing model (right). 
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The model support was connected to three struts of the external balance. The motor power was adjusted via a 
PWM signal (Pulse Width Modulation) ranging from 30% to 100%, and controlled from a LabViewTM interface via 
the acquisition system. The thrust force (both vertical and horizontal components) and the torque were measured as 
a function of the angle of attack at a fixed value of the tilt angle. During each test, the electric consumption was read 
manually from an external DC power supplier display. The RPM was not been measured in this work. The drag of 
the propulsive support and the struts was carefully determined at different wind speeds and angles of attack to 
correct the force and moment measurements. 

The Zimmerman wing used in this study was first tested in the wind tunnel without motors in order to verify the 
measurement system and to compare with the previous measurements done both at ISAE and the University of 
Arizona12. Because previous experiments showed that there is little interaction between the model and the struts, the 

struts drag was measured as function of the angle of attack and velocity and subtracted from the powered model 
measurements following Eq. (1). 

)()(mod0)(mod)(mod strutsFstrutselstrutselel CSqFF ×−= ++                                                  (1) 

where )(strutsFC  was obtained from the struts-alone drag tests. Wind tunnel tests were carried out in two steps. The 

wing model was first measured without propellers at three different flow speeds: 5, 10 and 15 m/s. A second series 
of measurements was done with powered models with a constant supply voltage of 11 Volts and flow speeds 
ranging from 0 to 15 m/s with an interval of 2.5 m/s. For each speed, 4 different PWM percentage values were 
compared: 40%, 60%, 80% and 100%. The tilt-body configuration can actually be considered as a tilt-wing 
configuration with a tilt angle of 0°. A series of 3 tilt-wing configurations were measured with tilt angles of 30°, 60° 
and 90° (Fig. 4). 

C. Results and discussion 
The tilt-wing and tilt-body configurations were compared at different flow speeds. At each speed, the tilt-body 

angle of attack and the PWM signal were adjusted so that a constant lift force of 80 grams was produced with no 
drag force. Since the models tested had no horizontal tail or any control surface, the pitching moment could not be 
balanced. For the tilt-wing configuration, the wing central part was constantly aligned with the free stream direction 
while the outer parts of the wing were tilted. Again, the tilt angle and the PWM signal sent to the motor were 
adjusted so as to produce a constant lift force of 80 grams and no drag force. 

 The results obtained at different flight speeds in equilibrium are presented for both configurations in Fig. 5. The 
equilibrium tilt angle for the tilt-wing configuration, or the equilibrium angle of attack for the tilt-body 
configuration, are compared at different flight speeds (Fig. 5, left), ranging from hover (0 m/s) to cruise speed (15 
m/s). It appears that due to the relatively small untilted wing portion, the tilt-angle distribution is almost identical to 
the angle of attack distribution. This suggests that the overall aerodynamic efficiency of the tilt-wing configuration 
is not significantly affected by the decrease of the aspect ratio associated to the tilted wing portions. On the contrary, 
at 5 m/s, since the aspect ratio of the tilted portions is smaller than the aspect ratio of the untilted wing, the stall 
angle is increased because of the vertical lift effect. Therefore, the same lift force can be obtained with the tilt-wing 
configuration for a tilt angle of 30° while the tilt-body configuration requires an angle of attack of 35°. The PWM 
signal (Fig. 5, right) is also almost identical in both tilt-body and tilt-wing configuration which indicates that the tilt-
wing concept is not significantly more demanding in terms of power to sustain low-speed and hover flights. The 
maximum speed for both powered models is greater than 16 m/s since at that speed, both models only require 55% 

Figure 4. Experimental setup: tilt-body configuration (left), tilt-wing at 30° (center), tilt-wing at 60° (right). 
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of the PWM signal. However, the present powered models do not include additional sources of parasite drag such as 
the fuselage, antenna, servos and other equipments which might stick out. It should be noticed that both 
configurations use about 50% throttle to travel in the speed range of 4 to 15 m/s, which allow for the additional 
power necessary to climb and maneuver.  

The major difference between the two concepts appears at very high angles of attack (or tilt angles) and at very 
low speeds, namely lower than 2 m/s, i.e. during transition flight and in hover mode. The tilt-wing configuration 
requires 80% of the PWM signal while the tilt-body configuration requires 73% of the PWM signal, which 
corresponds to an additional 4.4 watts for the tilt-wing configuration to sustain hover flight. The additional force can 
be interpreted as a consequence of the downward force due to the central part of the wing. The tilt-wing MAV 
configuration would achieve about 13% lower endurance than that of an equivalent tilt-body MAV configuration 
equipped with batteries of identical capacity. This last result suggests that an augmented central portion of the wing 
would further degrade the hovering performance of a tilt-wing configuration. 

Finally, a series of tests were carried out to evaluate the pitching moment of both MAV configurations during 
transition when lift and drag are balanced. The reference 
point to calculate the pitching moment is the point which 
is located ahead of the aerodynamic center with a static 
margin of 10% at 16 m/s. Although the center of gravity 
is moving when the wings are tilted, the reference point 
will be designated by CG in the following. It would 
actually coincide with the expected center of gravity of 
the horizontal flight. The gradient of pitching moment 
with respect to the angle of attack is plotted in Fig. 6 as a 
function of the free stream speed. Each value of that 
gradient is calculated from a series of measurements of 
the pitching moment around each balanced flight point 
(lift force of 80 grams and no drag force) with a range of 
15 degrees around the equilibrium angle of attack or tilt 
angle. During transition, as the free stream speed is 
reduced, the propellers slipstream gradually dominates 
the flowfield about the wing. Therefore, the wing 
effective angle of attack, that is the angle between the 
relative wind and the wing’s chord line, remains 
moderate and always lower than the wing stall angle. 
Therefore, the variation of pitching moment remains 
linear even at high angles and the derivation of the 
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pitching moment gradient is straightforward in all flight situations. Actually, a Zimmerman wing without propwash 
effect stalls at 20 degrees in the present free stream conditions, confirming that the effective wing angle of attack is 
less than 20 degrees during transition. The results presented in Fig. 6 show that for both configurations, the slope of 
the pitching moment at equilibrium conditions dramatically decreases when the flight speed is reduced. For the tilt-
body configuration, the reduction in flight speed is associated with an increase in angle of attack while for the tilt-
wing configuration, it is associated with an increase in tilt angle. In hover mode, the pitching moment slope almost 
vanishes which is consistent with an aerodynamic efficiency totally due to the propwash effect. 

As a conclusion, it appears that the tilt-wing concept is not beneficial in terms of performances to the prospect of 
transition from horizontal  to vertical flight with the MAV constraints. The downward force induced by the presence 
of a central part of the wing suggests that a tilt-body configuration is preferable for an unmanned vehicle of small 
size for which a tilting device would impair its payload capacity with no decisive argument in favor of a horizontal 
fuselage. A tilting gimbaled camera mounted on a tilt-body configuration seems preferable13. 

IV. A tail-sitter VTOL MAV 
As an alternative to the tandem-rotor pusher or tractor configuration, a coaxial tail-sitter has been considered in 

both the mini- and micro-UAV size range. Although other authors have recently considered to apply the tilt-body 
concept to the design of VTOL UAVs14-16, the combination of coaxial rotor and a fixed-wing tilt-body airframe has 
not yet been applied to the mini-UAV field. The mini-UAV Vertigo is a VTOL mini-UAV prototype developed at 
ISAE in order to demonstrate the capacity to achieve autonomous transition between hover and fast forward flight. It 
was designed and built at the Aircraft Design Department of ISAE based on a successful early prototype which 

could perform transition and stable flight in RC manual mode. The source of inspiration for the Vertigo is the 
Convair XFY-1 “Pogo” prototype17 (Fig. 7, left*). The airframe consists of two flat plate wings which polygonal 
planform approximate the inverse Zimmerman wing and two vertical fins that are symmetrically placed on either 
side of fuselage. The wingspan is 650 mm and the aspect ratio is 1.8. The wings are made of carbon fiber and 
lightweight Depron foam with a constant thickness of 7 mm. A pair of two-blade coaxial contra-rotating propellers 
of 500-mm diameter is mounted in tractor configuration. Two large flaps are fitted on each wing to ensure enough 
efficiency to control the vehicle in pitch and roll when hovering. Although each propeller is powered by its own 
electric motor, the choice has been made to control yaw by the rudder rather than by differential throttle. Therefore, 

                                                          
* From http://www.militaryimages.net/photopost/data/526/24.jpeg

  

  

Figure 7. Full-scale Convair XFY-1 “Pogo” (left) and the mini-UAV “Vertigo” (right) 
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the same throttle is constantly applied to both motors. All electronic equipments are fitted into the cylindrical 
fuselage. The total take-off mass is 1.6 kg fully equipped and its center of gravity lies 145 mm behind the wing 
leading edge. More details about the autopilot architecture can be found in Ref. 18. 

A. Experimental setup 
Two series of tests were carried out on the Vertigo model. In the first series, no wind effect was considered to 

analyze the hovering flight. Ground effects were also investigated to better understand the take-off and landing flight 
phases. In the second series of tests, the Vertigo model was sting-mounted in the S4 wind tunnel through a 6-
component balance on a piloted arm called "DEUKAPI" which is able to combine pitch, roll and yaw angles. The 

present paper will only detail wind tunnel measurements although some tests were done in the test section without 
wind. Electric power was supplied with power cables running along the DEUKAPI arm and connected to a 
stabilized power generator. It delivered a constant voltage of 11 Volts representative of the 3-cell Lithium battery 
powering the Vertigo. Special care was taken to ensure that no magnetic interaction between power cables and load 
cells would affect the measurements. Also, special attention was paid to the spurious mechanical tensions that might 
impact forces measurements through the power cables. Figure 8 (left) illustrates the Vertigo model mounted on the 
DEUKAPI arm in the test section of S4 wind tunnel. Also a schematic view of the wind tunnel model is given in 
Fig. 8 (right). In the following, the choice has been made to use 500 mm as a reference length and a reference area 
corresponding to the 500 mm-diameter propeller disk as it is both representative of the propeller disk and the wing 
dimensions. However it will lead to aerodynamic coefficients 22% bigger than if they were obtained by using the 
actual wing area which is equal to 0.24 m2. 

B. Wing alone tests 
 Preliminary tests have consisted of a wing 

alone configuration. This was achieved by 
removing propellers from the propulsion unit. 
Both lateral and longitudinal tests were run 
for several speeds: 5, 10, 15 and 20 m/s. Then 
flap efficiency was assessed for flight speeds 
of 10 and 20 m/s. Lift at zero degree angle of 
attack is zero as expected. The wing lift 
coefficient reaches its maximum value at 1.1 
and from then gradually decreases of lift until 
90° where the lift is zero (Fig. 9). A 
progressive separation starts at 15° where the 
lift slope begins to decrease. A sharp stall 

  

Figure 8. Wind tunnel setup for the Vertigo model (left), schematic views of the Vertigo (right) 
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occurs at 23° angle of attack where the lift slope sign becomes negative. Yet, it should be noticed that the lift 
coefficient remains greater than 0.8 up to 55° angle of attack. In the low angle of attack portion of the diagram, the 
lift slope shows noticeable non-linearity typical of small aspect-ratio wings and especially delta wings. This non-
linearity attributed to vertical structures can be taken into account using Polhamus formulation19 of the lift 
coefficient: 

αααα 22 sincoscossin vpL KKC +=  (1) 

where Kp depends on the aspect ratio, sweep angle and leading edge shape of the wing. It represents the potential 
lift contribution. Coefficient Kv is a constant factor usually equal to π which represents the vortex lift contribution. 
With Kp = 2.6 and Kv = 1.25, Eq. (1) is in good agreement with the experimental data up to 14°, confirming the 
existence of vortical lift on the leeward side of the wing.  

 A fairly high value of the minimum drag coefficient CD0 = 0.054, reached at 0° angle of attack can be mainly 
attributed to the base drag and the nose drag of the cylindrical unstreamlined fuselage. The lift-to-drag ratio reaches 
its maximum value at 8° angle of attack with a moderate lift-to-drag value of 4. 
 The pitching moment coefficient 
at the expected center of gravity CG, 
located 145mm behind the wing 
leading edge, has been measured 
over the range -10° to 90° angle of 
attack (Fig. 10). Three parts can be 
pointed out on this curve: the first 
part that goes from -5° to +5° 
indicates a linear behavior for low 
angles of attack where the 
aerodynamic center stands ahead of 
the CG. This suggests that the center 
of gravity should be slightly shifted 
upstream in order to remove 
instability around 0°. The second 
part starts at 10° when the slope 
becomes negative, due to the onset 
of separation on the leeward side of the wing. Note that the pitching moment vanishes with a stable slope around 
15°, that is 8° before the wing stall angle (23°).  This suggests that the wing stall is dominated by vortical lift that 
shifts the center of lift further downstream. The third part begins right after the stall angle with a pitching moment 
slope which tends to decrease and to become constant up to 90° angle of attack.

C. Powered model analysis 
In order to study the behavior of the Vertigo in transition flight, specific wind tunnel tests were conducted in 

conditions representative of level flights. A minimum speed of 3 m/s could be set in the wind tunnel without too 
many fluctuations and no steady state could be reached at 14 m/s and beyond, because of power limitation. 

Therefore equilibrium states starting 
from hover (0 m/s) up to 13 m/s were 
simulated in the wind tunnel with a speed 
interval of 1 m/s, except for wind speeds 
of 1 and 2 m/s, for which the free stream 
flow becomes unsteady. The following 
data acquisition procedure was applied: 

1. A given wind speed chosen in 
the range 0 to 14 m/s was set in 
the wind tunnel. 

2. Throttle and angle of attack were 
iteratively set so as to obtain 
equilibrium values of vertical 
and horizontal forces 
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corresponding to a steady flight: no drag force and a lift force of 1.6 kg. 
3. At that particular combination of free stream speed, throttle and angle of attack, aerodynamic forces and 

moments were measured. 
The resulting equilibrium values of velocity and angle of attack are shown in Fig. 11. The maximum allowable 

speed is slightly lower than 14 m/s a set of low-pitch blades not suitable for high speeds were initially chosen. 
As the flaps could not be set in real time, it was chosen to set them at 0° for the whole test and to measure the 

resulting pitching moment. Once these tests were done, a second series of tests at equilibrium conditions were done 
with the wings removed. Assuming that there was little influence from the wing onto the propellers, it was then 
possible to separately quantify the propellers contribution and the airframe contribution during transition. Figure 12 
displays the evolution during transition of the horizontal and vertical components of the aerodynamic forces acting 
on the propellers on the one hand, and on the whole aircraft on the other hand. It also shows the evolution of 
pitching moments as a function of the angle of attack up to the prop-hang position (90°), both for the whole aircraft 
and for the propellers alone. The aircraft vertical force is almost constant and equal to the total weight, while the 
aircraft horizontal force constantly balances the aerodynamic drag. Figure 11 indicates that steady states do exist 
over the whole transition regime which is important in case of lateral wind. Indeed, in a dynamic transition 
simulated through a flight simulator in 
which all measured aerodynamic 
coefficients were used, the angle of 
attack was found to remain in the 
range 0° to 20°. However, in an 
outdoor flight, hovering in crosswind 
requires the existence of steady states 
at any angle of attack. The propellers 
vertical force varies linearly over the 
whole range of angle of attack and the 
pitching moment induced by the 
propeller around the center of gravity 
is positive with a value that is greater 
than the aircraft pitching moment. As a 
consequence, the airframe produces a 
nose-down pitching moment which 
tends to reduce the positive pitching 
moment induced by the propellers. It 
can be observed that the absolute value 
of the aircraft pitching moment 
remains almost constant up to 60° with 
a free stream velocity greatly reduced 
as the angle of attack is increased (Fig. 
12). Therefore, the flaps aerodynamic 
efficiency at low speeds is an 
important issue in the design of the 
wing geometry. 

D. Scaling effects: the Mini-Vertigo
The Vertigo was initially built in order to assess the benefit of a coaxial tail-sitter concept for transition flights. It 

was designed in the mini-UAV size range so as to be able to carry a 200-gram payload. Yet, the ultimate goal is to 
design and build a smaller version, 
referred to as the Mini-Vertigo in the 
following. The Mini-Vertigo is based 
on a 300 mm-span flat-plate 
Zimmerman wing rather than a 
polygonal wing, since the Zimmerman 
wing has been shown to allow for 
better aerodynamic performances at 
low-Reynolds numbers. Table 1 
compares the geometrical properties of 

MAV � S (dm²) m (g) m/S (g/dm²) 

Vertigo 1.80 24 1600 67 

Mini-Vertigo 1.91 5 160 32 

Table 1. Comparison of Vertigo and Mini-Vertigo: wing area, mass 
and wing loading.
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the Vertigo and the Mini-Vertigo. It appears that while the size if approximately reduced by a factor of 2, the same 
factor applies for the wing loading, although the present version of the Mini-Vertigo does not carry the autopilot yet. 
The propulsion system was assembled by utilizing two off-the-shelf brushless outrunner motors, MP Jet AC 22/4-
60D. The motors are joined at their stator backplates with a sufficient space inside the stators to allow a cross shaft 
through both motors. The motors have a diameter of 27 mm, the total length of the propulsion is 60 mm and the 

diameter of the APC counter-rotating propellers is 140 mm with a pitch of 114 mm. The total weight of the motors 
and the propellers is 50 grams. Both motors are regulated by a single electric speed controller, Castle Creations
Phoenix-25, providing the same RPM to both motors. The vehicle attitude is controlled through servos by flaps 
located in the propellers slipstream so as to remain efficient throughout the whole flight domain (Fig. 13). A 3-cell 
Lithium Polymer battery of 60 grams with a capacity of 740 mAh was integrated in the wing. The wing structure is 
made of 6-mm thick Depron foam stiffened by resin and by 3-mm carbon rods. The center of gravity is located 30 
mm downstream the wing apex. 

A series of specific small-scale wind tunnel tests20 were carried out to measure values of thrust, torque, power, 
and efficiency of the propulsion system. Both pusher and tractor arrangements of propellers were measured and 
compared against a single motor-propeller propulsion. Hot-wire measurements were conducted to investigate the 
velocity profile in slipstream. The lower average velocity and significant decrease of velocity in the core of the 
slipstream as found in the tractor arrangement were attributed to the parasite drag caused by the motors. It causes the 
decrease of the thrust force observed for the tractor arrangement in comparison with the pusher one. A second series 
of wind tunnel tests were conducted for a combination of a wing with a motor. It was observed that the drag force on 
the wing is produced by two mixing airflows: free stream and propeller-induced pulsating slipstream. The zero-lift 
drag coefficient increases by about three times with propeller-induced speed increase from 0 to 15 m/s indicating the 
change of transition mechanism in the boundary layer from a laminar to turbulent state.  

Table 2 illustrates the differences in hovering performances for the Vertigo and the Mini-Vertigo. The figure of 
merit given in Table 2 is not defined in the usual way since it includes the efficiency of the motor. In the present 
definition, fM is the ratio of the actual power needed for hovering Pind and the electric power P supplied to the motor. 
The overall figure of merit measured for the Vertigo suggests that the motor efficiency and the propellers efficiency 
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Figure 13. The Mini-Vertigo: schematic views (left, center) and the prototype in hover flight (right).

MAV Drotor (mm) T (N) DL (N/m2) P (W) PL (W/N) Pind (W) Mf

Vertigo 500 15.7 80 165 10.5 90 0.545 

Mini-Vertigo 140 1.55 101 45 29.0 8.2 0.182 

Table 2. Comparison of Vertigo and Mini-Vertigo: disk loading, power loading and figure of merit. 
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are both greater than 0.7 which is adequate. By comparison, the poor figure of merit and power loading associated to 
the Mini-Vertigo can be attributed to the off-design use of both motor and propellers. Independent motor efficiency 
measurements showed that the actual propulsion set has an efficiency factor of 0.4 which means that it does not 
rotates at its maximum efficiency regime. It also indicates that the propeller efficiency factor is less than 0.5 which 
can be attributed to low-Reynolds effects but primarily to the fact that the high-pitch counter-rotating propellers 
used in the present study were adapted to high forward speed and not designed for good hovering performances. 
This suggests the design and fabrication of specific counter-rotating propellers to allow for lower consumption in 
hover and to enhance endurance. 

Flight tests in RC manual mode have been conducted both in indoor and in outdoor, showing that the present 
configuration has intrinsic capabilities of both fast horizontal flights and hovering. Current developments include the 
design and implementation of control laws to autonomously perform transition flights. 

V. Conclusion 
Hovering capabilities of fixed-wing MAV configurations were investigated through the comparison of three 

different concepts. First, the adaptation of a tilt-wing configuration for MAVs was investigated. An experimental 
side-by-side comparison of two bimotor tilt-wing and tilt-body configurations showed that there is little interest in 
developing a tilt-wing concept for MAVs, except for very high tilt angles where the reduction in equivalent aspect 
ratio is beneficial to the lift force. However, the additional weight due to the tilting mechanism would ruin the 
benefit of a tilt-wing configuration. Furthermore, for an unmanned vehicle, the horizontal attitude of the fuselage is 
not as essential as for transport aircraft. Second, based on that conclusion, the tilt-body configuration was preferred 
and further investigated under the form of a coaxial tail-sitter. A first 700-mm mini-UAV prototype, the Vertigo, 
was designed and fabricated. A wind tunnel model was tested with a wind speed ranging from 0 to 15 m/s to assess 
its ability to perform transition in equilibrium. Scaling effects were considered through the design and fabrication of 
a smaller 300-mm version based on a Zimmerman wing, the Mini-Vertigo, for which a series of detailed propulsion 
tests were carried out. Although the hovering performances of both coaxial tail-sitter are not optimized, both 
prototypes could actually achieve transition from hovering to horizontal flight. Finally, the present study indicates 
that tilt-body fixed-wing coaxial configurations are promising concepts for vertical and horizontal flights. 
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Investigation of Flight Dynamics and Automatic Controls for 

Hovering Micro Air Vehicles 
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Appendix 5 

Flight Dynamics of Flapping-Wing Air Vehicle 
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Autonomous Micro Air Vehicles with Hovering Capabilities 
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