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Abstract
Near-Earth environments, such as forests, caves,
tunnels, and urban structures make reconnaissance,
surveillance and search-and-rescue missions diﬃcult
and dangerous to accomplish. Micro-Air-Vehicles
(MAVs), equipped with wireless cameras, can assist
in such missions by providing real-time situational
awareness. This paper describes an additional ﬂight
modality enabling ﬁxed-wing MAVs to supplement existing endurance superiority with hovering capabilities. This secondary ﬂight mode can also be used
to avoid imminent collisions by quickly transitioning
from cruise to hover ﬂight. A sensor suite which will
allow for autonomous hovering by regulating the aircraft’s yaw, pitch and roll angles is also described.
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Figure 1: Our MAV prototype combines the endurance of ﬁxed-wing platforms with the hovering capabilities of rotary-wing aircraft. This allows it to
carry out missions in cluttered terrain such as forests.

Introduction

Micro-Air-Vehicles (MAVs) are small, lightweight aircraft used to perform reconnaissance, surveillance,
and inspection missions. Such missions can occur in
a variety of environments. For example, lengthy recon ﬂights across a desert or hovering above a foreign
building to collect target information. Oftentimes the
speciﬁcs of the mission dictate the MAV platform conﬁguration. If vertical takeoﬀ or hovering is required,
then rotary-wing aircraft, such as a quad-rotors [8]
or ducted fans [3], are most optimal. However, if endurance is a priority, then a ﬁxed-wing body type will
most likely be selected.

while the weight of the aircraft is supported by the
thrust from the propeller (see Figure 1). This requires unconventionally large thrust-to-weight ratios
(T /W > 1). The net result is a vehicle which primarily translates but can perform high angle-of-attack
(AOA) maneuvers as a secondary ﬂight modality.
The primary interest of the authors is to develop a
backpackable, low-cost, high-endurance platform and
sensor suite allowing autonomous ﬂight in near-Earth
environments. The classiﬁcation of near-Earth describes low-altitude areas which are rugged and richly
populated with obstacles. Examples include forests,
caves, tunnels and urban structures. Flying in such
environments presents unconventional challenges such
as poor GPS signals and degraded communications.
Furthermore, cluttered terrain demands a platform
which is small and can ﬂy safely and slowly (< 5
m/s). Other ﬁxed-wing MAVs, such as Aerovironment’s Black Widow [5], ﬂy too fast for this environment. Rotary-wing aircraft can hover but are restricted by endurance capabilities. A blimp’s lifting capacity is proportional to its volume and thus,

We are currently designing a MAV platform that offers both the endurance superiority of a ﬁxed-wing aircraft coupled with the hovering capabilities of rotarywing vehicles. This is achieved through a ﬂight maneuver known as prop-hanging. During a prop-hang,
the longitudinal axis of the fuselage remains vertical
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have too much inertia to eﬀectively maneuver in nearEarth environments. Micromechanical ﬂying insects
are a promising platform, but are currently limited to
tethered ﬂight [4]. The net eﬀect is that few highendurance platforms exist which are highly maneuverable in near-Earth environments. As such, the
secondary ﬂight modality was incorporated into the
ﬁxed-wing design to combine both endurance and maneuverability.

Knowing the free-stream velocity, V∞ , the coeﬃcients
of lift and drag for the ﬁxed-wing MAV can be calculated using standard sea-level density and a wing area
of S = .258 m2

CD = CD,0 +

Using a conventional ﬁxed-wing MAV (i.e. without
hovering capabilities), the authors were the ﬁrst to
demonstrate autonomous landing and collision avoidance in urban structures [6] [10]. An optic ﬂow sensor
was used to gain information on incoming collisions
and altitude while the control system mimicked insect ﬂight stratagems. One instance where optic ﬂow
will fail, however, is when an approaching obstacle remains aligned with the sensor’s optical axis. In this
case, the additional ﬂight modality can be utilized
in conjunction with a simple proximity sensor to detect and avoid the obstacle by a quick transition from
cruise to hover. This paper illustrates the usefulness
of a hovering, ﬁxed-wing aircraft for ﬂight in cluttered terrain. Section 2 discusses ﬁxed and rotarywing thrust and endurance characteristics. Section 3
presents the governing equation of motion as well as
model and ﬂight data for the cruise-to-hover transition. This is followed by a section on future work and
section 5 concludes by summarizing.
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CL2
= 0.150
πλe

(1)

(2)

where the zero-lift drag coeﬃcient, CD,0 was estimated to be 0.05 for extremely low Reynold’s numbers
(Re < 100, 000) and a worst case span eﬃciency factor (i.e. rectangular wing) was chosen, e = 0.7 [1].
2
The aspect ratio is deﬁned as λ ≡ bS or 1.82 (with b
= .686 m). During cruise ﬂight, the thrust required
must equal the drag exerted on the aircraft body
Tf w = D =

1 2
ρV SCD = 0.59[N ]
2 ∞

(3)

In comparison, the thrust required for a helicopter
during cruise is equal to
Theli =

W
= 2.50[N ]
cos

(4)

where  is the angle the thrust vector makes with the
vertical axis. Assuming a small , the thrust must
equal the weight. Equations 3 and 4 show that the
thrust required for a rotary-wing MAV is approximately more than four times that of its ﬁxed-wing
counterpart.

Fixed and Rotary-Wing Platforms

Fixed-wing aircraft are typically preferred for missions
where endurance is a priority because the main lift
component is provided by wings as opposed to electric
motors. During forward ﬂight, helicopters must balance the weight of the body with thrust from the main
rotor thus, draining the power source quicker. The following analysis shows the thrust and endurance ratios
for each of the two platform conﬁgurations.

2.1

2W
= 0.634
2S
ρV∞

CL =

2.2

Endurance

With a larger thrust requirement, it can be shown
that rotary-wing MAVs cannot sustain cruise ﬂight
for very long when compared with ﬁxed-wing MAVs.
In this analysis, the following assumptions were made

Required Thrust

The overall endurance of each aircraft is dependent
upon the amount of thrust required to sustain steady,
level ﬂight. In order to make a valid comparison between the required thrust for both ﬁxed-wing and
rotary-wing MAVs, the following assumptions are
made

1. motor is the main source of current draw
2. motor-prop combo is not geared (direct drive)
3. heli battery cap = ﬁxed-wing battery cap
The thrust generated by a propeller is given by the
equation
(5)
T = CT ρA(ωR)2

1. Wheli = Wf ixed−wing = 2.50 [N]
2. V∞ = 5 [m/s]
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where CT is the coeﬃcient of thrust. This relationship
shows that the thrust is proportional to the square of
the propeller’s angular velocity (T ∝ ω 2 ) or
√
ω∝ T
(6)
Furthermore, the angular velocity of a motor is proportional to the current draw (ω ∝ Imotor ). And since
ﬂight time is equal to
E=

capacity
Imotor

(7)
Figure 4: Free body diagram of a ﬁxed-wing aircraft
during a pitching maneuver.

1

it holds true that E ∝ Imotor . The net result is
that aircraft endurance is inversely proportional to
the square root of thrust
1
E∝√
T

there exists an angle-of-attack, α, for which the wings
are no longer a contributing factor to the lift component (i.e. stall). To achieve the maneuver, the aircraft essentially has to bully its way through the stall
regime (see Figure 3). This requires that large thrustto-weight ratios (T/W > 1) be incorporated into the
design. Furthermore, the aircraft must be controlled
with limited airﬂow (i.e. prop wash) over the control
surfaces once in the hovering position. As a result,
the control surface areas of the horizontal and vertical tails, along with the wing must be increased. The
net result is that a small wind force can be used to
regulate rotation about all three axes.

(8)

Plugging in the values from equations 3 and 4,
we have the following comparison for ﬁxed-wing and
rotary-wing endurance during cruise ﬂight
√
Ef w
Theli
= 
= 2.06
(9)
Eheli
Tf w
It is evident from the equation above that a ﬁxed-wing
conﬁguration oﬀers a signiﬁcant endurance advantage
over helicopters and other rotary-wing aircraft. Conversely, the main drawback is the inability to hover.
However, combining the latest advancements in battery technology and electric motors with lightweight
airframes (i.e. high thrust-to-weight ratio) makes hovering a ﬁxed-wing aircraft possible.

3

3.1

Governing Dynamics

The four forces of ﬂight acting on the aircraft during this large angle-of-attack maneuver are lift (L),
weight (W ), thrust (T ) and drag (D) (see Figure 4).
Summing the forces parallel and perpendicular to the
ﬂight path, which is opposite to the free-stream velocity, yields the following two equations

Cruise-to-Hover Transition

−D − W sinθ + T cos = mV̇

(10)

L − W cosθ + T sin = mV θ̇

(11)

The addition of hovering as a secondary ﬂight modality optimizes the ﬁxed-wing MAV conﬁguration. Furthermore, a quick transition from cruise to hover ﬂight
enables a failsafe maneuver to avoid a collision. Our
prototype was designed to allow this transition to occur with a turning radius of less than 1 m and a 2
second response time. This allows for a plane ﬂying
directly into an obstacle at 5 m/s to avoid the collision by detecting the presence of the obstacle just
1 meter away (see Figure 2), easily achieved with a
conventional proximity sensor.

where V is the aircraft velocity tangential to the ﬂight
path,  is the angle between the thrust vector and the
free-stream velocity and θ is the aircraft pitch angle
with respect to the horizontal. Taking the sum of the
moments about the aircraft’s center of gravity (CG)
yields the third and ﬁnal equation of motion

The most critical aspect of this design is the transition from cruise to hover ﬂight. During this phase,

It can be seen from equation 10 (parallel to the ﬂight
path) that when the aircraft transitions to the hov-

M + (T sin)XCG = ICG θ̈
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(12)

Figure 2: Under manual control, the MAV prototype avoids a collision with a basketball net through a quick
transition to the secondary ﬂight modality (top). Also, pics from the wireless camera mounted on the belly of
the MAV are shown (bottom).
ering position (i.e. θ = 90 and V̇ = 0), the thrust
generated from the propeller (T) must balance both
the aircraft weight and drag forces (assuming small
). However, since the aircraft is stationary, the only
drag being exerted on the airframe is a result of the
prop-wash and is assumed to be small. Therefore, the
thrust should be equal to the weight of the aircraft
during hover.

3.2

Simulation and Flight Data

Equation 10 was modeled in Simulink (see Figure 5).
The thrust was estimated with a ramp function with
the upper and lower limits being equal to the aircraft
weight and required thrust during cruise (from equation 3), respectively. With a turning radius of 1 meter,
the aircraft reaches the hovering position in less than
2 seconds. Figure 6 shows the simulation results in
terms of the aircraft pitch angle, θ, over time.

Figure 5: Equation 10 modeled in Simulink.
quired some forward thrust to remain in a stationary
position. This resulted in an aircraft pitch angle of
around 60 degrees in order to stabilize the MAV.

To conﬁrm the simulation results, an infrared temperature sensor was mounted to the fuselage in order to measure the aircraft’s pitch angle. The MAV
was then manually piloted to conduct several cruise to
hover transitions. The data was logged to a recorder
mounted onboard the aircraft and three trials are
shown in ﬁgure 7. The last trial run (denoted by x’s)
was into a strong headwind (≈ 10 mph) and thus re-

4

Future Work

Diﬀerent missions will require larger payload capacities and longer ﬂight times. As such, the authors
plan to evaluate the eﬀects of scaling the original prototype. Larger scale versions will decrease its ability
to be man-portable while smaller scale versions will
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Figure 3: Our MAV prototype with a 30 inch wingspan transitions from cruise ﬂight (left) through the stall
regime (middle) and into a hovering position (right).

Figure 7: Actual ﬂight data showing the MAV pitch
angle reaching 90 degrees in less than 2 seconds.
Figure 6: The simulation of an aircraft’s pitch angle
(smooth line) is compared with actual ﬂight data (x’s)
during transition from cruise to hover. A steady-state
value of 90 degrees is reached in about 2 seconds.

processing, and I/O, weighs just 4.8 grams [2]. This
analog VLSI sensor grabs frames up to 1.4 kHz, measures optic ﬂow up to 20 rad/s (4 bit output), and
functions even when texture contrast is just several
percent.

be restricted by payload capacities and outdoor ﬂying conditions (e.g. wind gusts). In addition, we are
currently designing a sensor suite and control system
that will enable an autonomous transition from primary to secondary ﬂight modes. For this, onboard
processing is preferred because of communication limitations in near-Earth environments. This requires
lightweight sensor packages such as Analog Devices’
ADXRS150, a micro angular rate sensor weighing less
than 3 grams. Three sensors will be interfaced, orthogonally, to measure angular rate about the roll,
pitch, and yaw axes. To help correct error associated
with drift, optic ﬂow sensors will be integrated into
the design of the sensor suite. Figure 8 depicts an optic ﬂow microsensor which, including optics, imaging,

In addition to providing angular rate, optic ﬂow can
also be used to gain information on incoming collisions
and altitude. Figure 9 depicts optic ﬂow as it might
be seen by a MAV traveling a straight line above the
ground. The focus of expansion (FOE) in the forward
sensor view indicates the direction of travel. If the
FOE is located inside a rapidly diverging region, then
a collision is imminent. A rapidly expanding region to
the right of the FOE (like the one seen in the Figure 9)
corresponds to an obstacle approaching on the right
side of the MAV. Mimicking insect ﬂight stratagems
[11], the MAV should turn left, or away from the region of high optic ﬂow, to avoid the collision. Simi-
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ﬁxed-wing platforms along with the beneﬁts of stationary ﬂight. Furthermore, the small turning radius
during the transition from cruise to hover ﬂight allows
for a failsafe maneuver to avoid an imminent collision. The net result is a platform which yields high
endurance in its primary ﬂight mode, but can morph
to a second modality to hover or avoid a collision.
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