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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 MAYV prototype that was successfully
flight tested.



The development of an automatic control system and the investigation of the flight dynamics
of the VTOL MAYV 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



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 MAYV 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 MAYV 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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Appendix 1

Aerodynamic Design of VTOL Micro Air Vehicles
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Aerodynamic Design of VTOL Micro Air Vehicles

Sergey Shkarayev'
The University of Arizona, Tucson, AZ, USA, 85721

Jean-Marc Moschetta® and Boris Bataille®
SUPAERO, Toulouse, France, 35055

The research and development efforts outlined in this paper address the aerodynamic
design of micro air vehicles (MAVs) with hovering, vertical take-off, and landing
capabilities (VTOL). The tilt-body configuration of the VTOL MAYV is proposed based
on the propulsion system consisting of two coaxial contra-rotating motors-propellers.
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. The lower average velocity and significant decrease of
velocity in the core of the slipstream found in the tractor arrangement are mostly due 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. 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. 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. The
results of this study were realized in the design of a VTOL MAYV prototype that was
successfully flight tested.

Nomenclature
c, = drag coefficient
Cp, = zero-lift drag coefficient
C, = lift coefficient
c = chord
F, . = total force measured by a wind tunnel balance
P = electric power input
P = induced power
(0] = torque
R = propeller radius
R, = maximum distance of velocity measurements from the s-axis
Re = mean aerodynamic chord Reynolds number
S, = wing area
S, = area of a part of the wing covered by propeller slipstream
S = area of the side wall
T = thrust force
T, = thrust force determined from air velocity data
v, = free stream velocity

! Associate Professor, Aerospace and Mechanical Engineering Dept., 1130 N. Mountain Ave.
? Professor, Department of Aerodynamics, SUPAERO BP 54032.
3 Research Assistant, Department of Aerodynamics, SU1P1AERO BP 54032.
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w = take-off weight of an aircraft

w(s) = induced velocity based on propeller momentum theory
w, = measured induced velocity

W, = ultimate propeller-induced velocity

o = angle of attack

P = air density

I. Introduction

HE truly successful use of MAV technology is somewhat difficult without the capability of aggressive
Tvertical maneuvering and hovering autonomously. One way to fulfill these requirements is in the design of

rotary wing MAVs, and several helicopters have been developed in recent years. However, they are
sensitive to air turbulence due to their large rotor disc. In general, when compared to fixed-wing aircraft,
rotorcrafts have a smaller range, endurance, and payload capacity.

Design methods and general theoretical aerodynamic principles for large VTOL aircraft are well developed
and have been summarized in the literature.'” As the field of VTOL evolved, much attention was paid to
propulsion system considerations and development of an aerodynamic theory for the propeller and rotor. Other
subjects included design studies of configurations and control issues during hover and transition. Overall, there
is a sufficient amount of relevant data and knowledge to begin exploring the VTOL concept with applications to
MAVs.

In the present study, we begin a research project on novel fixed-wing MAVs capable of vertical take-off and
landing, and hovering, based upon our previous successful designs. The University of Arizona has developed
one of the world’s smallest mission-capable autonomous MAVs, the Dragonfly.” Obviously, adding hovering
capabilities to these aircraft requires additional motor power to get off the ground without using the wings’
aerodynamics. Another technical problem is in controlling the vehicle transition from vertical to horizontal
flight. In order to provide effective control at low speed, the MAVs will feature large control surfaces and
throws, changing the baseline design in a significant way. The present project will also benefit from an
independent experimental study of the “Vertigo” concept developed at SUPAERO.* The Vertigo consists of a
fixed delta wing powered by coaxial contra-rotating propellers and side by side motors. Its capability to hover
and transition flights has been recently demonstrated on a radio-controlled prototype.

In the following discussion, the two concepts for VTOL MAVs will be briefly presented, and their
aerodynamics, performance, and controls will be examined. The two concepts are (1) single propeller tilt-body
aircraft and (2) contra-rotating propellers tilt-body aircraft.

Acrobatic single-propeller RC aircraft emerged as a result of the integration of the latest developments in
electric motor and battery technology into a lightweight structure. With high thrust-to-weight ratio and large
control surfaces and throws, these airplanes can perform spectacular aerobatic maneuvers. However, they
feature a very low wing loading, resulting in a very low flight speed.

In general, designing of a single-propeller tilt-body MAV is largely affected by the following basic issues of
the propulsion itself: propeller torque, p-factor, swirling slipstream, and gyroscopic moment. The propeller
torque, which appears as a left rolling tendency, is a serious drawback in a single propeller-driven aircraft.
Typically, the wingspan of aerobatic airplanes is greater than 1 m, which limits the maximum torque-roll rate by
about 180° per second, allowing an inexperienced pilot to control the airplane. The maximum size for MAVs is
3-5 times smaller. Assuming that the torque-roll rate is inversely proportional to the square of the wing span, if
the wingspan of an MAV decreases by a factor of 2, the torque-roll rate increases by a factor of 4. Thus, the
torque-roll may become a driving factor in the design of the control system for VTOL MAVs.

Another negative effect in the single-propeller-driven aircraft is the p-factor that occurs as a result of the
difference in angle of attack between the blades of a rotating propeller and causes a single-engine propeller
aircraft to yaw to the left. Keeping the rudder to the right helps to maintain straight flight, however, as a
consequence, the aircraft drag increases.

The effect of the rotational airflow is inherent to a single-propeller propulsion system. The air rotating into a
twisting helix around the fuselage presses against the left side of the ventral vertical tail, causing the plane to
yaw and roll to the left. It also results in energy losses, reducing overall thrust efficiency of the propulsion.

In a tilt-body VTOL with contra-rotating propellers, the second coaxial propeller is installed immediately
behind the first one and rotates in the direction opposite to the rotating flow after the first one. The air flow
coming out of contra-rotating propeller is symmetrical, without a torque and side forces. The induced velocity
behind the first propeller may increase the total thrust of the system in comparison with two propellers staying
apart.
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In 1953-55, Convair designed and successfully tested the XFY-1 Pogo aircraft with contra-rotating
propellers. Pogo has successfully completed VTOL flights, but the project was cancelled at completion of the
test program. A jet tail-sitter, Ryan X-13 Vertijet, also completed VTOL flights in 1956-57. Historically, large
tilt-body tail-sitters have been envisioned for military use on both land and sea in situations disallowing
airfields, or for operating from limited space. Although short-lived, tail-sitters paved the way for fixed-wing, jet-
thrust-vectored aircraft, such as the Harrier. Among the problems, the pilot’s uncomfortable accommodation
was an important one, which, of course, is not important for unmanned air vehicles. Therefore, the tail-sitter
designs with contra-rotating propellers-motors are the focus of the current project.

Aerodynamic interaction of the wing with the propeller was studied by Prandtl® in a wind tunnel. In a series
of tests, lift, drag, and pitching moment on the wing and propeller thrust were measured. Increase of the drag
was found to be noticeable when the wing propeller is right behind the propeller. One of the issues of the
interpretation of propeller-wing interaction is the right choice of reference speed. The increase of the speed
behind the propeller was used’ for the explanation of the effect of drag increase, however, only a free stream
speed was employed as a reference speed in the drag coefficient calculations, thus, not taking into account actual
propeller-induced velocity.

In general, a propeller generates a pulsating slipstream that can diminish the enhanced performance of
laminar wings in a tractor configuration. On the other hand, a pure pusher configuration is not an acceptable
solution for VTOL aircraft that employ a propeller slipstream in aerodynamic controls.

In an earlier work,® the laminar boundary layer was investigated on the NACA 27-212 airfoil in the presence
of a free stream and propeller slipstream. It was found that the laminar-to-turbulent transition point is moving
toward the leading edge of the wing, causing a significant increase in the drag.

One of applications of large unmanned air vehicles is for high-altitude surveillance. Aerodynamic design of
this class of vehicles requires investigation of propeller-wing interaction at low Reynolds numbers, but at high
subsonic Mach numbers. Hot-film measurements were conducted in study’ in order to determine laminar,
transitional, and turbulent boundary layer states. It was concluded that propeller-induced slipstream does not

eliminate laminar separation bubble. Note that test conditions corresponded to Reynolds number of 5x10° and
relatively low propeller’s RPM.

The effect of a propeller slipstream on the wing laminar boundary layer was investigated® with the help of
hot-wire sensors. Measurements in the boundary layer on the wing surface showed the periodic change of the
laminar velocity profile to turbulent and back at the same rate as of the propeller rotation.

Additional references on the boundary layer transition as a function of a turbulence can be found elsewhere.’
It is important to emphasize the fact that the previous studies®® were performed for Reynolds numbers and
thrust values relevant to large aircraft and high speed flights. Also, these studies were concerned with a
rotational flow behind a single-propeller. Consequently, the results of the previous studies may or may not be
applicable to the flow conditions pertaining to VTOL MAVs. Studies of slipstream disturbances and
corresponding boundary layer flows characteristic to low Reynolds numbers free streams and slipstream induced
by small propellers with high RPM are needed.

Since 2001, electric motors and lithium polymer batteries, especially those mass-produced for cellular
phones, have become an enabling technology for MAVs.'%!? The components of electric propulsion systems and
guidelines for their evaluation and selection have been presented in detail for MAV applications.13

Effects of propulsive-induced flow on aecrodynamic characteristics of MAVs in tractor configurations with a
wing right behind a propeller have been studied experimentally.'* A significant increase in lift coefficients
(referred to a dynamic pressure in the free stream) and the delayed stall phenomenon was reported, especially
when it comes to low-speed flight performance. The delayed stall seen with the induced propeller flow would
allow a MAV to attain a higher angle of attack before aerodynamic stall, and hence attain a higher lift
coefficient and slower flight speed than what would be thought possible just from wing aerodynamics alone. On
the other hand, it was noticed that the lift-to-drag ratio for nearly all angles of attack are greater for the wing-
only tests. It appears that even though the lift coefficients are increased due to the induced flow, the subsequent
increase in the drag coefficient, both from the added lift and the parasite drag of the motor/propeller
combination, increases the drag by a more substantial amount, leading to the decrease in the lift-to-drag ratios.
To the contrary, investigations of a bi-plane configuration showed that the pusher arrangement of the propeller
improves the overall performance of the vehicle.'’

VTOL capabilities pose difficult problems for the fixed-wing MAV design. VTOL MAVs flying at low
Reynolds numbers will have relatively large propeller sizes and larger control surfaces and throws. Owing to the
complexity of the propeller-wing interactions, no design methods exist for sizing these airplanes. Therefore, in
the present study, the aerodynamics of VTOL MAVs will be studied through wind tunnel measurements on the
propulsion system consisting of two coaxial contra-rotating motors-propellers, wing, and wing-propeller
combinations. As evident from the above discussion, the tilt-body concept with contra-rotating propellers

13
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represents a workable solution for the reduction or elimination of negative effects of other concepts. In the
present study, a tilt-body VTOL MAV was designed based on previous successful designs.**

II. Models and Methods

A. Propulsion System for VTOL MAYVs

The propulsion system shown in Fig. 1 consists of two pairs of coaxial contra-rotating motors and propellers.
Each propeller is powered by a separate motor, rotating in opposite direction. This propulsion system was
assembled by utilizing off-the-shelf brushless outrunners, MP Jet AC 22/4-60D.'® The motors are joined at their
stator backplates. The outrunner motors have a sufficient space inside the stators to allow a cross shaft through
both motors, as shown in Fig. 1. The propeller 1 is attached to one end of the cross shaft and the other end is
fixed to the rotor case of motor 1. The rotor of motor 2 was modified with an extended shaft, which also houses
two bearings supporting the cross shaft. The motors have a diameter of 27 mm, and the total length of the
propulsion is 60 mm. In this work, the motors are regulated by an electric speed controller, Phoenix-25,
providing the same RPM (revolutions per minute) to both motors. The effect of unequal RPMs may be of
interest for future studies, especially with regard to possible roll controlling of a vehicle through the differential
RPMs.

Two arrangements of the propellers with respect to the motors were analyzed: tractor and pusher. In a tractor
configuration, propellers are attached to the motors such that the thrust force is generated in the positive
direction of the s-axis and the propeller slipstream hits the motors. For the pusher configuration, shown in Fig.
1, propellers were flipped 180°, and the polarity of the electric power was set to opposite. Propellers used are
APC with a 140-mm diameter (radius R = 75 mm) and 114 mm-pitch. The distance between propellers is 17
mm.

Propeller 1

Cross shaft

Propeller 2 Motor 2 Motor 1

Fig. 1 Propulsion system of two coaxial contra-rotating motors-propellers.

B. Wing Design

The Zimmerman planform wing with a 254-mm wing span, 169-mm root chord, and aspect ratio of 1.91 is
studied in this work. The S5010-TOP24C-REF airfoil'” was utilized in designing the wing, with a maximum
camber of 3% located at 0.24 ¢ and an inverse camber of 1% at 0.85 ¢ . The wing geometry, presented in Fig. 2,
was generated using SolidWorks™ as described in Ref. 18. It is stiffened by a plywood rib along the root chord,
as shown in Fig. 3. The mold was manufactured employing 3D Printer InVision Si2. No fuselage or controls
were attached to the wing studied in this work.

14
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Fig. 2 Zimmerman wing (a) and representative cross section (b).

C. Motor Testing Bench and Hot-Wire Measuring System

The SUPAERO Propulsion Lab motor testing bench is used for the evaluation of small electric motor
propulsion. It measures RPM, current, thrust and torque, with the voltage holding constant. Two load cells
provide thrust and torque values. Calibration of the devices was done by applying a calibrated mass to the
sensors. The resolution for the thrust force was 0.005 N and for the torque 0.2 N mm.

A hot-wire measuring system has been used to investigate the velocity profile of propeller flow. The sensor
is a 2D hot-wire, Model 1241-20 from TSI It allows two normal velocity components to be measured, but in
this study only axial flow velocity was used. This sensor is managed by an IFA 300 constant- temperature
anemometer system from TSI. The two electric signals resulting from this acquisition system are translated into
two velocity values using a MATLAB routine on the acquisition computer. Calibration of the acquisition system
is achieved in the wind tunnel test section. A 2D map of each wire voltage is generated using wind speed and
sensor angle as the two input parameters. Discreet values of wind speed from 0 to 30 m/s are set with a step of 1
m/s. For each wind speed, the sensor angle is set from -45° to 45°, with a 1° step. The resulting 2D map for one
wire is a continuous surface. A voltage value for this wire will result in a line in the (wind speed, angle) plane.
Given a voltage for each wire, the intersection of the resulting lines will lead to a single point equivalent to
unique speed and angle values. This calibration method provides better accuracy for the whole measurement
range than the usual polynomial formula. The wind speed measured during calibration is provided from a
calibrated Pitot tube, whose accuracy is better than 0.1 m/s for the speed range obtained from the propeller flow.
The angle is measured by a digital potentiometer, which has a precision of 0.01°.

Experimental arrangements for testing a wing with a motor is presented in Fig. 3. For testing of the motor
only, the wing was removed and testing was conducted using the same fixture.

Fig. 3 Experimental arrangements for testing of a wing with a motor.
15
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D. Wind Tunnel Facility

The SUPAERO low-speed wind tunnel is a closed-loop wind tunnel where test section has a 0.45x 0.45 m
cross section and is 0.7 m long. The contraction ratio is 6.2 and the turbulence level is 1%. Speeds from 2 m/s to
30 m/s can be obtained with a standard deviation below 0.2 m/s.

The balance measures all the aerodynamic components except for the side force. It is composed of 6 single-
ended load cells. Three struts, each linked to 2 cells, go through the test section floor and connect to the test
model. Balance calibration is achieved by computing the calibration slope of each cell using calibrated weights.
The resolution for forces is less than 0.004 N.

A calibration of the wind tunnel and the balance was performed before each test series. Utilizing calibration
measurements and the small-sample method," the uncertainty intervals in aerodynamic coefficients were
determined. Standard deviations of aerodynamic coefficients were estimated. Solid blockage, wake blockage,
and streamlined curvature corrections were estimated based on the methods described in Ref. 20.

III. Evaluation of Propulsion System

A. Motor Static Testing

The performance in hover and vertical climb of a VTOL aircraft is a driving factor in the take-off weight
determination and power selection. Since these flight conditions are characterized by a relatively low speed,
knowledge of the static thrust at zero free stream velocity becomes very important. Other parameters affecting
the design include torque, RPM, and power requirements. Several propulsion systems were evaluated on the
motor testing bench. The tests were conducted for a constant voltage from 6 to 11 V, with a step of 0.5 V. With
the voltage set, the motor(s) was started and measurements were taken at the control signal to the motors in
terms of PWM (pulse width modulation) varied from 50% to 80%, where the former corresponds to 1.5 ms and
latter to 1.8 ms. Both tractor and pusher arrangements of contra-rotating propulsion were investigated, as well as
a conventional single motor-propeller setup.

In Fig. 4, the variation of thrust and torque with PWM is presented for the tractor at 11 V. The thrust force
increases linearly with PWM and reaches a maximum at 3.42 N and at 12,000 RPM. This thrust is 1.9 greater
than the thrust generated by a single propeller-motor under the same voltage and PWM. Thus, there is a small
loss of the thrust in the contra-rotating system compared to a single propeller-motor, which can be explained by
the non-optimal propellers selected for the present study. Note that the linear relationship simplifies thrust
control in an automatic system.

The maximum torque in this test was 0.42 N cm, which is also the maximum torque measured in all tests
conducted for contra-rotating systems. As expected, this torque was about 10 times lower in comparison with a
torque measured on a single propeller-motor system. This feature of the contra-rotating propulsion significantly
simplifies controls for VTOL aircraft, and it is a major advantage of the presented propulsion system.

Figure 5 shows static thrust generated by both pusher and tractor propulsion systems as a function of
electric power input. The presented data provide estimates of the power required for hovering flight and can be
used for battery selection. As evident from Fig. 5, the pusher propulsion generates 20-23% more thrust force
than the tractor for the same inputted power. It directly affects the take-off weight and flight performance of the
vehicle in hover and climb. In the tractor configuration, the motor is placed right behind propellers and,
therefore, creates a significant parasite drag. Hence, the shape optimization of the motor mount and fuselage is
another important area of research for aerodynamic design at low Reynolds numbers.
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Fig. 4 Variation of thrust and torque with PWM (pulse width modulation).
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Fig. 5 Thrust of propulsion system as a function of input power.

B. Slipstream Velocity Profiles

A hot-wire system was utilized for measuring air velocity profiles in a slipstream behind the propellers.
While a propulsion system was still sitting on the motor testing bench, the hot-wire probe was mounted on its
top, allowing simultaneous measurements of air velocity and thrust, power input, voltage, etc. The testing was
conducted at constant voltage of 8.5 V and the PWM was set to hold the thrust constant. However, in the course
of the tests, a 3-5 % drift of the thrust has been observed and PWM was manually adjusted to the desired thrust.

The measurements were conducted at four sections located at distances, s = 35, 70, 130, and -70 mm (Fig.
1), respectively, with the first three sections referring to the pusher arrangement, while the last section refers to
the tractor. For each section, the air velocity component in the s-direction was measured at points along the z-
coordinate distant from the motor-propeller axis from 0 to a maximum distance R, =85 mm, with a step of 1

mm. The propeller’s radius R corresponds to z =75 min7
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Air velocity distribution in the pusher propeller slipstream can be seen in Fig. 6 for two values of thrust: 7=
1.47 N and T = 2.45 N. The plots exhibit a single-hump shape, with the maximum of velocity near the point
z=0.5R . With z increases beyond the propeller radius, the velocity asymptotically approaches zero. The local
decrease of the air velocity (by about 15%) closer to the axis of rotation may be caused by the propeller’s hub
and the interference of the propellers with the motors. The fluctuations in velocities in terms of a standard
deviation were determined and error bars plotted in Fig. 6. They are indicative of non-stationary, pulsating flow
behind the propellers. The increase in size of the error bar illustrates the presence of vortices in the area near the
propeller tips. Also, larger pulsations are noticed for higher thrust force.

Air velocity profiles in Fig. 7 are shown for three sections at the same thrust force. This figure shows the
change in the profile: the farther they are from the propeller, the more uniform they become.

Figure 8 illustrates velocity profiles at sections placed at the same distance, |s| =70 mm, from the propeller

in the pusher and tractor arrangements. In fact, for the tractor arrangement, the velocity is measured right behind
the aft motor. The lower average velocity and significant decrease of velocity in the core of the slipstream found
in tractor arrangement are mostly due to the parasite drag caused by the motors and to some degree by the motor
mount. These results also explain the overall decrease of the thrust force for the tractor arrangement in
comparison with the pusher one, as evident from Fig. 5.

R —p |

Z, mm

w,, m/s w,, m/s

Fig. 6 Experimental velocity profiles at section s =130 mm at 7= 1.47 N (left) and 7= 2.45 N (right)
for a pusher arrangement.
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Fig. 7 Comparison of air velocity profiles for three sections in a pusher at 7=1.47 N.
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Fig. 8 Pusher vs tractor comparisons for air velocity profiles at s = 70 mm and -70 mm, 7= 1.47 N.

Now, utilizing measured air velocity data, the values of thrust and induced power can be determined.
Consider a cylindrical control volume around the propeller. It is assumed to be very large so that the transport of
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mass and momentum through its walls is negligible, except through the side circular wall of radius R, =85 mm
(of area, S, ) placed in the propeller slipstream at a distance s from the propeller. Applying the momentum and
energy theorems, the static thrust is found from

T,=p [rids (1)
S
while the power induced into the flow is

R, =2 [rds @
S

Assuming that the air velocity remains constant in the azimuthal direction, the calculations of 7, and P;,; were

conducted by substituting hot-wire data into Eq. (1) and (2). In addition, the figure of merit, f,, =P, /P, was
computed.

Numerical results obtained through the use of air velocity data for sections s =70 mm (for pusher) and
s =-=70 mm (for tractor) are presented in Table 1 for the nominal thrust of 1.47 N. Obtained 7, values differ
from the nominal by about 5%, which is a good agreement when one takes into account the drift (mentioned
above) of the thrust during these tests. As expected, for the same nominal thrust, the pusher generates higher
induced power and has a higher figure of merit.

Table 1. Thrust, power, and figure of merit for propulsion systems.

Propeller
Arrangement Ts (N) P (W) Pind (W) .fM
Pusher 1.43 42.5 8.62 0.20
Tractor 1.55 45.0 8.20 0.18

The obtained results will be used here for verification of the propeller momentum theory for slipstream
velocity predictions. By following derivations from Ref. 1, the propeller-induced velocity at the distance s from
the propeller disk is given by

w(s)=0.5| [V + 2T2 1SR -7, 3)
prR J1+(s/R)

where V, is a free stream velocity in front of the propeller. The radius of the stream tube induced by the
propeller, 7, can be found from the continuity equation

w(s)r* = w(0)R® C))

The velocity and the radius of the stream tube were calculated for the section s = 70 mm for two values of
the static thrust. The numerical results obtained with the help of Eq. (3) are shown in Fig. 9, together with
experimental data, w,. Overall, their matching is good and, therefore, the propeller momentum theory can be

recommended for air velocity predictions to be used in the aerodynamic analysis and sizing of the wing,
fuselage, and control surfaces of VTOL MAVs.
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Fig. 9 Comparison of experimental results against propeller momentum theory at s = 70 mm.

IV. Wind Tunnel Testing

A. Wing Only Tests

Experimental measurements in wind tunnels at low Reynolds numbers become difficult because
aerodynamic forces are small at low angles of attack, requiring high accuracy and sensitivity of measuring
facilities. For these reasons, the validation of available acrodynamic data for wings used in the current designs is
an important task itself in the development of a reliable database on MAVs.

A series of wind tunnel tests was conducted on wind tunnel models of the Zimmerman wing with 3 and 9 %
camber.'® These tests were done without a motor or fuselage in order to determine the exact role that camber
plays in the aerodynamics of the vehicles. In the present study, the same 3% model that was previously tested in
the University of Arizona wind tunnel'® was tested in SUPAERO wind tunnel.

The tests were conducted for two values of the Reynolds numbers, 5x10* and 10, and the results are
presented in Figs. 10 and 11 for the lift and drag coefficients, respectively. It can be seen from the plots that lift
coefficients are in reasonable agreement for both high and low angles of attack. For the drag coefficients, there
is a reasonable agreement of the results at the moderate angles of attack, which becomes worse when «
approaches angles corresponding to the maximum lift coefficient.

The zero-lift drag coefficient, C, , is especially interesting in designing MAVs for hovering and vertical

flight conditions. For the Reynolds number 10°, the C Dy coefficient obtained in SUAPERO is 0.025, which is

higher than the value of 0.02 from the UA tests. Note that for very small « , the magnitude of the measured drag
becomes smaller and it has increased scatter for both testing facilities.
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Fig. 11 Drag coefficient variation with angle of attack.

B. Motor Tests in Wind Tunnel

The contra-rotating propulsion system in a tractor arrangement was mounted to the top of the struts in the
SUPAERO wind tunnel test section, and an electrical connection was established between the motor and a
power supply located outside of the wind tunnel. With the power set to on and the motor running, the tunnel
flow was started and thrust measurements were taken at tunnel velocities ranging from 0 to 15 m/s. The tests
were conducted with 11 V supplied to the motors and with PWM varying from 55 to 70 %, so an accurate model
of the thrust behavior of the propulsion was obtained. A difference between the test-bench and wind tunnel
static thrust data was noticed that can be attributed to the different drags of the struts on the test-bench and in the
wind tunnel.

The experimental results are presented in Fig. 12 for PWM = 55, 60, 65, and 70 %, and, as expected, the
thrust decreases as free stream velocity increases.
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Fig. 12 Thrust available and required variations with free stream speed (symbols — experimental data
points, dashed lines — quadratic approximations).

C. Determination of Wing Drag due to Free Stream and Propeller Slipstream

Hover and vertical flight efficiency is one of the single-most important qualities that VTOL MAVs must
exhibit. It affects the maximum required thrust and power and determines the endurance for loitering over a
target area. This part of the study will focus on the determination of drag forces at near-zero angles of attack in
the presence of both free stream flow and propeller-induced flow.

This series of tests was conducted in the SUPAERO wind tunnel. The wind tunnel model shown in Fig. 3
consists of the contra-rotating propulsion and Zimmerman wing connected through a common mount fixture.
The motor was installed such that the thrust line is collinear with the root chord line.

The motor was set at 11 V and PWM varied from 55 to 70%. The free stream velocity, ¥, ranges from 0 to

15 m/sec. For a given combination of PWM and ¥, the wind tunnel balance measures a total force, F,

total >
which is the sum of the thrust force generated by a propeller and the drag force on the wing. This force
corresponds to a zero-lift angle of attack. From the motor tests described in the previous section, the amount of
thrust, 7, produced at each free stream velocity, ¥ ,is known. The drag on the wing, D, , is generated from two
mixing airflows: free stream and propeller slipstream. Since the motor and wing were mounted on the same

fixture as in the motor only tests, the drag force can be determined as D, = |me/

—T| and is presented in Fig.

13. For clarification, the total force, F

total

is smaller in magnitude than the propulsive thrust, 7', and also

because of the test procedure, the zero-lift drag force D, has no fixture or strut effects on it.
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Fig. 13 Drag on the wing due to propeller slipstream and free stream.

Consider the air flow over the wing. We introduce a simplified model for the flow similar to the one used in
the classical propeller momentum theory.' The free stream ¥, enters the propeller and wing, Fig. 14. Assume
that a cylindrical stream tube is formed behind the propeller of a diameter equal to the propeller’s diameter, 2R.
The second assumption is that velocity induced by a propeller is constant along the stream tube and is equal in
magnitude to its ultimate value derived in the momentum theory, which is

w, =w(s=o0)= [V} +—-W %)
PR
and the velocity behind the propeller disk is a sum
Vy by = [V +— (6)
prR
The zero-lift drag produced by the wing body can be presented as
D, =05pC,, [S (Vy+w, ) + (8, Jp)rﬂ 7

where S, is the area of a part of the wing covered by the propeller slipstream and is shown in Fig. 14. Through

division, we arrive at the zero-lift drag coefficient in the presence of a free stream and slipstream

DO
O.Sp[S (Vy +w,, ) +(S0—SP)V02J

c

Dy,

®)

This formula is valid also for either propeller-induced velocity or free stream velocity to be zero.
Using obtained experimental data for drag force, the drag coefficients C,, were computed from Eq. (8) as a

function of the ultimate induced velocity, w

ult >

computed by Eq. (5) and the results are presented in Fig. 15.
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They clearly demonstrate that the slipstream behind the propeller has a profound negative effect on the drag of
the wing.

For a low power and low w,,

conditions, the wing drag coefficient approaches the value for laminar flow
(0.02-0.025) obtained for the wing-only test. The drag coefficient increases by about three times, with induced
speed increasing from 0 to 15 m/sec. This result indicates the change of transition mechanism in the boundary
layer from a laminar to turbulent state, which deserves further study.

Although the data are scattered, the correlation between drag coefficient and induced velocity is meaningful

and can be approximated by the linear equation

Cp, =0.0305+0.0024w,, 9)
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Fig. 14 Model of flow velocity over the wing.
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Fig. 15 Zero-lift drag coefficient variation with ultimate induced velocity.
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V. Designing VTOL MAYV Prototype

The obtained results can be used for designing VTOL MAVs with vertical flight requirements. Even though
this procedure gives only one design point, it is an utmost important one for the selection of propulsion system
and power source. For the steady vertical flight of the aircraft with a take-off weight of W, the balance of forces
in a vertical direction can be written as

T-W-D,=0 (10)

By combining Eq. (5), (7), (9), and (10), the thrust required for the vertical flight at a speed ¥, can be found
from

T-W +0.5p| 0.0305+0.0024| [V} + 2T2_V02 S, | Vi + 2T2 +(SO—S)V02 =0 (11)
prR prR ’

The first VTOL MAYV prototype (Fig. 16) has been designed based on the propulsion system described in
this paper. The aircraft is equipped with a flat plate wing of Zimmerman planform. It has a take-off weight of
W =1.76 N, wingspan of 30 cm, wing area of S, =335 cm’, and an area of the wing portion covered by the

propeller slipstream S, =210 cm’. Using these data, the thrust required to climb vertically with a rate-of-climb

V, was obtained numerically from Eq. (11) and plotted in Fig. 12. It can be seen that with the rate-of-climb

increases, the required thrust is slightly increased with a maximum of 2.3 N. From comparison of thrust
available and required (Fig. 12), the thrust available from the current propulsion will provide a steady vertical
flight in the range of climb-rates 0-10 m/s, with PWM in the range of 62-70%.

As can be seen from Fig. 5, about 80 W of maximum power is needed to support the flight mission
characterized by the maximum required thrust of 2.3 N. To satisfy this requirement, a 3-cell lithium-polymer
battery, of 740 mAh capacity, was selected as an onboard power source.

Two fins with a total area of 47 cm’ provide the stabilization of the aircraft in roll and yaw. A rudder
consisting of two connected sections of a total area of 30 cm’ is attached to fins. Two elevons of total area 60
cm’ control the vehicle in pitch and yaw. Test flights were conducted with this vehicle demonstrating a hover,
sustained vertical climbs, and transition to and from a level flight.

Fig. 16 VTOL MAY in flight.
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VI. Conclusions

In the present study, a tilt-body, tail-sitter concept for VTOL MAVs was analyzed and a novel design was
proposed based on the contra-rotating propeller-motor electric propulsion system. As evident from the
discussion, this design represents a workable solution for the reduction or elimination of the negative effects of
other concepts.

The evaluation of the propulsion was conducted for two propeller arrangements: pusher and tractor. Static
thrust measurements, as well as RPM, power, and torque, were conducted on a motor testing bench. A small loss
of thrust in the contra-rotating system was found compared to a single propeller-motor. The maximum torque
for the contra-rotating system was about 10 times lower than a torque measured on a single propeller-motor
system. The pusher arrangement of the propeller generates 20-23% more thrust force than the tractor for the
same inputted power. In the tractor configuration, the motor is placed right behind the propellers, creating a
significant parasite drag. Hence, the shape optimization of a motor mount and fuselage is another important area
of research for acrodynamic design at low Reynolds numbers.

A hot-wire system was utilized for measuring air velocity profiles in a slipstream behind propellers. The
fluctuations in velocities in terms of a standard deviation were determined. They are indicative of non-
stationary, pulsating flow behind the propellers. For the tractor arrangement, lower average velocity and a
significant decrease of velocity in the slipstream core are mostly due to the parasite drag caused by the motors’
placement right behind the propellers. These results also explain the overall decrease of a thrust force for the
tractor arrangement in comparison with the pusher one.

In the present study, the same 3% Zimmerman wing that was previously tested in the University of Arizona
wind tunnel was tested in the SUPAERO wind tunnel. The results for the lift and drag coefficients are in
reasonable agreement for both high and low angles of attack.

The aerodynamics of a wing-propeller combination was studied through wind tunnel measurements. Results
clearly demonstrate that for a given range of propeller thrust, the slipstream behind the propeller has a profound
negative effect on the drag of the wing for zero-lift angles of attack. The drag on the wing is generated from two
mixing airflows: free stream and propeller slipstream. A simplified model for the flow similar to the one used in
the classical propeller momentum theory is 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.

Using obtained experimental data for drag forces, the zero-lift drag coefficients were computed as a function
of the ultimate induced velocity. The drag coefficient increases three times, with induced speed increasing from
0 to 15 m/sec. This result indicates the change of transition mechanism in the boundary layer from a laminar to a
turbulent state, which deserves further study.

The results obtained in the present study were realized in a design of a VTOL MAV prototype that was
successfully flight tested.
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On Fixed-Wing Micro-Air Vehicles with Hovering
Capabilities
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and
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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

o = angle of attack (°)

A = wing aspect ratio

AC = aerodynamic center location (cm)

c = chord

Co = drag coefficient

Ce = mean friction drag coefficient

CL = |ift coefficient

Ciac) = pitching moment coefficient at the aerodynamic center
= drag force (N)

Drotor = rotor diameter (mm)

DL = rotor disk loading (N/m?)

fm = rotor figure of merit

k = coefficient of induced drag: Cp = Cpg + k C2

L = lift force (N)
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Pind = rotor induced power (Watts)

PL = rotor power loading (Watts/kg)

Jo = free stream dynamic pressure (N/m?)
S = wing surface (m?)

T = thrust force (N)

w = weight (N)

. Introduction

ECENT developments of micro air vehicle systems (MAVS) have revealed that a new generation of multiple-

tasking MAVS is coming up®. 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
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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 requirements®® and durability through the design of a
collision-proof airframe.

Il. 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 studies®. 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 MAVs>’. 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
method®. 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.
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Figure 2. Elliptic low-speed wind tunnel.

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°.

I11. 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
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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 concept™®, 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 Arizona®'.

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 airfoil* was utilized in
designing the wing, with a maximum camber of 3% located at 0.24 ¢ and an inverse camber of 1% at 0.85c. The
wing geometry, generated using SolidWorks™ (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).
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Figure 3. Schematic views of the Zimmerman wing (left) and the bimotor tilt-wing model (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



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 LabView™ 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
Arizona'. Because previous experiments showed that there is little interaction between the model and the struts, the

Figure 4. Experimental setup: tilt-body configuration (left), tilt-wing at 30° (center), tilt-wing at 60° (right).

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

F

(model) = I:(mod el+struts) qO(mod el+struts)

X S CF (struts) (1)

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

F (struts)
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%
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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.
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Figure 5. Tilt-wing vs. tilt-body during transition: tilt angle or angle of attack (left), PWM signal (right)

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
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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

36



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 preferable’®.

V. 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 UAVs**®, 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

Figure 7. Full-scale Convair XFY-1 “Pogo” (left) and the mini-UAV “Vertigo” (right)

could perform transition and stable flight in RC manual mode. The source of inspiration for the Vertigo is the
Convair XFY-1 “Pogo” prototype’’ (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
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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

Figure 8. Wind tunnel setup for the Vertigo model (left), schematic views of the Vertigo (right)

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 m?.
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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 formulation® of the lift
coefficient:

C, =K, sinacos’ a+K, cosasin’® o ()

where K, depends on the aspect ratio, sweep angle and leading edge shape of the wing. It represents the potential
lift contribution. Coefficient K, is a constant factor usually equal to & which represents the vortex lift contribution.
With K, = 2.6 and K, = 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 CDy = 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, 01 H
located 145mm behind the wing 005 i
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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.

AoA°
Figure 10. Pitching moment at CG as a function of the 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

V(m/s)

Figure 11. Flight conditions at equilibrium.
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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
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Figure 12. Contributions of propellers during transition: horizontal
and vertical force components, pitching moment

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 A S (dm?) m (9) m/S (g/dm?)
Vertigo 1.80 24 1600 67
Mini-Vertigo 191 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
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Figure 13. The Mini-Vertigo: schematic views (left, center) and the prototype in hover flight (right).

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 tests®® 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.

MAV Drotor (Mm) T(N) DL (N/m?) P (W) PL (WIN)  Ping (W) fu
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.

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, fy is the ratio of the actual power needed for hovering P;,q 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

41



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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The present work describes the development of an automatic control system and the
investigation of the flight dynamics of fixed-wing micro air vehicles (MAVs) with vertical
take-off and landing (VTOL) capabilities. Specifically, the hovering phase of the flight was
studied in detail. A state-space model was formulated and used in a control law design. The
effects of propeller slip stream impinging on the airframe are discussed in the context of
control design. Feedback control laws based on a proportional, integral, and derivative
(PID) control design were developed and programmed into the autopilot. The development
and evaluation of two VTOL MAYVs 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 response for both aircraft. The actuation delays in the propulsion systems caused a
systematic error in an altitude. Average amplitudes of rotational oscillations in all three axes
were also about the same for both aircraft. Higher roll rates can be explained by lower
inertia in roll axis.

Nomenclature
A, B = state-space model operators
Gy, = zero-lift drag coefficient
D = drag force
G, = transfer function
I, = moment of inertia about x-axis
1, = moment of inertia about y-axis
I, = moment of inertia about z-axis
K, = proportional gain coefficient
K, = derivative gain coefficient
K, = integral gain coefficient
m = take-off mass of an aircraft
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p =roll rate

q = pitch rate

R, = propeller radius

r = yaw rate

S, = part of area of the wing covered by propeller slipstream
T = thrust force

w, = air velocity induced by a propeller

X = state vector

V4 = altitude, vertical coordinate in the Earth-fixed frame
< = damping ratio

o, = throttle command

I. Introduction

he development of the automatic controls for micro air vehicles (MAVs) is a very challenging engineering

problem due to the low inertia and damping properties of these vehicles. The situation worsens for the fixed-
wing MAVs with vertical take-off and landing capabilities (VTOL) being developed.'” Hovering MAVs are open-
loop unstable and an autopilot’s ability to handle them has not been established. Thus, enhanced automatic flight
control systems are vital for the progress of VTOL MAYV technology.

Design methods and general theoretical control principles for large VTOL aircraft are well developed and have
been summarized in the literature.*” As the field of VTOL evolved, much attention was paid to propulsion system
considerations and development of an aerodynamic theory for the propeller and rotor. Other subjects included
control issues during hover and transition. Overall, there is a sufficient amount of relevant data and knowledge to
begin exploring autonomous flight concepts with applications to VTOL MAVs.

The flying qualities of a MAV will have to provide adequate mission performance. In a study by Foster and
Bowman,’ the dynamic stability of several small air vehicles was analyzed using predictive software. It was found
that use of the flying qualities criteria established for large airplanes (e.g., military specifications’) is not acceptable
for small unmanned air vehicles. Flying quality guidelines were proposed for small aircraft by scaling down the
standards used for larger aircraft. Note that the standards for flying qualities of piloted aircraft are based on
evaluations of handling qualities made by many pilots for multiple aircraft under different flight conditions.
Contrary to requirements for manned aircraft, design requirements for the flying quality of unmanned MAVs may be
governed by some other requirements, for example, video stream quality, while the safety of passengers and pilots is
not an issue. Although this problem has been addressed in the recent technical literature, more studies are needed.

The stability of conventional MAVs has been investigated by Waszak et al.® and Ifju et al.” The authors found
that higher angles of attack may be achieved without stalling using a flexible wing that deforms under varying
aerodynamic loads, including gust conditions, allowing the wing to see a lower angle of attack at higher pitch
attitudes. An analysis of the static stability derivatives showed the aircraft to be stable in all axes.

Available off-the-shelf autopilots and micro avionics components, especially micro sensors, are very expensive,
heavy, and of poor quality. In industry, proprietary systems are created, preventing a dissemination of knowledge on
the development of autonomous MAVs. Alternatives to this situation are projects (e.g., in Ref. 10) that are founded
on the principle of free software and hardware schematics.'' Even though documentation and schematics for these
autopilots are free, a lack of technical support makes these alternatives unattractive as well.

Several MAVs equipped with automatic control systems have been developed to date. A study by Platanitis and
Shkarayev'? focused on the integration of the MP2028¢ autopilot system into a 90-cm (36-inch) Zagi MAV. The
aircraft provides a useful platform for evaluating autopilot integration into MAVs of comparable size. The autopilot
uses various feedback loops for navigation and control during autonomous flight. While one may use empirical
approaches (i.e., pick gains, validate in-flight tests, then adjust gains) to determine appropriate gains, the motivation
of this research was to provide a more systematic approach to determining feedback loop gains. The approach
involves determining an analytical model of the aircraft from its structural and aerodynamic characteristics that can
then be validated through wind tunnel experiments, and developing the feedback control loops using standard design
methods. Failures of the expensive autopilot components during ground tests prevented autonomous flight from
taking place.
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Taylor et al."”’ developed an attitude stabilization system based on thermal horizon detection. The system is
reliable in daytime or nighttime flight, consumes little power, and operates quickly from a cold start. Such a control
system even allows an unskilled pilot to fly a UAV.

Arning and Sassen'* presented a 42-cm (16.5 in) autonomous MAV developed at EADS Dornier. The potential
of using MEMS technology to provide size and weight savings, along with reduced power consumption for autopilot
hardware mounted on the MAV, was realized. The study provided an overview of the application of sensors for the
development of micro flight controls. Despite the current progress in sensor technologies, available micro sensors
and controllers suffer inaccuracies and instabilities. An alternative solution is hybridization that combines different
sensors into one system.

International Micro Air Vehicle Competitions have showcased MAVs that demonstrated aircraft flight via an
autopilot. Brigham Young University'’ used a Kestrel autopilot. A similar system utilizing a Kestrel autopilot was
developed at the University of Florida.'®

A control system for autonomous flight of an MAV for a surveillance mission was developed at RWTH Aachen
University.'” The aircraft had a 40-cm wingspan and a total mass of 250 g. An existing autopilot system was
modified by the augmentation of a GPS receiver and telemetry system, which uses a waypoint navigation algorithm.
The existing system consisted of three piezoelectric gyros, two pressure sensors (static and dynamic), and a
microcontroller to run the control algorithms and invoke control commands. Waypoint navigation algorithms,
which included altitude and velocity hold, azimuth control, and flight-quality algorithms, were added to the control
system. Proportional control is used to command heading, and PI control is used for altitude and speed hold. Newly
developed control laws were integrated into a ground station, allowing gain factors and waypoints to be modified
during flight.

Konkuk University'® improved the flight ability of their MAV entry. A micro-scale inertial measurement system,
the MRO1, was developed for the micro-scale autopilot system. The MRO1 consists of a one-axis gyroscope sensor,
and a two-axis accelerometer. When attitude data measured by the MRO1 were used as a feedback for the
servomotor control, longitudinal and lateral stabilities improved. Successful missions have been flown using 13-15-
cm wingspan MAVs for surveillance in 5 m/s headwinds.

A comprehensive control design and modeling of a vertical-horizontal and horizontal-vertical flight transition
maneuver for the T-Wing tail-sitter aircraft is done by R. H. Stone et al. '* The concept aircraft with a wingspan of
2.2 m can be qualified as an unmanned air vehicle (UAV). The authors present a complete set of dynamic equations
of motion available elsewhere and customized for their project. Numerical simulations of the closed-loop controller
are done using quaternion attitude representation. The custom autopilot utilizes linear control laws based on a mixed
approach of the attitude descriptor, whereas vertical, horizontal, and transition modes of flight are implemented.
Euler angles are used for the horizontal flight mode, while a 90-deg-tilted frame is used for the hovering mode, and
the quaternion-based frame is used in transition. In vertical mode, the controller uses proportional-integral (PI) laws
to control heading, or aircraft belly direction using elevator and ailerons, and also PI laws to control throttle. In
transition mode, the controller gain is scheduled with speed and throttle. Flight testing was done using a tether rope
setup to reduce the number of crashes. In addition to tether testing, the vehicle has also been flown freely to perform
autonomous take-off and transitions. While there were no serious problems in any of the modes, the aircraft has had
some difficulties with reverse horizontal to vertical transition when angle of attack exceeded 60 deg.

Simulations and control laws developed by Knobel et al. »° for tail-sitter UAVs feature quaternion-based attitude
estimation. Results of simulation using commanded pitch and thrust produced satisfactory results in terms of
positional error along horizontal and vertical axes. Future research will focus on implementing the control laws
using a Kestrel autopilot and tail-sitter RC model airplane, Pogo.

The University of Arizona MAV project’"** has been focusing on the development of fully autonomous MAVs
since 2003. Several research and development studies conducted at the University of Arizona on the aerodynamics,
airframe, and control design of MAVs have been completed, resulting in two exceptional fully autonomous MAVs:
59-cm Zagi and 30-cm Dragonfly. Both aircraft are equipped with a Paparazzi autopilot.'” The Zagi is a relatively
large but stable (yet very maneuverable) and rugged platform and, therefore, is well suited for experimental
investigations of the flight control systems. The Dragonfly is about half the size of the Zagi, but possesses unique
flight characteristics, including high maneuverability.

Conventional design of large aircraft is a two-step process, in which the aerodynamic design of an airframe
focuses on satisfying performance requirements and then control laws are designed for required stability and
controllability. For MAVs, a strong coupling between the airframe and control system design has been found.***

The purpose of this paper is to investigate size effects and to provide closed-loop control laws for autonomous
MAVs capable of hovering. Two VTOL MAVs were evaluated: Vertigo and Min-Vertigo. The Mini-Vertigo is two
times smaller than the Vertigo, thus the two aircraft present a workable experimental setup for the investigation of

49



AIAA Guidance, Navigation and Control Conference, 18-21 August 2008, Honolulu, Hawaii

size effects on flight dynamics and designing control laws for VTOL MAVs. The approach utilized in this study
includes the simulation of flight dynamics and closed-loop control design. In a series of flight tests of the two
aircraft, telemetry data on control actuation, altitude, and attitude of the aircraft were collected and analyzed and
used in the validation of predicted designs.

II. Autonomous VITOL MAYV Designs and Specifications

In the present study, the Vertigo (Fig. 1) and the Mini-Vertigo (Fig. 2) MAVs were evaluated. Geometrical and
mass data for the MAVs and their components are presented in Tables 1 and 2. Both aircarft are of a tail-sitter
configuration capable of vertical take-off, hover, transition, and level flight. The 31-cm-wing-span Mini-Vertigo is
two times smaller than 65-cm-wing-span Vertigo and, therefore, is better qualified as an MAV category airplane.
The Vertigo was designed in the mini-UAV size range and is able to carry a payload up to 200 g, while the Mini-
Vertigo has 50-g payload capability. Both airplanes can be equipped with video cameras that capture and transmit
video to a ground station for analysis, making them very effective for surveillance missions. With an autopilot
integrated into the airplanes, they currently are capable of automatic hovering.

Fig. 2 The 31-cm Mini-Vertigo.
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The propulsion system of the Vertigo consists of two coaxial contra-rotating propellers driven by two side-by-
side motors via a gear box. The airframe is constructed of two flat plate wings of polygonal planform and two
vertical fins symmetrically placed on either side of the 12-cm-diameter fuselage. The total mass of the airplane is
1.675 kg. The wings and fins are attached to the fuselage, which also serves as a compartment for the autopilot,
radio transmitter, and batteries.

The Mini-Vertigo is a flying wing airplane with dorsal and ventral fins added for lateral stability. The total mass
of the airplane is 243 g. It has a tractor propulsion system consisting of two coaxial contra-rotating motors-
propellers.

The controls for both aircraft include elevons in the longitudinal direction and elevons and a rudder in the lateral
direction.

Table 1 MAY specifications and properties.

Parameter Vertigo  Mini-Vertigo
Wingspan (cm) 65 31
Length (cm) 70 21
Height (cm) 48 16
Wing area (cm®) 2200 486
Elevon area (cm?) 830 60
Elevator area (cm?) 512 -

Fin area (cm®) 735 40
Rudder area (cm?) 318 35
Propeller diameter (cm) 50 14

CG location from apex (cm)  14.5 4.16
L., kg m? 0.0051 0.00046
I, kg m? 0.0204 0.00109
1,,, kg m? 0.0229 0.00133

Table 2 Components of MAVs.

Vertigo Mini-Vertigo

Component Description Mass (g) Description Mass (g)
Airframe Composite structure 1100 Composite structure 60

Axi 22 12/26, MP Jet AC 22/4-60D
Motor, propeller ISAE 500 mm 80 APC 77-57 50
Lithium-Polymer 5 /i 11 1V, 4000 mAh 340 3cell, 11.1V, 910mAh 65
Battery
Autopilot ISAE autopilot 80 Paparazzi autopilot 54
Modem MaxStream XbeePro 5 MaxStream XBee Pro 5
Servos Futaba S3150 70 Blue Arrow BA-TS-2.5 9
Total 1675 243

The xyz-coordinate system is a body-fixed frame with the origin in the center of gravity. The wingspan of the
Vertigo is about two times greater than that of the Mini-Vertigo, and the Vertigo’s weight is 6.9 times greater.
Moments of inertia for both airplanes are presented in Table 2. While the moments of inertia in the pitch, / , and

w2
yaw, [_, directions differ by about 20 times, the roll , / _, differs by 10 times. Low roll inertia is one major factor
affecting the relatively poor stability of MAVs in the lateral direction.*
Both MAVs were outfitted with autopilots, but at this stage of the project, the automatic controls have been
developed for hovering mode only.
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An ISAE autopilot was integrated into the Vertigo. It features AT91SAM7A3 microprocessors, the functions of
which are uploading the flight plan, reading sensor feedback signals, and generating control signals to the motor
speed controller and rudder and elevons servos. The sensor block consists of a Ublox GPS unit, Xsens MTX IMU,
ultrasonic sensor (SRF10), and static pressure sensor (MPX 6115-A).

The Mini-Vertigo aircraft is outfitted with a Paparazzi autopilot.'® The autopilot includes an autopilot board, two
double-axis MEMS gyroscopes (IDG300), an infrared attitude sensor (FMA Co-Pilot) and ultrasonic range sensor
(Maxbotix LV-EZ1). The autopilot board reads sensor feedback signals and generates control signals to the motor
speed controller, rudder, elevator, and elevon servos. The autopilot board features an ARM7 processor running at 60
MHz. This single processor performs control loops, navigation, data acquisition, and telemetry communications.

In flight, the autopilots send telemetry data back to the ground station using the XbeePro modems. Currently, the
telemetry data include: GPS-based location coordinates; ground speed, altitude, and climb rate of the airplane;
attitude of the airplane provided by infrared sensors; autopilot status data; and position of the control surfaces. The
telemetry data are used to display up-to-date information about the location of the airplane on a map, the attitude of
the airplane, and its altitude.

III. Control Law Design

In order to evaluate the effectiveness of control laws for a VTOL micro air vehicle, a design process that makes
use of the linearized equations of motion of the aircraft is followed herein.

A. Dynamic Equations of Motion for VTOL MAV

The equations of motion are developed from an evaluation of stability and control derivatives in both the
longitudinal and lateral-directional motions subsequently assembled into state-space matrices. The
MATLAB/SIMULINK program is used to evaluate the stability of the airplane, as well as to determine control laws
for closed-loop stability. Once the stability and control derivatives are determined, they are then integrated with the
mass, geometric, and inertial properties to obtain the equations of motion in state-space form for each of the
longitudinal and lateral motions

X = Ax + Bu ey

where the state vector is X =[u,v,w, p,4,7,9,,4,,9,-95,%. ), z]" . The state-space form as described in** was used for

matrices A and B. Matrix A contains the variables for mass, moment of inertia, and dimensional stability
derivatives for the motion variables. Matrix B is the control influence matrix containing derivatives for all control
surfaces, thrust coefficients, as well as aircraft mass and inertia variables. Matrix variables for the Vertigo airplane
are reported in Ref. 23.

Unlike conventinal aircraft, the effect of the propeller slipstream impinging on the wing may be dominant for
VTOL aicraft. For the MAVs studied, the thrust line is assumed to pass through the center of gravity of the aircraft.
As such, the thrust force, 7, will not create any moments about the aircraft center of gravity. However, for these
aiframes, the propeller slipstream may develop a drag force, D , that needs to be acounted for.

Consider a hovering rigid aircraft with a take-off mass of m . It is oriented along the vertical Z-axis in the Earth-
fixed frame of reference. The equation of motion of the aircraft in the Z-direction can be written as

mZ:T—D—mg 2)

Assuming that velocity induced by a propeller is constant along the stream tube and is equal in magnitude to its
ultimate value as derived in the propeller momentum theory,* it is given for hover as

2mg
w, = 3
’ //MRZ, (3)

The disk loading parameter is defined as a ratio of the thrust force (which is equal to the weight for hovering) to
the propeller disk area, mg/mR3. The disk loading for the Vertigo is 83.65 N/m?, which is lower than the value of
154.7 N/m? for the Mini-Vertigo. These results explain the overall very small value of the drag for the Vertigo in
comparison with the Mini-Vertigo.
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The drag-to-thrust ratio is derived as

D CDSP
Z_h 4
T 4)

where C p, 18 the zero-lift drag coefficient, and S, is the area of the part of the airframe covered by the propeller

slipstream. From Eq. (4), it follows that the drag-to-thrust ratio does not depend on the thrust value explicitly.

The drag and thrust forces for both MAVs were measured in a series of tests. Details of the experiments are
reported in Refs. 2 and 25. The tests were conducted with a pulse width modulation (PWM) varying from 55 to
70%. Drag-to-thrust ratios obtained for the Vertigo are negligble (less than 0.001). The range of values for the Mini-
Vertigo is higher, 0.073-0.085, but is rather narrow. Based on these results, the drag term was excluded from the
simulations of dynamic motion and control design for both MAVs.

B. Control Law Design

In the latest stage of the project, control laws were developed and evaluated for the attitude stabilization and
altitude hold in hover. An inertia measurement unit (IMU) and an acoustic range sensor were utilized for attitude
and altitude measurements. Specifically, the altitude, Z, was measured by ultrasonic sensor and linear
accelerometers. In each control loop, the same PID design was used; however, only the altitude control will be
presented in this section.

A classical approach is realized for the stabilization of the aircraft, in which the motion along the aircraft flight
path axes is uncoupled. This way a mono-input design synthesis can be applied.

The closed-loop stability of the altitude-to-throttle transfer function was determined and a PID controller was
designed, as shown in Fig. 3. Proportional and derivative feedbacks are related to the altitude, Z, and vertical
velocity, Z . The desired altitude, Z,_, is the input to the control and the output of the control loop is the throttle

command, o,. Saturations 2 and 3 are added in order to limit the overshoot generated by the integral effect and to

provide the desired performance. Saturations 1 and 4 in the input and output of the controller assure safety
operations. Initial control loop parameters (gains and saturation cut-off limits) were selected based on results of
numerical simulations for both aircraft.

Saturation 1

Ly

System

Fig. 3 Schematics of PID controller.

For the Vertigo aircraft, the optimal control was developed based on the root locus diagram and Bode plot. As
discussed in the previous section, the system control is greatly affected by propulsion’s reaction time. In order to
effectively model the reaction time of the speed controller-motor-propeller, a classical first-order system is defined.
The transfer function of the system is given by

__ mg
G(s) = (zs+1)s? ©)
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where 7 is the time constant.
Initially, the altitude control was modeled as a PD controller, G,.(s) , represented by a transfer function

G.(9)=K, [1+%SJ (©)

P

Optimal gains were augmented by addition of the integral control and saturation functions in order to reduce the
permanent error and at the same time reduce the time constant of the controller.
The open-loop global transfer function, G, is a product of G(s) and G.(s) . The altitude-to-throtle closed-loop

transfer function is

G, (s)

G (s) = m

(7

First, for the gain synthesis, proportional, K, and derivative, K, , gains were tuned using a modal approach®

for closed-loop poles. The poles were chosen to satisfy performance constraints, damping, and time response. In the
second step, the integral effects were introduced via integral gain, K, obtained by the Ziegler-Nichols method.”

Saturations 2 and 3 (Fig. 3) were tuned based on numerical simulations and further flight tests.

The proposed control design is validated by time response simulations, observations of the root locus diagram,
and several robustness margins. Figure 4 shows the root locus diagram for altitude hold. Figure 5 illustrates a
transient roll response of the Vertigo to the step function of the closed-loop altitude control. In addition, a
compromise between the pass-band and delay margin was found. Finally the set of gains was determined as
K,=0.1,K,=15K,=0.02. With these gains, the closed-loop poles placed at —0.82 and —1+1.56i (g =0.55)

and the delay margin of 0.55 s provided robustness of the control.

Imag Axis

-2 1.5 -1 -0.5 0
Real Axis

Fig. 4 Root locus for altitude hold PD (square symbols represent the optimal gains).
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Fig. 5 Time response of the Vertigo to the throttle command in the form of a step function.

IV. Flight Testing

In a series of flight tests, the response of the Vertigo and Mini-Vertigo to prescribed altitude control commands
was investigated and reported. During these tests, control gains were tuned to achieve the most effective and stable
response. Telemetry data on altitude response, angular velocities, and servo signals were acquired in two
autonomous flights (flight 1 and flight 2) for both Vertigo and Mini-Vertigo. Two different sets for the control gain
coefficients (set 1 and set 2) were used in flight 1 and 2, respectively, where the set 1 was an initial set of
coefficients and set 2 coefficients are the results of fine-tuning in flight tests.

A. Vertigo
The telemetry data for the altitude and its desired value are presented in Figs. 6 and 7 for flight 1 and 2,

respectively, and corresponding throttle command time histories are shown in Figs. 8 and 9.

At 20 s of flight 1 (Fig. 6), the aircraft had slowly reached the desired altitude. The oscillations observed are due
to the delay in the speed-controller-motor-propeller chain. The delay of the altitude response was estimated at 0.2 s
and 0.35 time constant, a problem for efficient feedback. It can be seen in Fig. 6 that with further changes in the
desired value, the measured altitude followed a desired value.

3.5 T T T T T T

Desired
Measured

Altitude, m

25 30 35 40 45 50 55 60
Time, s

Fig. 6 Measured and desired altitudes for the Vertigo during flight 1.
For the second flight, the general trends in the altitude hold are the same as in the first flight. The difference is in
the longer time period and increases and decreases of the desired altitude. This is similar to a previously observed

lag between desired and real altitudes at the beginning of the flight, which slowly decreases to the end of the flight.
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Fig. 7 Measured and desired altitudes for the Vertigo during flight 2.

The plots in Figs. 8 and 9 illustrate the throttle variation for flights 1 and 2, respectively. The range of the throttle
is set in terms of PWM varied from 0 to 1, where the former corresponds to 1 ms and the latter to 2 ms. Overall, the
throttle variations are smooth, except for one peak at the 31% second of flight 1, and three peaks in flight 2, causing a
rapid change in the altitude. The peaks observed in the throttle time histories could be a result of interference
between the ultrasonic sensor and the antenna of the radio receiver — the antenna’s movements created an echo in the

ultrasonic sensor.

0.63F
0.62F
0.61F

0.6F
0.59F
0.58F
0.57F

Throttle

25 30 35 40 45 50 55 60
Time, s

Fig. 8 Throttle time history for flight 1.

0.68 T T T T T T

0.66

0.64

Throttle

90 100 110 120 130 140 150 160
Time, s

Fig. 9 Throttle time history for flight 2.
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In the present test flights, the pilot was in the loop, controlling the attitude of the aircraft. Observed noise in the
pitch, yaw, and roll gyros is shown in Figs. 10-12 for flight 1. The average amplitude of oscillation in the pitch and
yaw axis is about 0.1 rad/s. For the roll, it is about 0.2 rad/s. Higher oscillations in roll can be explained by lower

inertia, /_ (see Table 2).

0.4 T T T T T T
. O02F
3
g
Fé 0
2
-0.2F
_0.4 'l 'l 'l 'l 'l 'l
25 30 35 40 45 50 55 60
Time, s
Fig. 10 Roll rate vs. time.
0.3 T T T T T T

Pitch rate, rad/s

_0‘2 'l 'l 'l
25 30 35 40 45 50 55 60

Time, s

Fig. 11 Pitch rate vs. time.
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Fig. 12 Yaw rate vs. time.

Recorded data on roll, pitch, and yaw rates were analyzed using the fast Fourier transform algorithm in Matlab®.
Plots of frequency spectra are presented in Figs. 13-15. A low frequency peak at 1-3 Hz corresponds to the bandwith
of the feedback dynamics. Other peaks can be seen in the 2-25 Hz range of the pitch and yaw rates. At this time, the
source of vibrations remains unknown, but it warrants future related studies.

0.05

0.04

0.03

0.02

0.01

0 5 10 15 20 25
Frequency, Hz

Fig. 13 Frequency spectrum for roll rate.
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Fig. 14 Frequency spectrum for pitch rate.
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Fig. 15 Frequency spectrum of yaw rate.

B. Mini-Vertigo

The stability augmentation mode of the autopilot was employed in the flight testing of the Mini-Vertigo. In this
mode, the pilot can accurately introduce the desired value of attitude, then the autopilot generates control commands
for the control surfaces to hold the airplane at the desired altitude. The two gain sets used in altitude controls
correspond to initial (set 1) and final tuning (set 2). The time series of the altitude of the aircraft measured during the
flights for the two sets of control gain coefficients are shown in Figs. 16 and 17, and the corresponding throttle
histories are shown in Figs. 18 and 19.

The low value of the hovering throttle gain in set 1 produced a slow response in altitude, which resulted in a low
climb rate of the aircraft until it reached the commanded altitude. Also in set 1, the proportional and derivative gains
were higher than in set 2 and as a result, the amplitude of the oscillations of the aircraft in altitude were about 0.2 m
compared to 0.1 m for set 2. The response of the aircraft to changes of desired altitude for set 2 is also faster than
that for set 1. When desired altitude was changed by about 0.1 m, the measured altitude changed in about 2 s, at
times of 6-8 s and 16-18 s. This test could not be performed for set 1 due to sluggish response of the aircraft.
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Fig. 16 Measured and desired altitudes of the Mini-Vertigo for flight 1.
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Fig. 17 Measured and desired altitudes of the Mini-Vertigo for flight 2.
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Fig. 18 Throttle command for flight 1.

60



AIAA Guidance, Navigation and Control Conference, 18-21 August 2008, Honolulu, Hawaii

0.54

0.535

0.53

Throttle command

0.525

0.52

0 2 4 6 8 10 12 14 16 18
Time, s
Fig. 19 Throttle command for flight 2.

Angular velocities of the Mini-Vertigo aircraft, estimated using on-board gyroscopes, are shown in Figs. 20-22
for control gain set 1. Average amplitudes of oscillation were found: 0.2 rad/s for roll and less than 0.1 for pitch and
yaw. It is interesting to note that these values are very close, both qualitatively and quantitatively, to those obtained
for the Vertigo.
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Fig. 20 Roll rate vs. time.
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Fig. 22 Yaw rate vs. time.
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V. Concluding Remarks

Recent studies have demonstrated the high flying qualities of VTOL MAVs. The present work describes the
development of an automatic control system and the investigation of the flight dynamics of these aerial vehicles,
specifically, for the hovering phase of the flight.

The design approach presented in this paper includes the integration of an autopilot into an aircraft, development
of equations of motion, simulation of flight dynamics, and a closed-loop control design. Effects of propeller
slipstream impinging on the airframe are discussed in the context of control design. PID control laws were
developed and programmed into the autopilot.

The development and evaluation of two autonomous micro air vehicles, the Vertigo and Mini-Vertigo, are
presented. In a series of flight tests, the PID controls were adjusted and telemetry data on control actuation, altitude,
and attitude were collected for the analysis and validation of predicted designs. Significant similarities were noted in
the dynamic responses of both aircraft. Obtained results revealed a negative feature of the altitude hold - the lag
between desired and measured altitudes caused by the delay in the propulsion system (speed controller-motor-
propeller). Average amplitudes of oscillations in all three axes were also about the same for both aircraft. Higher roll
rates can be explained by lower inertia in roll axis.
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Dynamic Model and System Identification Procedure
for Autonomous Ornithopter

Bharani P. Malladi,' Roman Y. Krashanitsa,’ Dmitry Silin,’® and Sergey V. Shkarayev4
University of Arizona, Tucson, Arizona, 85721, USA

The study presented in this paper focuses on the development of a dynamic model for
the flapping-wing air vehicle (ornithopter) and on the model parameters identification
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 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 a value of a scalar objective function in the least square sense. A 100-
cm ornithopter was built and equipped with the autopilot. The ornithopter was used to
gather experimental data in-flight. Preliminary experimental results on flight dynamics
of the ornithopter are presented and discussed.

Keywords: ornithopter, stability, control, model, experiment, system identification.
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,B,C,D = state-space model operators
= acceleration vector

= wingspan

= span of tail
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= drag coefficient
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= lift coefficient
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3

. = pitching moment coefficient derivatives
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= pitching moment coefficient
= wing mean geometric chord
= tail mean geometric chord

S 9

~

= root chord

= flapping frequency
= aerodynamic force
= gravitational force

= force vector
= internal force

Qo TLT S0

= inertia matrix of the wing
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N~

S

, Ly, L, = lift force of wing, body, and tail, respectively
= pitching moment
= aerodynamic pitching moment

ES

= moment of force vector

= mass

= pitch rate

= mean dynamic pressure

= radius-vector

= rotation matrix

= Reynolds number

= wing planform area

= tail planform area

= flapping period

= perturbed horizontal velocity
= control vector

= instantaneous velocity of the blade element
= velocity vector

= perturbed vertical velocity

= state vector

= angle of attack

= angle of attack rate of change
= wing elevation angle

= tail installation angle

= elevator deflection

= roll angle

= wing rotation angle

= pitch angle

= tail installation angle

= wing lead-lag angle

= yaw angle

BN N RINS SRR AIAQETNnammINS I gz

= angular velocity vector

Superscripts

B = with respect to the body
T = with respect to the tail
70 = total

w = with respect to the wing
Subscripts

a = aerodynamic

B = with respect to the body
E = with respect to the earth-fixed coordinate frame
g = gravitational

T = with respect to the tail
T0 = total

tr = reaction

w = with respect to the wing
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I. Introduction

Studies on biological flight employ complex data acquisition equipment, both stationary, such as high-speed
video cameras, and mounted on the subjects, including sensors acquiring data about trajectories, air pressure,
and velocity fields during the flapping flight. Some of notable works in this field were completed by Willmott
and Ellington' on the kinematics of the flight of hawkmoth Manduca Sexta using two high-speed video cameras.
The study revealed the mechanics of the body motion and the range of wing flapping and feathering angles
during flight.

Pennycuick and Lock” studied energy storage in pigeon wings during upstroke and downstroke for hovering
and slow forward flights. The authors estimated the stored energy and its effect on the shape of the wake.

Azuma et al.> employed the blade theory to model and quantify the acrodynamics of wings of such insects as
dragonflies and damselflies and to investigate the effect of increased lift during the downstroke due to dynamic
stall. Comparison of the results of the study with experimental data was done qualitatively.

Larijani et al.* obtained experimental data on a static flapping and taxiing of a full-scale ornithopter and two
quarter-scale models. No real flight data were provided. The ornithopter models featured a thick airfoil wing
composed of a rigid and a flapping part. The numerical study was conducted featuring both structural and
aerodynamic analysis. The finite element discretization broke the wing structure into elements with torsional
and bending degree of freedom and a classical Galerkin method was applied using a set of linear interpolation
functions to form a system of dynamic equations. A modified strip theory was used, whereas vortex wake
effects were accounted for, as well as partial leading edge suction and post-stall behavior. This model was used
for the calculation of average lift, thrust, power required, and propulsive efficiency of a flapping wing in a
steady flight. The maximum error in the results of modeling compared to the experimental results associated
with bending moment data was 15% and that for twisting moment data was about 20%. These predictions are
interesting, considering the low quality of the experimental data and simple numerical models used.

Frampton et al.’ experimentally investigated an articulation of one degree of freedom wing and the effect of
translational and rotational motion of the wing on the generated thrust. Translational and rotational motions of
the wing were achieved through elastic bending and twisting of the wing in phase or out of phase, depending on
the excitation frequency. Thrust-to-power ratios and efficiency parameters were determined. Initial results
indicated that a wing, exhibiting bending and torsional motion in phase, generates the larger thrust, whereas a
wing with torsional motion lagging the bending motion by 90 degrees results in a better power efficiency.

The primary objective of the present study is to develop a dynamic model of a flapping-wing air vehicle and
to estimate parameters of the model using in-flight telemetry data.

II. Statement of Problem and Assumptions
As with any other flying machine the ornithopter obeys the same set of physics laws, so the classical
approach to derive and solve the equations of motion may be applied. At the same time, there are some
important features, arising from the wing’s flapping motion, to be taken into account. For simplicity, the
following assumptions are made in the development of the dynamic model:
e The ornithopter is made of several moving solid bodies of constant mass.
e  Only flight in the vertical plane is considered.
The wings have a planform area, S, and wingspan, b. The wings are fixed to the fuselage at the leading
edge symmetrically with respect to the fuselage plane (see Fig. 1). They perform flapping or up-and down
motion by changing the flapping or elevation angle, 5, the rotation or wing pitching angle, y, and the lead-lag

or forward-backward angle, £, as shown in Fig. 1. The v-tail consists of two parts, and the orientation of each
part is defined with respect to the fuselage axis by two angles: fr and &r. The v-tail has a triangular planform
with area S, and span b, . Orientation of the fuselage with the tail is fully defined by the roll, ¢, pitch, €, and
yaw, y angles, as described by Roskam® and Etkin and Reid.’

The geometrical relationships between the coordinate frames used in this study are explained below. The
inertial orthogonal frame (Xg, Yg, Zg), with the origin O is fixed to the Earth. An orthogonal frame (X, Y, Z)

with origin G at the center of mass of the aircraft is a body-fixed system (Fig. 1). The following expression
holds:

X, X
Y, |=R,| Y |+,
Z, z

where R; is the body-fixed orthogonal rotation matrix by Euler angles ¢, 6, and v .
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The wing-fixed coordinate system (X, yw, zy) is defined using vector transformation

X X,
Y= Rw yw + FOWG
VA z

where Ry is the body-fixed orthogonal rotation matrix by elevation, lead-lag, and rotation angles.
We define the coordinate system for the tail in a similar way. Define the radius-vector from the center of

mass to the point of fixture of the tail as 70,6 . Then, transformation of the tail coordinate system (xt, yr, zr) with

respect to the coordinate system (X, Y, Z) is defined by

X X,
Y [=R; |y, |+ FOTG
z z;

stroke
plane

Fig. 1. Ornithopter geometry.

The following forces act on the ornithopter: wing lift, L, , drag, D, , and pitching moment, M, ; tail lift,
L, ,drag, D, , and pitching moment, M, . Define the aerodynamic forces in terms of aerodynamic coefficients,

dynamic pressure, g , and wing area, S as:
Ly, :5LW‘7Sa Dy, = _1V)V‘7Sa M, :62/‘75’5’ L, :CLT‘YSTs Dy :C;EST’ M; :C;:ESE

Derive the dynamic equations of motion for the center of mass of the ornithopter. Consider a small element
of the wing, i (Fig. 1). Define the position vector of the wing element, i, as

i

L=r +70WG +7iow )]

or using the coordinate system transformation

7 =15 R (7, )z *RRy (7, )

Xw Yw 2w (2)
Differentiating twice and multiplying Eq. (2) by the mass of the element, dm, to write the equation of
motion

2

. L d _
dmy, 1, +dmy, R, (r()w )xyz +dmy, W(RlRw )(Viow ) = AF:IW + AFgW + fiW (3)

Xw Yw 2w
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where AF” is aerodynamic force, f;” is internal force, and AF," is gravitational force acting on one element

of the wing. Integrate over the total area of the half-wing and multiply by two, since there is two halves of the
wing

- - = = L d’ _
my, 7, =2F" +2F" + 2Fgw -2 I{Rl (o, Iz + el RR )T )z Jdmw )]
w

where AF_, are reaction forces.

W
Obtain the equation of motion for the tail in a similar manner

e o o L & _
myr; = 2F:,T + 2F;}T + 2FZ -2 I(RI (I”OT )XYZ +W(R1RT )(}’;.OT )XT,\’TZT Jme (5)
T

The external forces acting on the fuselage are the aerodynamic force, gravitational force, reaction force from
the wings, and reaction force from the tail. Then the dynamic equation of motion for the fuselage body is

myry, =F’ -2F -2F +F; (6)

Assume that the acrodynamic forces generated by the fuselage of the ornithopter are small compared to that
generated by the wing and tail, and can therefore be disregarded. Summing Egs. (4), (5), (6) gives the equations
of translational motion for the center of mass of the ornithopter

- — - . d* _
Myolc = ZF;T + 2F;W + F;'m -2 _[[RI (”0,,,/ Yz + W(RIRW )(’}0,,,/ )xwy,,,/zw jdmw
- " @)
2 J[Rl (o o+ RROE ), jme
W

Next, form the moment of forces about the center of mass of the ornithopter. Derive expressions for
moments of each part of the ornithopter about its center of mass and sum them. The general form of the sum of
moments acting on the element of the wing, i, about the center of mass of the ornithopter is

(W), =y | F+ 27, | =7 xma ®)

where F, are external, and f, are internal forces acting on the element. Acceleration of the wing element is

i ij

_ _  _  _ dadvg
a=a,+a,=a,+— 9
i G iG G dl ( )
defined in the (Xg, Yg, Zg) coordinate system. Summation over all wing elements gives
MZ;V :ZFtimiai :mWFG,,,GXEG+FIg/ (10
N
where
ﬁg ()= %(G(z)a‘)(z)) =G a(t)+G()a(t) + (1) x G(t)d(t) (11)

and G(?) is the inertia matrix of the wing with respect to the center of mass of the aircraft.
In a similar manner, the moment equation for the tail is a summation over M elements of the tail
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G =2 Fgxma, = rGGxaG+H (12)
M

And, finally, for the fuselage

B — =B — — 71 B
M. =7 xF; =Myl ;X dg +Hg (13)

where F” is the aerodynamic force acting on the fuselage applied at the aerodynamic center of the body, 4.
The sum of the moments about the center of mass of the ornithopter yields

MY+ ML+ ME = my Ty o xay + HY +7, o x, + HL 4T, o xa, + H? (14)
where
1\7[? ZEMGXF;W+FG”GXF;W+MZ (15)
]\712 ZFA,GXFaT"‘FGTGXF;T"'M; (16)
M =7, o< F} +T5 o x F} + M, (17)

A W vl \ 7B . —w T B . :
and M, , M, ,and M, are aerodynamic moments, and F,", F,,and F, are acrodynamic forces applied

at the aerodynamic centers of wing, fuselage, and tail of the ornithopter, respectively (see Fig. 1).

I}

A
o, TN \ tan” (3/V)

4
i W]

— flapping plane
i ; pping p

V

Fig. 2. Components of the aerodynamic forces.

Note that accelerations of the local coordinate systems (xw, yw, zw) and (xt, yr, zr) with respect to the (X, Y, Z)
coordinate system are non-zero, since the position of the center of mass depends on the current orientation of the
wing.

Present the total aerodynamic force acting on the right wing, F, in a vector form

b/2 b/2
[ [c. LAY c(y)dyjl —[ [Cotns Lov (e P ey |d (18)

where / and d are unit vectors of the coordinate system momentary fixed to the wing, such that d coincides
with the instantaneous velocity vector for the current wing cross-section, and / is perpendicular to the velocity
vector (Fig. 2).

In order to employ better control over the wing geometry during the flapping motion, define average lift,
C and average drag, C coefficients for upstroke and downstroke. According to the blade theory, the mean
lift, and drag coefficients for upstroke and downstroke are obtained as a solution of the system of linear
equations, where each equation is formed for each of the experimental values of the aerodynamic force averaged
for the flapping period

12 1 12
F'T=C" jq(t)ZdH cd 2P j q(ldt - C* — P jq(z)ddz—cd 2P jq(t)ddt (19)
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where the u superscript stands for upstroke and the d superscript stands for downstroke, T'is a stroke period, and

b2

90 =2p OjV(z,y)zc@)dy

is the instantaneous dynamic pressure.

Define an average angle of attack, & for the wing of the ornithopter as an angle between the fuselage
centerline and the air stream velocity vector incident to the fuselage. Assume that the average lift and drag are
functions of average angle of attack and rate of change of the angle of attack. Then, expand those values in
Taylor series as

C;=Cla+Cla+C} 5,+CLE (20)
C/=Cla+Cla+C 6,+ClE 1)
Cy=Cp +K(C) (22)
Cy=Cy +K(C]) (23)

where F is the stiffness of the wing spar and K is a coefficient. In this way, wing lift coefficients for the up- and
downstroke are additionally controlled through wing stiffness, effectively changing lift and drag forces to allow,
in turn, longitudinal control of the aircraft.

The aircraft acrodynamic pitching moment, My, is defined as

M,=C, gSc (24)

m

where C is the total aircraft aerodynamic pitching moment coefficient and M, is a projection of the total
moment M) + M + MZ onto the Y-axis of the aircraft coordinate system. For an ornithopter with an elevator,
the pitching moment coefficient is expressed in the form of a first-order Taylor series

¢,=C, +C,a+C, a+C, 5, (25)

my mg,

In order to study the dynamics of the ornithopter, a perturbed model for steady-state flight is needed, which
will also be the nominal model used for controls design and analysis. From the aerodynamic forces and
moments, the stability derivatives are obtained and the longitudinal equations of motion are cast into the
following linear state-space model:

Cyx = Ax+ Bu (26)
x=C,"'4x+C,"'Bu 27
Xx=A'x+B'u (28)

where x is a state vector, u is a control vector, and A and B are system matrices. The state vector for the
longitudinal mode is x =[u,w,q,0]" .

ITI. System identification

The solution to the inverse problem of dynamic system identification is found in a least-squares sense by
minimizing the real-valued scalar objective function

n(s) = ]|x(s,2') — %) dr (29)
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where s is the current set of parameters for the state-space model (26), x(s,7) is a state vector obtained as a
solution of the direct problem for the current set of parameters, ¥(z) represents the experimental data, and ¢,

and ¢, are the time domain of integration. The algorithm proposed by Nelder and Mead® is used for minimizing
the objective function, 7(s), for s € R". At the beginning of k™ iteration (where k>0), a non-degenerate

simplex, A, , is given along with its n+1 vertices; each of the vertices is a point in $R” space. Each iteration

generates a simplex that is different from the one generated during the previous iteration. Iterations continue
until the characteristic size of the simplex is less than the threshold value. The Nelder-Mead algorithm is
characterized by a rapid convergence at the first iteration and the Jacobian of the objective function is not
required for the method.

IV.  Experimental results and discussion

In order to be able to record in-flight telemetry data, and to control the ornithopter automatically, the
ornithopter was equipped with a Paparazzi autopilot and software.” Only a time history analysis and parameter
estimation based on the telemetry data are presented here.

A. Autopilot integration into the 100-cm ornithopter

Utilizing previous experience in the autopilot integration,'”'" the Paparazzi autopilot was integrated into a
100-cm ornithopter in the present project. The ornithopter geometry data are listed in Table 1. For this project, a
thin 0.8-mm autopilot controller printed circuit board with no connectors was manufactured. The ready-to-install
autopilot board has dimensions of 7x31.5x63.5 mm and 16.9 gram of weight.

Table. 1. Ornithopter geometric data.

Parameter Value
Wingspan Im
Wing Area 0.1571 m*
Mass 369¢g
Wing root chord 200 mm

The Paparazzi autopilot and ground station are a set of software and hardware assets, flexible enough to
work with various types of flying vehicles. The custom controller uses a Phillips ARM7 microprocessor, a built-
in U-Blox GPS processor with an 18-mm patch antenna mounted on the controller PCB, and an infrared sensor
board to determine the current attitude of the vehicle. A pair of X-Bee Pro wireless modems by Maxstream, Inc.
provides a communication between the vehicle and the ground station.

The flight control software consists of several subsystems - configuration files, flight plan, map, autopilot,
and GPS tools—and two major parts—the autopilot software on-board the airplane and the ground station
software. In flight, the autopilot sends telemetry data back to the ground station. Currently, the telemetry data
include: GPS-based data; speed, altitude, and climb rate of the airplane; attitude of the aircraft provided by
infrared sensors; autopilot status data; and position of the control surfaces. These data play a major role in
performance analyses during the flight tests and adjustments of gains.

Longitudinal control of the ornithopter is accomplished by proportional control for altitude hold, with an
inner pitch attitude loop. Similarly, lateral-directional control is accomplished by an outer heading hold loop and
the inner bank angle control loop, both using proportional control.
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Fig. 3. Autopilot hardware integration in the 100-cm ornithopter.

The autopilot board was installed on the top of the frame right behind the wing (Fig. 3). In order to protect
the board from vibrations, it was installed using two T-shaped mounts with soft rubber foam pads. All the radio
control components are located right under the board in the frame cutouts, thus the weight of the wiring is also
minimized.

Taking into account results of the flight tests for our previous ornithopters,'” the current prototype has an
increased area for the elevator, for better pitch control, and a smaller opening angle of the v-tail, for more
efficient roll control. After necessary adjustments of the center of mass position, the ornithopter is able to
withstand up to 3 m/sec wind, can do a series of sharp turns while maintaining altitude, and has a flight time at
moderate throttle in excess of 7 min.

Flight tests using an autopilot showed good stability of the aircraft and enough maneuverability to do basic
waypoint navigation in-plane and maintaining commanded altitude. Telemetry data were gathered by an in-
flight data logging system built into the autopilot and transmitted to the ground station via a wireless link at the
rate of 30-35 messages per second and stored in the ground station computer.

The flapping frequency of the ornithopter was estimated from the static measurements and presented in
Table 2. The flapping frequency is measured using a digital tachometer HCAP0401.

Table. 2. Static flapping frequencies.

Throttle setting f (Hz)

25% 2-2.5
50% 4.5-5
75% 5.5-6
100% 7-17.5

B. Flight data analysis for longitudinal mode

The following is an example of the longitudinal flight parameter estimation carried out with actual flight
data of the ornithopter. The time history data used in this analysis are the position of the ornithopter in terms of
its trajectory points measured by the GPS unit and given as a set of three-dimensional vector components {Xg,
Yg, Zg}. Orientation of the ornithopter in terms of pitch and roll angles were measured with respect to the
horizontal plane. The trajectory followed by the ornithopter during the test flight is shown in Fig. 4.
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Fig. 4. Trajectory of the ornithopter.

The oscillatory response of the aircraft was analyzed during the “hands-off” flight tests. A typical response
of the ornithopter during such a flight was recorded for 10 sec. There was no pilot input on the elevator and
aileron controls during this time. The throttle was held constant at a cruise flight setting of 35%. Variation of the
altitude during the flight is shown in Fig. 5. The flight altitude data were smoothed for the purpose of velocity
calculations (Fig. 5). Measured climb rate for the duration of the test flight was no higher than 0.4 m/s. Variation
of the airspeed, V, is shown in Fig. 6. Angle of attack variation was calculated from measured pitch, trajectory,
and velocity, and presented in Fig. 7. Even though velocity and altitude of flight change slowly, the angle of
attack (Fig. 7) and pitch values (Fig. 8) show significant oscillations.
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Fig. 5. Variation of altitude with time.
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Fig. 6. Variation of speed with time.
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Fig. 8. Time history of the pitch angle.

A dynamic behavior of the ornithopter similar to the short-period oscillatory motion was observed with a
time period of about 1 sec and time required for the oscillations in angle of attack and pitch to decay to one-half
of initial amplitude of about 2 sec (2 — 5 sec time period in Figs. 7 and 8). After the oscillations decayed,
response in angle of attack and pitch was non-oscillatory for about 2 sec, and after that oscillation started again
with approximately same period. Even though this dynamic effect was established qualitatively and oscillation
parameters can not be accurately estimated based on the available data, this dynamic mode can be regarded as
similar to short period oscillations. Long period oscillations, which could be treated as a phugoid mode, were
not observed during the test flights.

Spectral analysis is applied to the recorded pitch history. The data corresponding to the variation of pitch
angle, @, (Fig. 8), with respect to time are considered in the spectrum analysis. The recorded data are analyzed
using the fast Fourier transform algorithm in Matlab.” The frequencies of the pitch angle in Fig. 9 show how
much of the signal lies with each frequency band over a range of frequencies. The data depict the fundamental
frequency of the pitching angle in the major peak at 0.23 Hz. Another peak can be seen in the range of 1-1.25
Hz that corresponds to the noticed short period oscillations.
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Fig. 9. Frequency corresponding to the pitch angle data.

V. Conclusions

A multi-body dynamic model of the ornithopter was developed in this study and a procedure for the
estimation of the parameters of this model was proposed. The experimental ornithopter was built and the
autopilot controller was integrated into the vehicle. Flight tests showed that the ornithopter is capable of a
controlled sustained flight in the autonomous mode. In-flight real-time telemetry data were collected and an
initial analysis was conducted on this set of data. Preliminary analysis shows that the ornithopter exhibits a
dynamic behavior that is similar to short period oscillations.
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Flight Dynamics of Flapping-Wing Air Vehicle
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The research and development efforts presented in this paper address the flight
dynamics of a flapping-wing air vehicle (ornithopter). The 74-cm wing span ornithopter was
equipped with the automatic control system that provides the 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 flapping motion of the wings activated by a
motor at a constant throttle setting. Coefficients of a lift, drag, and pitching moment were
determined at a free stream velocity of 7.2 m/sec and the angle of attack varied from 0 to 41
degrees. 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 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.

Keywords: flapping, flight, ornithopter, dynamics, wind tunnel, stability, experiments.

Nomenclature
a = angle of attack
Cp = drag coefficient [C, = D/(0.5pV?2S)]
C, = lift coefficient [C, = L/(0.5pV?25)]
Cyu = pitching moment coefficient [C,; = M /(0.5pV25¢)]

Cp., C;., Cy, = drag, lift, and pitching moment coefficient derivatives
= wing mean geometric chord

= drag force

= lift force

= pitching moment

= wing planform area

= freestream velocity

<°’§“bﬁ'

I. Introduction

In recent years, a number of research studies have been conducted on the important aspects of flapping flight in
nature and on flapping-wing micro air vehicles (ornithopters). These studies focused mostly on the kinematics of
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flapping wings, unsteady flow physics, and associated aecrodynamic forces.

Some of the notable works in the field of flapping flight were completed by zoologists. Willmott and Ellington'
studied the kinematics of the flight of a hawkmoth Manduca Sexta using two high-speed video cameras. Their study
revealed the mechanics of the body motion and the range of wing flapping and feathering angles during a flight.

Frampton et al.” experimentally investigated effects of wing flapping and rotation on the generated thrust.
Thrust-to-power ratios and efficiency parameters were determined. The obtained results indicate that a wing,
flapping and rotating in phase, generates larger thrust, whereas a wing with rotational motion lagging the flapping
motion by 90 degrees results in a better power efficiency.

Flapping-wing micro air vehicles generate lift and thrust for forward motion using their flapping wings,
emulating birds and insects. However, just mimicking the flight of birds and insects is insufficient for designing
flapping-wing vehicles. Here is how this viewpoint was elucidated by Mueller and DeLaurier:® “The primary
motivation for studying animal flight is to explain the physics for a creature that is known to fly... An ornithopter
designer, in contrast, is trying to develop a flying aircraft, and its ability to achieve this is no given fact.”
Furthermore, a successful ornithopter design provides a verifiable physical model of flight in nature.

Aerovironment pioneered the design of radio-controlled micro ornithopter called Microbat.* The most successful
vehicle of this type has a half-ellipse wing planform with a 20-cm wingspan flapping at 22 Hz. The project proved
to be challenging because of the limited knowledge on unsteady aerodynamics of flexible flapping wings of the size
this small and lack of enabling micro technologies.

DeLaurier and his group developed a 35-cm radio-controlled ornithopter capable of hovering.® The kinematics of
the 4 wings (X-wing) mimics the “cling-flip” mechanism employed by some insects and birds. Hovering flights in
excess of one minute were achieved with a flapping frequency of 28 Hz. It was noted that transition to forward flight
remains a problem, but that it may be overcome by an intelligent flight stabilization system.

Ellington® summarized the flight kinematics and dynamics of insects, which could be useful for prospective
insect-size MAV designs. The motion of the flapping wing is described with respect to a flapping plane, also called
a stroke plane. Insects have been observed to perform quick maneuvers by tilting the stroke plane of their wings, just
like a helicopter. Lateral direction changes can be accomplished by a roll of the stroke plane (often by increasing
flapping amplitude and/or angle of attack of the outside wing). Angle of attack changes also initiate low-speed
acceleration. For slower flight and hovering, the body hangs below the wing bases, and the insect benefits from a
passive pendulum-like stability.

An ornithopter competition has been added to the 8th International MAV Competition in Tucson, Arizona in
2004. This competition involved building the smallest radio-controlled ornithopter that can fly the most laps around
a pylon course in 2 min. The pylons were spaced 40 feet apart and the ornithopters flew either an elliptical course
around them or a figure-8 through them. The University of Arizona (UA) won the 2004,” 2005,® and 2006’
competitions with 28-cm, 20-cm, and 15-cm ornithopters, respectively.

The primary objective of the present study is to investigate flight dynamics and automatic controls for flapping
flight by using an ornithopter as a physical model. Specifically, better understanding of dynamics of flapping flight
will be achieved by combining wind tunnel testing and in-flight telemetry data.

I1. Ornithopter Design and Specifications

The 74-cm ornithopter (Figs. 1 and 2) was built and equipped with the automatic control system providing
stabilization and navigation of the vehicle, and in-flight data acquisition and transmission to the ground station. The
off-the-shelf Cybird ornithopter was selected for the autopilot integration. This ornithopter underwent a thorough
flight testing. Utilizing this flight experience the ornithopter has been modified in order to improve its payload
capability. The original airframe had a tail consisting of a single surface, with adjustable elevation and controllable
rotation, thus allowing directional control. This tail was replaced with a V-tail of twice as large area with the
opening angle of 105°, and a 2.5 times longer tail boom. With these modifications more effective pitch and roll
controls were achieved. After the necessary adjustments of the center of gravity position, the ornithopter was able to
fly at a maximum speed of 10 m/s, withstanding a wind up to 3 m/s, and perform a series of sharp turns while
maintaining an altitude. Its flight endurance at a moderate throttle setting was in excess of 7 min with a payload of
50 grams. The ornithopter geometry, components, and mass data are listed in Tables 1 and 2. Moment of inertia
presented in Table 1 is defined with respect to the center of gravity.
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Fig. 1 Autonomous ornithopter on the ground (left) and in flight (right).

Table 1. Ornithopter Specifications.

Parameter Value
Wingspan (cm) 74
Length (cm) 53
Height (cm) 14
Wing area (cm®) 991
Tail area (cm?) 231
Tilt angle of the tail (deg) -16
CG location from wing pivot (cm) 7.3
CG location from root chord (cm) 4.1
L, (kg m’) 14 %1073

Table 2. Ornithopter Components.
Component Description Mass (g)
Wing Carbon rods, nylon cloth 15
Tail Carbon rods, nylon cloth 11
Fuselage with gearbox and nose Fiberglass, EPP foam 78
Motor Speed 370 28
RC receiver PENTA 5 3
Speed controller Electryfly 20A 4
2 Micro servos Blue Arrow 3.6g 7
3-cell Lithium-Polymer Battery Thunder Power 730 mAh 46
Autopilot Paparazzi Tiny 22
Attitude sensor IR sensor board 7
Radio modem XB Pro 2.4 GHz 3
Misc Wires, foam pads, etc 16
Total 248
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In the present study, the ornithopter was equipped with the Paparazzi autopilot'® utilizing previous experience
with this autopilot integration,'""'* into micro air vehicles. The autopilot includes a Phillips ARM7 microprocessor, a
built-in U-Blox GPS processor with an 18-mm patch antenna mounted on the controller PCB, and an infrared sensor
board to determine the attitude of the vehicle. The autopilot board was installed on the top of the airframe right
underneath the wing (Fig. 2). In order to protect the board from vibrations, it was mounted using a block of foam.
All the radio control components were located right under the board in the frame cutouts, thus the weight of the
wiring was also minimized. An on-board antenna and a pair of X-Bee Pro modems by Maxstream, Inc. provided a
wireless communication between the vehicle and the ground station. The flight control software consisted of the
autopilot software on-board the aircraft and the ground station software. In flight, the autopilot sent telemetry data
back to the ground station. Currently, the telemetry data include: GPS-based location data; speed, altitude, and climb
rate of the airplane; pitch and roll angles of the aircraft provided by infrared sensors; autopilot status data; and
position of the control surfaces. These data play a major role in performance analyses during the flight tests and
adjustments of the control gains.

Longitudinal control of the ornithopter was accomplished by the proportional control for the altitude hold, with
an inner pitch attitude loop. Similarly, the lateral-directional control was accomplished by an outer heading hold
loop and an inner bank angle control loop, both using proportional control.

DC Motor

Servos Transmission

utopilot ~ Battery  Speed Confrolier IR Sensor

Fig. 2. Components of the ornithopter.

III. Wind Tunnel Measurements

Wind tunnel testing of the 74-cm ornithopter was performed in the Low Speed Wind Tunnel at the Aerospace
and Mechanical Engineering Department of the University of Arizona (Fig. 3). This open contour wind tunnel has a
3x4 feet test section and a freestream velocity range from 2 to 50 m/s. The flow is laminarized in a settling chamber
to less than 0.3% turbulence in the axial direction. The wind tunnel is equipped with a six-component balance. Force
measurements are done using precision strain gages. Data from these strain gages are logged using the three
National Instruments SCXI-1321 terminal blocks in low-noise SCXI-1000 chassis capable of sampling at
330,000 Hz.

Preliminary flights of the ornithopter were conducted including horizontal dashes at a constant speed. From the

telemetry data acquired during these flights, the ornithopter was cruising at 7.2 m/s at the throttle setting at 67%.

The ornithopter was tested in the wind tunnel in a fully assembled configuration. Thus, measured aerodynamic
forces, coefficients, and their derivatives include contributions of all components of the ornithopter: flapping wings,
V-tail and fuselage. The elevons were mechanically fixed in a neutral position.



AIAA Atmospheric Flight Mechanics Conference, 18-21 August 2008, Honolulu, Hawaii

Fig. 3 The ornithopter in the wind tunnel.

A. Lift, Drag, and Pitching Moment Coefficients
The aerodynamic coefficients C, , C,, and C,;, were determined at a freestream velocity of V = 7.2 m/s. The

angle of attack was varied from 0 to 41 degrees. The throttle setting for flapping wings was chosen at 45%, 55%,
65%, and 75%. These settings correspond to a static flapping frequency of 6, 8, 10, and 12 Hz, respectively. They
were measured using the digital tachometer HCAP0401.

Drag, D, lift, L, and pitching moment, M , were measured in the wind tunnel-based coordinate system. In this
coordinate system the positive horizontal axis is directed downstream. The positive vertical axis is directed upward.
The drag is defined as a positive force if the drag is greater than the thrust of a flapping wing. The pitching moment
was determined about the center of gravity of the ornithopter.

As can be seen in Fig. 4, the lift coefficient increases with the throttle increase. At the throttle setting of 65%,

the condition for the balanced level flight, in which the lift force equals to the weight, is satisfied at & =20° and
C; =0.86. Quadratic interpolation was used for the determination of the lift coefficient derivative with respect to

the angle of attack, C; . For the throttle setting of 65% and o = 20°, it was found that C , =219 rad " Note that
no abrupt stall is observed in Fig. 4 for all throttle settings tested.
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Fig. 4 Lift coefficient variation with angle of attack.

The drag coefficient curves presented in Fig. 5 are convex. In these results, a negative drag should be interpreted
as a forward thrust. At moderate angle of attack, an increase of throttle setting provides a higher thrust generated by
the flapping wings. As the angle of attack increases, the drag curves converge for all tested throttle settings. At a
throttle setting of 65%, the thrust generated by flapping wings is in balance with the overall drag of the ornithopter

at @ =20° and, hence, C, =0. The drag curve slope at this point is C p, =0.85 rad™.
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Fig. S Drag coefficient variation with angle of attack.

In the present tests, the zero pitching moment was not reached for the specified range of angle of attack.
However, it can be predicted by extrapolation to the range of angle of attack from 44° to 48°.

The pitching moment coefficients presented in Fig. 6 are positive at @ = 0° and have negative slopes for all
throttle settings tested. Positive value of the pitching moment at @ = 0° and negative pitching moment slope in a
vicinity of the balanced angle of attack are two necessary conditions for longitudinal static stability under control-
fixed conditions. This is a classical criterion of static stability developed for the conventional aircraft and based on
this criterion the ornithopter is statically stable.
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Fig. 6 Pitching moment coefficient variation with angle of attack.

B. The V Derivatives (Cp,, Cy,, Cy,)

The V derivatives reflect variation of aerodynamic coefficients with the freestream velocity and are important in
the analysis of dynamic stability of an aircraft. In order to determine these derivatives, the ornithopter was tested in
the wind tunnel at the constant angle of attack of « =20°. The freestream velocity was varied from 7 to 7.5 m/s.
Plots of aerodynamic coefficients can be seen in Fig 7. Here, dotted lines represent linear regressions. Derivatives
were determined by using linear regression equations. For & =20°and at the throttle setting of 65%, the V
derlvatllves of lift, drag, and pitching moment coefficients are C 1, =0.114, C py = -0.0151, and C My, —=0.04,
respectively.
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Fig. 7 Variation of acrodynamic coefficients with freestream velocity.

IV. Flight Test Results and Discussions

A. Flight with Fixed Controls

Flight experiments were conducted keeping the distance from the ground station to the ornithopter 10-20 m in
order to maximize downlink bandwidth. In the course of flight experiments, telemetry data on the roll and pitch
angles of the aircraft, its in-plane location (longitude and latitude), and altitude were acquired by the autopilot and
transmitted to the ground station computer. The speed of the data transmission between computer and modem was
set at 38,400 bps. The length of the transmitted data sample was 96 bit. Due to the specifics of the radio transmission
protocol and distance effects on the quality of the signal, some samples were missing, resulting in the average
sampling rate of 20 Hz.

The elevon angles to trim were determined from flights, in which the pilot flew the ornithopter via a radio
transmitter. Then, the ornithopter flew 10 to 15 s dashes at a constant throttle setting at 67% and elevons fixed in the
trimmed position.

The flight altitude variation and in-plane trajectory for the Flight 1 are shown in Figs. 8 and 9, respectively. The
length of the dash was about 100 m. During the flight, both the altitude and flight direction have changed in
oscillatory manner with a period of about 10 sec.

In-flight pitch and roll angle data were acquired and analyzed using the fast Fourier transform function from
MATLAB™. Pitch and roll spectra are presented in Figs. 10 and 11, respectively. They are very similar in
appearance with a dominant frequency of about 1.5 Hz.
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Fig. 8 Altitude history in Flight 1. Fig. 9 Flight trajectory.
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Fig. 11 Spectrum of roll in Flight 1.

The flight altitude variation and in-plane trajectory for the Flight 2 are shown in Figs. 12 and 13, respectively.
This flight was shorter in time than the first one. The altitude was oscillating around the average value of about 22.5
m with a period of oscillations of 5 s. The flight trajectory seen in Fig. 13 is a semi-circular one with a radius of 15
m. For this flight, the elevators were fixed at the trimmed position, while ailerons were fixed slightly off the
trimmed position. This explains a semi-circular flight path.

Pitch and roll angle data from the flight were also analyzed using fast Fourier transform. Pitch and roll spectra
shown in Figs. 14 and 15, respectively, feature a dominant frequency at about 1.5 Hz, same as in the Flight 1.
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Fig. 12 Altitude history in Flight 2. Fig. 13 Flight trajectory.
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Fig. 15 Spectrum of roll in Flight 2.

The ornithopter flights performed with the controls fixed in a predefined position demonstrate similar type of
oscillatory dynamics in both roll and pitch motions. There is a dominant harmonic at 1.5 Hz showed in both
rotational motions and one possible cause for these oscillations is in the dynamics of the flapping-wing apparatus
itself.

B. Autonomous Flights

Six autonomous flights were completed. The data acquired from one of the flight of the total duration of 350 sec
are shown in Figs. 16-24. The flight plan was to navigate the aircraft between two waypoints. The only constraint
put on the navigation was to fly within 5 m from a waypoint. The autonomous flight trajectory is shown in Fig. 16,
where waypoints are labeled as “waypoint 17 and “waypoint 2”.

The ground speed was measured using an on-board GPS unit and presented in Fig. 17. Since the wind was
present during the flight, the ground speed was changing for the flight segments in the wind and against the wind,
and was varying within the range of 5-10 m/s.
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Fig. 16 Autonomous flight trajectory. Fig. 17 Ground speed variation.

The throttle was controlled by the autopilot for the whole duration of the flight. As can be seen in Fig. 18, the

throttle was varying in the range of 40%-80% for the major portion of the flight.
The plot of the on-board 3-cell battery voltage versus time is shown in Fig. 19. The flight started at the voltage

value of 11.2V and at the end of the flight battery voltage was at 10 V.
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Fig. 18 Throttle time history. Fig. 19 Battery voltage change during flight.

Throttle setting and elevator were controlled by the inner loop of the altitude control algorithm. Results of the
altitude control are shown in Fig. 20 as the actual altitude versus commanded altitude. Maximum altitude error for
the duration of the flight was about 7 m and the average error was about 1 m. After 280 second of the flight time, the
altitude was increased to 70 m (Fig. 20) by the command from the ground station. The ornithopter reacted by

gaining 10 m in about 40 s.
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actual

""" commanded

0 100 200 300
Time, s

Fig. 20 Actual and commanded altitude variations.
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Time histories of actual versus commanded roll and pitch angles are shown in Figs. 21 and 22, respectively.
Elevator and aileron command histories are shown in Figs. 23 and 24, respectively.

Raw data for the actual values of roll and pitch were taken at about 4 Hz sampling frequency. Maximum error
for the roll is about 15°, and for the pitch is about 15° as well.

There is a systematic error of —8° in a pitch time history (Fig. 23), which is probably due to initial trimming of
the elevator. However, the altitude error was minimal (within 1-2 m on average). The average values of aileron and
elevator deflections were less than 10% of the total range for servo for the whole duration of the flight.
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Fig. 21 Measured and commanded roll. Fig. 22 Measured and commanded pitch.
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Fig. 23 Elevator command history. Fig. 24 Aileron command history.

V. Summary

In the present study, the experimental ornithopter was built and the autopilot was integrated into the vehicle. The
autonomous ornithopter is a unique test bench for the investigations of aerodynamic forces, dynamics, and automatic
controls in flapping flight.

Wind tunnel tests were conducted on the ornithopter. Values of lift, drag, and pitching moment were measured.
Aerodynamic coefficients and their derivatives were determined in order to analyze performance and stability of the
ornithopter. The longitudinal static stability under control fixed conditions was analyzed with the help of classical
theory developed for the conventional aircraft. Based on this analysis, the ornithopter is statically stable.

Several control fixed and autonomous flights were performed in order to examine variation in a dynamic
behavior of the flapping-wing apparatus. Telemetry data were acquired including altitude, in-plane trajectory, pitch
and roll angles. Data were analyzed using fast Fourier transform techniques. The flights performed with the controls
fixed demonstrate similar type of oscillatory dynamics in both roll and pitch motions. There is a dominant harmonic
at 1.5 Hz and one possible cause for these oscillations is in the dynamics of the flapping-wing apparatus itself.

Flight experiments demonstrated that the ornithopter is capable of a controlled sustained flight in the

autonomous mode.
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Research motivation and objectives

»  Urban operation scenario
*  Rapid ingress/egress
Building *  Vertical take-off and landing
E2L0] R » Hovering
» High maneuverability in tight space, flying
into windows and inside of buildings

Window Research Objectives:

{1) to develop concepts of MAVs with hovering
capabilities, while maintaining fast
horizontal flight

‘ {2) to conduct research studies on
i 5 aerodynamics and flight dynamics of fixed-
wing and flapping-wing MAVs

Verical Taw-Off
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Stated Plan

Task 1. Conceptual design of fixed-wing VTOL MAVs [Completed Sept 2007]
1.1 Flight performance analysis for three VTOL MAY concepts
1.2 Development of novel propulsion and design method for VTOL

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 slip stream
2.3 Development of model for zero-lift drag of thin cambered wing
2.4 Wind tunnel studies on an omithopter

Task 3. Flight testing of VTOL MAVs [Completed May 2008]
3.1 Test flights with stahility augmentation
3.2 Studies on automatic controls for VTOL MAV in hover
3.3 Technology demonstration and assessment

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 omithopter
4.3 Flight dynamics of an ornithopter
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Task 1. Conceptual design of fixed-wing VTOL MAVs

Contra-rotating props tili-body

T.8; 0. Nem

Speed 0-15 m/fs

S0 ou il
PWM, %

80

Torque for contra-rotating system

is 10 times lower in comparisen

with a single propeller

VTOL MAV Concepts (Cont.)

Side-by-side props tilt-wing vs tilt-body (ISAE) Lift=Weight
Dirag = Thrust
im |
i atitwing
:\\\; mtitoony
£a I
TN P
Speed 0-15 m/s at - . .
Tilt angles 0°, 30°, 607, 90° weloci i)

PWM signal 40, 60, 80, 100%

Tilt-wing requires more power

in transition
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VTOL MAYV Design Concepts (Cont.)

Aerodynamics and flight performance for three VTOL MAV design concepts
were analyzed:

Tilt-rotor

Major drawback — downloading from rotors onto the wing

Tilt-wing
Major drawbacks — more power required,
compléx wing tilting mechanism

Tilt-body

Major advantages — simple design, low torque Wingspan (em) | 30

Proof of concept VTOL MAV Length (cm) 20

was tested in manual and auto flights WEng eeee ) | 482

Weight (g) 185

. . . Endurance (min) | ~20
This vehicle can be considered a (mig)

Speed (mifs) 0-15

milestone on the way to a fully

functioning prototype

Novel propulsion and design method for VTOL

Propeller 1

o q ‘ross shaft
Developed propulsion system of coaxial contra- Ak

rotating motors-propellers

one prep/motor directly behind the other in the axial
direction, spinning in opposite directions,

no gear box needed

Design method is proposed for MAV in hover and
vertical flight

The method is based on the analysis of the thrust
available from the propulsion system and thrust
requited for the vertical flight

T—W -0.5p| Cp 7 (5, — 5, ) +(-0.0009w" (0)+0.0147w(0) +0.0237) [ ¥ (), |=0 ' | o 5T5°fo .'
5 s F ovng R -'u

The method utilizes the developed zero-lift-drag model. b e 5 s e e sy e ]
Flight tests proved that the developed method and data 4 ¥ i B &

are sufficient for designing VTOL MAVs
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IdsKk £. ABIOUyNAIliCs Ol 11AU AU 1IApPpPInyg winygs
Studies on VTOL MAV propulsion
Propulsion evaluation

on motor testing bench

single vs coaxial —no gains, no losses
coaxial 10 times lesser torgue

pusher vs fractor — a significant form drag
on tractor

Hot wire measurements 3
Fluctuations in velocities in terms of a STD © =3
are indicative of non-stationary, pulsating

flow behind the propellers

Propeller momentum theory can accurately E

a0
50 r

40 -

=}

predict average air velocity
The radius of the stream tube to be used
for sizing wing, fuselage, control surfaces

0 b

a0 -

F145H | 5
. Eperirent :_.
r=147w |§

Esperivent E
P=245H ¢

15

an

10
¥ m#)

PPtou

Wind tunnel measurements on low Re wing under
free stream and slip stream

PWM = 55%, Re = 100,000

o F oo ok Wing
*  Wing o i

; | L
o Wing+motor _° Wing-+motor
o

.....

It was found that the propulsive-induced flow had
significant effects on aerodynamic coefficients:
CDZ) !CD min Cf.xzs Cfmax' CLO
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Model for zero-lift drag for thin cambered wing

Propeller induced velocity at the distance s from
the propeller disk

ar s/ R !
wis)=0.5| 72+ O R
[ ’ mﬁ’z[ ‘fi+(SfR)2} D]
Total drag can be expressed as

DU = D% A= DVP ol ¥ ¥

ERRRRENRRENEN

D, =05pC, V2 (S, -5,) o
D, =050C, [Vi(s)ds,
o am b
[

Zero-lift drag coefficient in the stream tube Ml
2 oy

D, -05pC, V7 (S, - 5,) uia

Dp 2 i

OS’DI lT/;' (S)dgp L 2 4 o ¥
& wilky, ms

f
Aeraodynamic theory for a low Re number wing under free stream and slip stream

in MAY fast transition is needed

Task 3. Flight dynamics and controls for VTOL MAV
Test flights with stability augmentation

Avionics
3 double-axis MEMS gyroscopes IDG300

Series of stabllity augmented flights demonstrated:
*  Rapid ingress/egress and transition

*  Transition hover-to-harizontal and horizontal-
to-hover

»  Hovering

http: /fyoutube.com/watch?v=6i PTUaQ A2 OM &feature=related
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Autonomous hovering of VTOL MAV

Avionics for automatic hovering Dynamics of hovering
Paparazzi autopilot

2 double-axis MEMS gyroscopes IDG300
Ultrasonic range sensor Maxbotix LV-EZ1

mZ:Tfomg

Control laws
PD

System

Autonomous hovering of VTOL MAVs (cont.)

Flight 1 Flight 2

- Desired
3F = Measured

Altmde, m
o
in

R 4 '
i Desired 2
— s timated
B T FEEETIIRE = L x : 4 >
90 100 110 120 130 140 150
Time, s T
ime, 5

160

25 30 35 40 45 50 55 60
Time, s Time, &
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Technology Demonstration and Assessment

1st US-Asian Demonstration and Assessment of Micro-Aerial and Unmanned Ground
Vehicle Technology, Agra, India, 2008

12 teams from universities and companies from US, Europe, Asia, and Australia

University of Arizona tied 15! place and won 3 major awards

Mini-Vertigo Dragonfly
VTOL MAV Autonomous MAV

Next steps: studying flight dynamics to design control laws for steady flight, pitch-up and
-down transition; ground and wall effects, vertical landing, development of fully
functioning VTOL MAV prototypes

World smallest flapping-wing MAV (UA)

Manduca sexta (giant moth) LA Craithopter (micro air vehicle)
Wing span, 12-15 cm Wing span, 15 cm

Speed 0-6 m/s Spead 2-4 m/s

Flapping Frequency 25 Hz Flapping Freguency 25 Hz

102




Autonomous ornithopter

Wingspan (cm) 74
Length (cm) 53
Height (em) 14
Wing area (cm?) 991
Tail area (cm?) 183
Weight (g) 248

Channel Function

Heading via roll
Altitude via flapping freg

Pitch RPM, V-tail controls
Roll V-tail controls

Task 2.4 Wind tunnel measurements on ornithopter

18
16 —
14 Pttt
i HRTEE
B [N
=
= + Throttle=75%]
20
=0 » Throttle=65%| |
0 + Throttle=55%| |
- Throttle=45%| |
02 |
! 18 &ngle of at'lacg,udeg o 2
0s 7
0.4 T
= i
.20'3 .7
02 it
& T
AL « Thiotle=75% |
A - Throtile=65% ||
..... s = Throttle=35%
01 farmeatiiiates - Throtile=45% [
03 ITTL LM !
] 10 a0 50

20 30
Lrgle of attack, deg

Lateral aerodynamics has to be studied
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Task 4. Flight dynamics of flapping wing MAVs
Dynamic model for ornithopter

Equations of mation

£

2
Moy =y +20) +2E + F;o B 2H[LE1(FW)M 4-%(RIRW)(FEW)J§)‘HZH ch’mw
W

. e e — =7 = — e
MY+ M+ M =m, T, o X, +HY tExa tH +H

Linear time-invariant model

Stroke-averaged forces and moments
Use of small perturbations and linearization of eqguations of motion

x=Ax

x=[:"_\.u wog L\.E']T

X, by

i kil 0 =

m m grossy

2 Ly Iy +my - mgEn,

A= m-2, m-Z, m-Z, m-Z,
; : My(Z, +me : i

L[M¥+ wz.!:| _[MerMwa} I—[M,?+ wliy u):| 1 Mymgsing
i m-Z, | I, m-Z, | I, m-I, I, m-Z,

0 0 1 0 |

104




Numerical results

Dimensional derivative Non-dimensional derivative Roots of the characteristic equation

X, =C_pn,St2 e, ==0114
Z, =C, m 812 "¢, =—0.0151
M, =C, pu,&S/2 C,, =0.04 A4 =-T83.26
X, =C, ouS/2 C =—0.83 4 ——18.47
7, =L pusits C, =-219
M, =Gy, S /2 Cn, =097 Ay =-0.1240.76i
X, =C, pu,eS/4 C, =0
Z,=C, puESi4 C, =-2aVy
M, =C, ouc*S/4 Cp, =—2a¥ e, /T
T =
X, =G, pugSi4 Cr =10
Z,=C, puyS/4 T, =0
‘;Il/‘fw:C’W!,,"“:Ft"UEZ‘S‘f4 Tcmzz =0

* Measured in WT

Integration of autopilot into ornithopter

Test flights of an ornithopter:
- Control-fixed,

- Stability augmented mode
- Fully autonomous mode

Telemetry data included rell and pitch angles,
in-plane location, and altitude

Sampling rate (~20Hz) for data series varied due
to RF transmission protocol and distance effects

Data analysis utilizes low pass filtering and FFT

The autonomous ornithopter is a flying test
bench for investigation of aerodynamic forces,
stability and controls in flapping flight
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Flight dynamics of an ornithopter (cont.)

Longitudinal dynamics of an omithopter in control-fixed level flights

Flight 1 Flight 2
%10 210
76 = 7.635
7 3
g 7l ]
é gmzs
755
TH
7. L 5 T.615 5
0 2 4 ] 2 10 n 14 16 12 b a T ] 3 4 4 13 7 2 9 o
f Time, % ¢ Time, &
%10 ]
Ik
2.3
: -
53 2 | 2
E ED 1.5
=
B 1 E; 1
51 )
0.5
0 0 il | o
1] 2 4 [ & ]

Frequencw Hz

Flight dynamics of an ornithopter (cont.)

Roll dynamics of an ornithopter in control-fixed level flights

20

\[ 10
10 f D
Flight 1 i Flight 2 /
10 10
== oo \—\[ ES k ‘
o {(E(:I 20 (‘é
a0 [{ 30 _,r/
50
x10" oot ' = N
) i
= ”§ 10000
g
5 E 5000
0 i mi |1} Arilherr Ton ol h
8 10
Frequency, Hz Frequency. Hz

More flight tests with more sensors, complete dynamic model identification
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Research Transfer Activities for the Current Grant

—

Proof of concept VTOL MAYV was designed, built and flight tested

UA tied 15t place at 1st US-Asian Demonstration and Assessment of Micro-
Aerial and Unmanned Ground Vehicle Technology, Agra, India, 2008

Experimental aerodynamics and flight data on fixed and flapping wings MAV
Zero-lift drag model for a low Re wing under free stream and slip stream

N

Dynamic model for flapping-wing MAV

Shkarayev, S., Moschetta, J.-M., and Bataille, B., “Aerodynamic Design of VTOL
Micro Air Vehicles for Vertical Flight,” J of Aircraft, 2008 (accepted).

7. Krashanitsa, R., Silin, B., Shkarayev, S., and Abate, G., “Flight Dynamics of
Flapping-Wing Air Vehicle,” AIAA Atmospheric Flight Mechanics Conference,
18-21 August 2008, Honolulu, Hawaii.

8. Poinsot, D., Bemard, C., Krashanitsa, R., and Shkarayev, S., “Investigation of
Flight Dynamics and Automatic Controls for Hovering Micro Air Vehicles,” AIAA
Atmospheric Flight Mechanics Conference, 18-21 August 2008, Honolulu,
Hawaii.

9. Shkarayev, S., Moschetta, J.-M., and Bataille, B., “Aerodynamic Design of VTOL
Micro Air Vehicles,” 3rd US-European Competition and Workshop on Micro Air
Vehicle Systems (MAV07), 17-21 September 2007, Toulouse, France.

o o kW

Research Transfer Activities for the Current Grant
(cont.)

10. Malladi, B., Krashanitsa, R., Silin, B., and Shkarayev, S., “Dynamic Model and
System |dentification Procedure for Autonomous Ornithopter,” 3rd US-European
Competition and Workshop on Micro Air Vehicle Systems (MAV0T), 17-21
September 2007, Toulouse, France.

11. Moschetta, J.-M., Bataille, B., Thipyopas , C., and Shkarayev, S., “On Fixed-
Wing Micro-Air Vehicles with Hovering Capabilities,” AIAA Atmospheric Flight
Mechanics Conference, Reno NV, Jan 2008.

12. Shkarayev, S., Design, aesrodynamics and controls for VTOL MAVs, 1st MAV
Workshop, REEF, Florida, May 2007,

13. Shkarayev, S., and Abate, G., Recent studies on aerodynamics and controls for
fixed-wing VTOL MAVSs, 2nd MAV Workshop, REEF, Florida, May 2008.

14. Shkarayev, S., The Aerodynamics of Membrane Flapping Wings with
Applications to Micro Air Vehicles, Summer Faculty Fellowship Program at
AFRL, July 2008.

15. Krashanitsa, R., Silin, B., Shkarayev, S., and Abate, G., “Flight Dynamics of
Small Flapping-Wing Air Vehicle,” Infemnational Journal for MA\/ Design, 2008,
{in preparation).
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