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A Hybrid MAV for Ingress and Egress
of Urban Environments

William E. Green and Paul Y. Oh

Abstract—Small bird-sized aerial robots are expendable and can
fly over obstacles and through small openings to assist in the ac-
quisition and distribution of intelligence during reconnaissance,
surveillance, and search-and-rescue missions in urban environ-
ments. However, limited flying space and densely populated obsta-
cle fields require a vehicle that is capable of hovering but is also
maneuverable. A secondary flight mode was incorporated into a
fixed-wing aircraft to preserve its maneuverability while adding
the capability of hovering. An inertial measurement sensor and
onboard flight control system were interfaced and used to transi-
tion the hybrid prototype from cruise to hover flight and sustain
a hover autonomously. Furthermore, the hovering flight mode can
be used to maneuver the aircraft through small openings such as
doorways. An ultrasonic and infrared sensor suite was designed to
follow exterior building walls until an ingress route was detected.
Reactive control was then used to traverse the doorway and gather
reconnaissance. This paper describes the holistic approach of plat-
form development, sensor suite design, and control of the hybrid
prototype.

Index Terms—Collision avoidance, field
hovering, navigation, unmanned aerial vehicles.

service robotics,

1. INTRODUCTION

ISASTERS that occur in near-Earth environments, such
D as subway tunnels, train stations, or urban structures, can
cripple or deny access to command and control teams. This
makes acquiring situational awareness without the use of aerial
vehicles virtually impossible. This was evidenced during Hur-
ricane Katrina, when flooded streets prevented ground-based
vehicles from gaining access. Instead, a team from the Univer-
sity of South Florida’s Center for Robot Assisted Search and
Rescue utilized miniature unmanned helicopters to help survey
damage and assess the structural integrity of buildings. These
types of small unmanned aircraft can be rapidly deployed to
gather intelligence in such environments.

Even smaller aircraft, or micro air vehicles (MAVs), range in
size from flying insect [3] or bird-sized platforms [9] to slightly
larger vehicles such as DARPA’s organic air vehicle. Vehicles
of this magnitude can easily fit through small openings such as
windows or doorways, making them ideal for near-Earth envi-
ronments. However, without line-of-sight for manual or semiau-
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Fig. 1.  Our fixed-wing prototype is shown in its hovering orientation. (Inset)
Motors on the wingtips are added to counter the effects of motor torque.

tonomous control, missions must be performed autonomously.
This is a major challenge since current sensing technologies are
not mature enough for such autonomy. Furthermore, cluttered
flying environments make conventional cruise flight extremely
challenging. As such, a hovering vehicle with high maneuver-
ability is preferred.

Leveraging a maneuver known as prop-hanging from the
radio-controlled airplane community, the authors were able
to integrate the maneuverability and endurance superiority of
fixed-wing aircraft with hovering capabilities of rotary-wing
vehicles [5]. During a prop-hang, where the fuselage is com-
pletely vertical, the thrust from the motor and propeller balance
the weight of the aircraft (see Fig. 1). This is made possible
by a high thrust-to-weight ratio (T'//W > 1), which also allows
a quick transition from cruise flight, through the stall regime,
and into hovering mode. However, the aircraft is unstable in
this configuration and requires an expert human pilot to con-
stantly manipulate the aircraft’s control surfaces (e.g., rudder
and elevator) in order to sustain a vertical orientation. With full
autonomous operation in mind, taking the human out of the loop
during this difficult and demanding flight mode is a logical first
step. An onboard control system was used to acquire data from
an orientation sensor to automate the process.

This paper illustrates the usefulness of a hovering, fixed-wing
aircraft for flight in cluttered terrain. Section II discusses the
evolution of the most recent prototype and explains the transi-
tion from cruise-to-hover (CTH) flight. Section III presents the
quaternion attitude control algorithm, while Section IV details
the attitude sensor and controller used to achieve autonomous
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hovering. Section V discusses the experimental results. The pa-
per finishes with sections on future work and conclusions.

II. PLATFORM EVOLUTION

Reconnaissance missions in tunnels or inside buildings de-
mand a small-scale aircraft that is highly maneuverable. The
initial prototype weighed 30 g, had a 46 cm (18 in) wingspan,
and could fly for 20 min on a 145 mA-h lithium polymer battery.
It was maneuverable in the sense that it flew so slowly (approx-
imately 2 m/s), oncoming collisions were detected and avoided
well before the aircraft got there. With a 15-g payload, optic flow
microsensors [1] were mounted on the front of the plane and
were used to perform autonomous collision avoidance maneu-
vers inside an urban structure [5]. However, the small payload
capacity of the aircraft was quickly exhausted. Furthermore, the
lightweight airframe prevented flight outdoors. As such, the de-
sign specifications were modified such that the next generation
was

1) highly maneuverable;

2) compact (less than 91 cm, or 3 ft)

3) capable of flying 25 min or longer

4) able to carry a payload of 100 g

5) capable of hovering.

The revised design specifications narrowed the list of feasible
platforms down to two configurations: fixed- and rotary-wing.
Neither platform, however, was able to meet all five design
parameters. For example, fixed-wing platforms leverage the lift
generated from airfoils to provide longer flight times, but are
unable to hover. Rotary-wing aircraft, such as helicopters and
ducted fans [2], [7], are capable of stationary flight but have
limited endurance because the lift is provided directly by electric
or gas-powered motors. However, constant hover is not always
necessary. Peeping inside a cave or tunnel may be required
for only a small percentage of the overall mission. Fixed-wing
aircraft are able to perform rapid dash maneuvers and fly for
longer times. Also, the idea of a “retrofit,” and so existing fixed-
wing aircraft, can hover may be attractive; new vehicles would
not need to be procured. Instead, a hovering feature can just be
added. It therefore seemed logical to develop a hybrid in order
to meet all of the design specifications.

A. Hybrid Platform

With a maneuver adopted from the radio-controlled airplane
community known as prop-hanging, adding an additional flight
modality to a fixed-wing aircraft was realizable. Prop-hanging
is the aircraft’s ability to balance its weight with the thrust
generated from the propeller. In order to transition into and
sustain a hover by prop-hanging, a thrust-to-weight ratio greater
than one is required. With a weight estimate of 600 g, as shown
in Table I, a brushless motor was selected, which can generate
more than 1000 g of thrust (i.e., a7/W = 1.67). Another design
factor is that 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 vertical and
horizontal tails and wing must also be increased. The net result
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TABLE I
MAV WEIGHT DISTRIBUTION
Part Description Weight (grams)
Carbon Fiber Airframe 324
Motor, Gearbox, and Prop 85
Servos (4) 36
Lithium-Poly Battery 85
Speed Controller and Receiver 25
Inertial Measurement Unit 26
Onboard Control System 18
Total 599

is that a small drag force can be used to regulate rotation about
all three axes.

The unique capabilities of the prototype make it extremely
difficult for a human pilot to fly. The pilot must have experience
of flying both fixed- and rotary-wing aircraft and must also
have a feel for how the rudder and elevator deflection mimic a
helicopter’s cyclic control. The following section describes how
a human pilot transitions between the cruise and hover flight
modes and also how hovering is sustained.

B. Transitioning Between Flight Modes

The most critical aspect of the hybrid design is the transition
from CTH flight, which can also be used as a secondary colli-
sion avoidance maneuver (see Fig. 2). During this phase, there
exists an angle-of-attack « for which the wings are no longer a
contributing factor to the lift component (i.e., stall). To achieve
the transition, the aircraft has to leverage its momentum and
essentially overpower its way through the stall regime. The high
thrust-to-weight ratio built into the design helps to ensure that
the momentum is not lost through the transition. Furthermore, as
the aircraft is transitioning from cruise flight (minimum thrust)
to the hovering flight mode, the throttle must be increased to
balance the weight of the aircraft. The transition back to cruise
mode first requires vertical acceleration to give the plane some
momentum and then the elevator is deflected to pitch the aircraft
forward into cruise mode. However, there may be circumstances
when a vertical acceleration is not feasible (e.g., indoors with
a low ceiling). In this case, the aircraft can be pitched forward
first and then given increased throttle to pull out of stall.

C. Hovering

After transitioning into the hovering mode, the attitude must
be sustained by constantly adjusting four channels of a radio-
controlled transmitter. The most critical task the expert human
pilot has is to maintain the aircraft’s vertical orientation by
adjusting the rudder and elevator deflection angles. Also, the
throttle position must be modified to balance the weight of the
aircraft. Once the stick position is found to hold the plane at
a constant altitude, it remains relatively constant as the aircraft
is not gas powered and therefore maintains the same weight
throughout the flight. Finally, the MAV’s reaction to the motor
torque results in the plane rotating about the vertical axis when
hovering. This is known as torque rolling and can sometimes be
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Fig. 2.
to avoid a collision with a basketball net.

countered with aileron control. All of these efforts must be done
simultaneously, which makes hovering a challenging task.

III. ATTITUDE CONTROL

There are many different ways to represent the attitude of
a rigid body in 3-D space. However, most methods are either
vulnerable to singularities at critical orientations (e.g., an Euler
pitch angle equal to 90°) or computationally inefficient when
representing rotations. To avoid these drawbacks, a quaternion
attitude controller is developed for the transition from CTH
flight and then to sustain a hover.

A. Quaternions

Quaternions provide a means of representing attitude and
performing transformations between orthogonal, Cartesian co-
ordinate systems [11]. They are most commonly used in the
spacecraft, [13], [14] and gaming industries [10]. The value of
quaternions can be attributed to their compactness and freedom
from singularities. The characteristics of quaternions make them
ideal for representing the orientation of vehicles that perform
large angular maneuvers such as spacecraft. Although they are
rarely used for attitude control of fixed-wing aircraft, quater-
nions serve as a promising approach for regulating the hovering
flight mode of the hybrid prototype.

A quaternion consists of four parameters. The first three com-
ponents represent the vector part of the quaternion and the fourth
component represents the scalar portion. They are defined by

i =eoin(9) W
g2 = e, sin (2) )
q3 = e, sin <(;)> 3)
qs = cos (?) “)

where e, ¢,, and e, represent the eigenaxes, or Euler axes,
and O gives the scalar angle of rotation about that axis. The
eigenaxis is multiplied by the sine of half the rotation angle
and the cosine of this angle is taken to represent the scalar

Our MAV prototype with a Im wingspan manually transitions from (left) cruise flight through (middle) the stall regime and into a (right) hovering position

component. Furthermore, the products of quaternions can be
used to represent rotations from one coordinate frame to another.

B. Hovering Control Algorithm

The autonomous hovering algorithm begins by defining the
commanded quaternion ¢, that describes the MAV’s orientation
during a hover (i.e., vertical with belly facing north in a NED
coordinate frame). The rotation is about the y-axis and, thus, the
eigenaxis is represented by

(ew,ey,ez) =(0,1,0). (5)

With a rotation angle of 90°, the quaternion representation of
this attitude is given by

. (© LT .
Gc, = €y 8in <2> = 0 xsin (Z) = 0.0001¢
. (© LT
Qc, = €y sin <2) =1xsin <Z)
. (© Loy
Qe, = €5 sin <2> =0 *sin (Z) = 0.000k

Gc, = COS (2) = cos (g) = 0.707.

The commanded quaternion is used as the input into the con-
trol algorithm, as seen in Fig. 3. Once the commanded quater-
nion is defined, the error quaternion can be calculated using the
following formula:

e = q, G ©)

where g, represents the conjugate of the measured quaternion
that is acquired with an attitude sensor [e.g., inertial measure-
ment unit (IMU)] mounted onboard the aircraft. Equation (6)
defines the error quaternion in the body frame of the aircraft.
Once the error quaternion is calculated, the angular error about
the z, y, and z axes can be extracted from ¢, by first normalizing
the vector component and then multiplying by the angle

E, =2cos *(qe,) ¢, /|lge,
E, =2c0s " (q,) e, /e, |
E, = 2cos! (Ge,) e, /”qeﬂ | )
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Fig. 3. Block diagram of three compensators for roll, pitch, and yaw.

where ||g., || is the norm of the vector part of the error quater-
nion. When (7) is applied to the error quaternion from before,
it yields the angular error about each axis. These angular er-
rors are fed into the roll, pitch, and yaw controllers (Gc;o1,
Gepiten, and Geyay, as seen in Fig. 3). Several compensators
were evaluated for attitude control, but proportional derivative
(PD) controllers seemed to be the most robust and effective.
The output of the roll, pitch, and yaw compensators was then
fed into the torque control, elevator, and rudder servos, respec-
tively. This, in turn, drives the aircraft orientation back to the
hovering attitude. Although this algorithm seems to work effec-
tively when the aircraft starts from orientations close to vertical,
it was soon realized that it is not optimal for the transition from
CTH flight.

C. CTH Control Algorithm

The hovering error quaternion assumes that the aircraft is in
a near-hovering orientation when the algorithm is initiated. In
this case, the orientation of the aircraft’s belly does not affect
the algorithm, that is, if the belly of the aircraft faces east, south,
or west, the controller will command the plane to the vertical
orientation while simultaneously rolling the aircraft until the
belly faces north. However, when starting from cruise flight,
this same algorithm will result in a large control effort about
more than one axis if the aircraft is heading in a direction other
than north (i.e., if heading north, it will just result in a pitch
up maneuver). While this maneuver will most likely work, it
was desired to have a pure pitching motion to transition from
CTH when heading in any direction, i.e., if the aircraft is in
cruise mode heading south, the transition from cruise flight to
hover mode should leave the aircraft in the vertical orientation
with the belly facing south. This method was desired because
it primarily required control about a single axis rather than two
axes simultaneously. Furthermore, when put into practical use,
the aircraft will most likely be flying toward its target with
a camera mounted on the belly of the airframe. Ideally, the
aircraft would pitch up and have the belly still facing the target.
To achieve this, a delta quaternion is introduced, which generates
a new commanded quaternion based on the aircraft’s heading
when the CTH algorithm is initialized.

When the transition from CTH is initialized, there is an angu-
lar error between the z-axis of the aircraft and a vertical vector
expressed in the reference frame. Assuming perfect cruise con-
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Fig. 4. Vertical vector in the reference frame is shown along with the z-axis
vector in the body frame.

ditions (i.e., ¢ = 0,60 = 0, and —180 < ¢ < 180°), this error is
equal to 90° about the pitch axis. As mentioned before, the com-
manded quaternion for hovering cannot be used because it will
not result in the desired pitch-up maneuver to reach the vertical
orientation [8]. Instead, vector and quaternion mathematics will
be used to generate a delta quaternion that represents a rotation
from the initial aircraft attitude in quaternion form to the ver-
tical orientation. Using the delta and measured quaternions, a
commanded quaternion can then be calculated, which represents
the vertical orientation with the belly facing the same direction
as the aircraft was heading when the algorithm was initialized.
Upon obtaining the commanded quaternion, the error quater-
nion can then be computed for each new measured quaternion
(i.e., each control loop iteration), which will generate a pure
pitching maneuver despite the initial aircraft heading.

Assuming the CTH algorithm has been initialized and the first
measured quaternion has been acquired, the process to calculate
the delta quaternion starts by defining the vertical vector in the
reference (NED) frame V|

V., =0.00+0.05 — 1.0k ¢))
and the aircraft’s z-axis in the body frame V,, , as seen in Fig. 4
Vi, = 1.00 +0.05 4 0.0k. C))

It is desired to keep the error quaternion in the aircraft’s body
frame such that the angular errors can be directly used to control
the aileron, elevator, and rudder surfaces. Therefore, all calcu-
lations will be performed in the body frame. As such, the first
step is to transform the vertical vector (V, ) from the reference
frame to the body frame using the measured quaternion. This is
performed by

Vi =0 @Vz, ® g (10

where V,, represents V,, transformed to the body frame. It
should be noted that in the previous equation, V., is first con-
verted to a 4-tuple by adding a zero to act as the scalar compo-
nent. This is done to make it compatible with quaternion mul-
tiplication. V, is then converted back to a vector by removing
the scalar portion of the resulting 4-tuple.

Now that the vertical vector and the aircraft’s x-axis are both
represented in the body frame, vector mathematics can be used
to find an orthogonal rotation axis and angle between the two



GREEN AND OH: HYBRID MAV FOR INGRESS AND EGRESS OF URBAN ENVIRONMENTS 257

vectors. The cross product is calculated to find the rotation axis,
or the axis that is orthogonal to both vectors

Viet =V, X V5. (1)

Next the angle between the MAV’s z-axis and vertical vector
in the body frame can be found by using the dot product

v =cos (V,, - V3,). (12)

The axis and angle representing the rotation to have the air-
craft’s z-axis coincide with the vertical vector are now known
and can be converted into a quaternion, which will be referred
to as the delta quaternion ga

4, = Vior, sin () (13)
43, = Vior, sin () (14)
4, = Vior, sin (3) (15)
ga, = cos (%) (16)

The newly calculated delta quaternion ga and the first mea-
sured quaternion from (10) can be used to calculate the new
commanded quaternion ¢,

4. = Gm D qa. (17)

The new commanded quaternion represents the vertical ori-
entation with the belly of the aircraft facing in the same direction
as the heading in cruise mode. The entire process to calculate ¢/,
is performed once at the initialization of the CTH maneuver. The
resulting commanded quaternion remains constant and is used
in every iteration along with a new measured quaternion to com-
pute the error quaternion. The equation for the error quaternion
(6) is restated as

Ge = @, D ... (18)

Finally, since the error quaternion is calculated in the body
frame of the aircraft, the angular error about each axis can be
used to control the aileron, elevator, and rudder surface deflec-
tion. The angular errors are calculated using the relationships
from (7)

E, =2cos ' (qe,) G, /llge, |
Ey = 2C0371 (q64) Qez /”qeu ||
E, =2cos ' (qe,) Ge; /| ge, |I-

Again, the angular errors about each axis can be used in a
PD control scheme to generate aileron, elevator, and rudder

deflections, as in Section III-B:
6. =K, E,+ K, F, (19)

6, =K, E. + K, F.. (20)

IV. SENSING AND CONTROL HARDWARE

Automating the hovering flight mode requires that the air-
craft attitude be measured. Furthermore, this attitude must be in

Fig.5. Microstrain’s 30-g IMU sensor was used to feedback attitude informa-
tion to the onboard control system.

quaternion form in order for the algorithm of Section III to be
implemented.

A. Inertial Measurement Unit (IMU)

Autonomous control of the hybrid prototype requires an in-
ertial sensor capable of measuring aircraft attitude during un-
conventional maneuvers and orientations. The two most critical
parameters are the output mode and gyro range capabilities of
the sensor. Typically, the gyro range is specified at 150 or 300°/s
for most MEMs gyros. The speed of the transition from CTH
was measured at 120°/s with a low end sensor. Therefore, an
IMU with a gyro range of at least 150°/s was required.

Using this specification and a desired output mode in quater-
nion form, a Microstrain 3DM-GX1 inertial measurement unit
was selected. Fig. 5 shows the Microstrain IMU, which outputs a
gyroscopically stabilized four component quaternion describing
the MAV’s orientation with respect to the fixed-Earth coordi-
nate frame. It weighs just 30 g out of its protective casing and
comprises three triaxial accelerometers and angular rate gyros
as well as three orthogonal magnetometers. The gyro range is
300°/s, which is more than enough to handle the transition from
CTH flight. It filters the data onboard and sends the digitized
attitude data via RS-232 protocol at a rate of 100 Hz.

B. Flight Control System (FCS)

The FCS’s microcontroller has several responsibilities in-
cluding acquiring attitude data from the IMU, implementing the
control algorithm for autonomous hovering or the transition into
hover mode, and generating the corresponding pulsewidth mod-
ulated (PWM) servo signals to control the amount of aileron,
elevator, and rudder deflection. Microchip’s PIC18F8722 was
selected for the FCS because it had the largest amount of pro-
gram (e.g., 128 KB) and data (e.g., 3.9 KB) memory of all
the 8-bit microcontrollers, multiple capture-compare-PWM pins
to decode PWM signals, several RS-232 transmit and receive
pins, I12C capabilities to write data to external memory, and sur-
face mount packaging to reduce size and weight. Other FCS
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Fig. 6.
totype.

Twenty-five-gram FCS was developed for controlling the hybrid pro-

components include a 10-MHz external clock, an RS-232 con-
verter chip for communication with the IMU sensor, and 65 KB
of external nonvolatile memory.

Attitude data for each flight are sent to an EEPROM chip
via I2C communication and are downloaded and analyzed post-
flight. Also, the FCS was designed to be modular and includes
six input and five output ports for connecting servos or other
DC motors. Therefore, it can easily be disconnected from one
air or ground vehicle and used as the control system for another
by simply reprogramming the microcontroller. The complete
system weighs 25 g and is shown in Fig. 6.

V. EXPERIMENTS

The first autonomous hovering experiments were conducted
inside an urban structure, with limited flying space, (i.e.,
1 x 1 m? area). Also, another indoor experiment was performed
to contrast the differences in stability between manual and au-
tonomous hovering.

A. Autonomous Hovering

The aircraft was released in near-hovering orientation (i.e., the
fuselage is close to vertical) and manually given enough throttle
to balance the aircraft weight. The controls are simultaneously
handed off to the onboard control system. Initial experiments
demonstrated that the MAV was able to successfully hover in
“hands-off” mode for approximately 8—10 min before draining
the battery (see Fig. 7). It should be noted that the aileron control
surfaces remained in the neutral position (i.e., no deflection)
throughout the flight. This was to purposefully allow torque roll
so the MAV’s bellycam could acquire panoramic footage of the
flying area.

Another experiment was performed to contrast hovering un-
der both manual and autonomous control. The metrics used
were

1) duration of the hover before the FCS/human loses control;

2) stability of the aircraft while in hovering mode.
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Fig.7. MAV performing a hands-off autonomous hover in and urban structure.

A skilled human pilot was initially given control of the air-
craft and was instructed to fly around a gymnasium in cruise
configuration, transition from CTH flight, and an attempt to
hover the aircraft for as long as possible. The video stills' on
top of Fig. 8 show the pilot struggling to keep the fuselage
vertical, but is able to keep the aircraft positioned over a small
area. Out of a few trials, the human pilot was able to sustain a
hover for several minutes before draining the battery. However,
the aircraft’s pitch and yaw angles oscillated significantly as the
pilot tried to keep the aircraft in the vertical orientation. This
is supported with a portion of the captured flight data, which is
labeled human-controlled, in Fig. 9.

A second trial was conducted where the pilot was instructed
to again fly in cruise configuration and manually transition from
CTH flight. However, instead of trying to hover the aircraft
manually, the pilot flicked a switch on the transmitter, which
enabled the onboard control system. This time, the aircraft is
fixed in a vertical position and able to hover for several minutes
before exhausting the battery (see the bottom of Fig. 8). Again,
the flight data were captured and a fraction of it is shown in
Fig. 9. The length of the hover for the flight controller was
comparable to that of the human; however, the FCS was able to
achieve a higher margin of stability, as seen from the flight data.

B. Autonomous CTH Experiments

Another series of experiments were conducted to assess the
autonomous CTH transition algorithm. The experiments are
conducted outside an open field and inside an urban structure. In
the autonomous hovering experiments, the aircraft is released
close to the desired orientation. Therefore, the angular errors
extracted from the hovering error quaternion are less than 30° in
most cases. As such, the elevator and rudder control surfaces are
rarely at full deflection. However, the pitch error extracted from
the CTH error quaternion is approximately 90°. Implementing
the control algorithm from Section III-B yields full elevator de-
flection from the start. However, a much higher derivative gain

The video sequence shows three images extracted once a second for a period
of 3 s. With the plane rotating at a rate of 0.25 1/s, this is enough to show two
quarter rotations.
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Fig. 8.

(Top) Skilled human pilot hovers a fixed-wing aircraft in a small gymnasium and struggles to maintain a vertical orientation. (Bottom) Under autonomous

control, the same aircraft is able to sustain a hover while remaining fixed in the vertical position.
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Fig. 9. Pitch and yaw angles captured during both human-controlled and
autonomous hovering.

is used to kill the momentum as the aircraft approaches 90°,
thus preventing overshoot.

An experiment was conducted outdoors in an open field. The
human pilot loitered around the field in cruise mode and then
flicked a switch on the transmitter to enable the onboard con-
troller. This signaled the start of the autonomous transition and

full elevator deflection was given by the controller. By substan-
tially increasing the derivative gain, the rotation rate became
the primary control factor. Therefore, the controller damped the
rotation rate by cutting back on the elevator deflection, thus
killing the momentum. The transition takes about a second and
is shown in Fig. 10. During the experiments, the aircraft did not
exceed a pitch angle of 90° when pitching up into the hovering
flight mode.

Another CTH experiment was conducted inside a basketball
gymnasium with a 25 ft ceiling. The procedure was similar to the
outdoor flight tests in that the pilot manually flew the aircraft
around the gymnasium in cruise mode. However, just before
flicking the switch to enable the onboard attitude controller,
the pilot had to precisely control the throttle. This was much
different than the outdoor case where there was no risk of the
aircraft crashing into the ceiling.

As the pilot enabled the autonomous flight controller, the
plane began the transition to hover mode autonomously. How-
ever, it was noticed that the transition was not as smooth as it
was outdoors, i.e., there was a significant amount of overshoot
in the aircraft’s pitch angle (see Fig. 11). The controller was still
able to recover and stabilize the aircraft in the hovering orienta-
tion. The reason for the overshoot was that as the aircraft started
gaining altitude, the pilot cut back significantly on the throttle to
compensate. This resulted in a large decrease in airflow over the
control surfaces and thus the elevator could not provide enough
force to completely kill the momentum as the plane reached the
hovering orientation.

C. Torque Roll Control

As originally thought, the torque roll did not affect the stabil-
ity of the aircraft during a hover, that is, the MAV was still able
to remain in the vertical position despite the rotations resulting
from the motor torque. However, if the hybrid MAV was to be
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Fig. 10.

Fig. 11.  (Top) Transition from cruise flight into hover mode is demonstrated
inside an urban structure. (Bottom left) During the transition, the throttle is
decreased to prevent the plane from colliding with the ceiling. This causes the
aircraft to overshoot the vertical orientation. (Bottom right) The flight controller
is able to recover and stabilize the MAV in its hovering orientation.
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used in the field for surveillance and reconnaissance purposes,
the view from the onboard wireless camera would have a dizzy-
ing effect as the plane was rotating at a rate of more than 20
rpm. Since the original aileron surface area did not create enough
torque to counter the rotation when fully deflected, other alter-
natives had to be investigated. Also, to keep the cost and weight

Transition from (left) cruise flight, through (center) the stall regime, and into (right) hover mode is achieved autonomously.

Roll Angle during Torque-Controlled Hovering
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Fig. 13.  Roll angle captured during autonomous hovering with torque roll
control.

Fig. 14. Mount was created for the sonar sensor so that it would not interfere
with the elevator and rudder control surfaces.

of the aircraft at a minimum, counter-rotating propellers were
to be used as a last resort.

The first and most obvious approach was to increase the
aileron surface area by lengthening them in the direction of the
wing chord. However, this was not effective for several reasons.
The first is that the propeller wash during a hover only flowed
over approximately 40% of the ailerons. Second, alonger aileron
when fully extended caused some airflow to completely miss
the tail. This significantly affected attitude regulation during a
hover. Finally, fully deflecting the ailerons created an adverse
yaw effect that caused the airplane to drift when hovering.
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Fig. 15.

First two images in the above sequence show the hybrid MAV in a fully autonomous hover at a height of 36 in at 6 s apart. In the third image, a board

was placed under the MAV’s tail that caused the controller to adjust the MAV’s height to 36 in above the board. This was used to show that a constant throttle

setting was not used to perform altitude hold.

The second approach was to mount miniature dc motors with
propellers on each wingtip. The motors were positioned to pro-
duce a thrust force in opposite directions, which generated a
rotational force countering the motor torque (see Fig. 12). The
wingtip motors are GWS EDP-20s, which provide 23 g of thrust
with a 2510 direct drive propeller at 7.2 V. With the same error
quaternion used in the autonomous hovering experiments, the
angular error about the aircraft’s x-axis was now incorporated
into the flight controller. Using this parameter, proportional in-
tegral derivative (PID) control was implemented on the error.
This determined the length of the PWM signal being output to
the brushed speed controller.

Autonomous hovering experiments were conducted with
torque roll control. Fig. 13 shows the torque-controlled con-
dition in which the plane remains in a relatively constant orien-
tation.

D. Altitude Hold

Without reliable global positioning system (GPS) signals in
these environments, altitude control is a challenging task. Fur-
thermore, the scope of the MAV’s flying domain includes the
insides of urban structures and thus altimeters are inefficient.
Both ultrasonic and infrared sensors were investigated for alti-
tude hold. The infrared sensors could not provide accurate and
reliable measurements for distances larger than 0.5-1 m, and
thus, ultrasonic sensing was chosen. The MaxSonar EZ-1 ul-
trasonic sensor was selected because of its 6-m range, 2.5-cm
resolution, digital 20-Hz output, and 4.5-g weight.

The ultrasonic sensor had to be mounted on the hybrid pro-
totype so that it would not be occluded when the elevator and
rudder control surfaces were deflected. Furthermore, the mount-
ing arm had to be designed so that it did not obstruct elevator
and rudder deflection. The arm was created out of balsa wood
and is shown in Fig. 14.

With the ultrasonic sensor securely mounted on the tail, a
controller for fully autonomous hovering could now be imple-
mented and tested. A PID controller with a setpoint height of
36 in was built upon the torque-controlled hovering algorithm
from the previous subsection. A low-pass filter with a cutoff
frequency of 5 Hz was implemented on the ultrasonic data to
eliminate higher frequency noise. Furthermore, the throttle in-
put was bounded to prevent the aircraft from losing or gaining

Altitude Hold Data
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Fig. 16. Raw sonar data are plotted over the course of 20 s of fully autonomous
hovering. The reference height value was set to 36 in. In the next 20 s, a board
is placed under the aircraft to prove that the throttle is not set at a constant value
to balance the aircraft weight.

I Infrared Infrared =
Ultrasonic
Ultrasonic

Fig. 17. Infrared sensor is mounted on each wing pointing out from the fuse-
lage. Also, an ultrasonic sensor is mounted at the base of the fuselage pointing
outward. This is so the propeller wash does not affect the sensor reading.

altitude too quickly. The results of the experiment are shown in
the first two images of Fig. 15. Furthermore, to show that the
throttle was not set at a fixed position to balance the aircraft
weight, a board is placed under the tail. This causes the FCS to
adjust the aircraft’s height to 36 in above the board, as seen in
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reconnaissance inside the building.

third image of Fig. 15. The ultrasonic data from the tail mounted
sensor are shown in Fig. 16.

VI. BUILDING INGRESS AND RECONNAISSANCE EXPERIMENT

The hovering flight mode of the hybrid MAV allows it to
maneuver in cluttered environments. Furthermore, the platform
was designed to fit through small openings such as doorways.
Using these characteristics and some additional sensing capabil-
ities and control algorithms, an experiment is carried out where
the MAV is able to detect a doorway and traverse it.

A. Sensor Suite

In addition to the IMU and tail-mounted ultrasonic sensor for
altitude control, two MaxSonar EZ-1 ultrasonic sensors and two
Sharp GP2Y0AO02YK infrared sensors are incorporated into the
sensor suite for wall following and doorway detection. Since
the infrared sensors will mostly be used for doorway detection,
the sensor inaccuracy at large distances will not be a factor.
Furthermore, the disadvantages of both infrared and ultrasonic
sensors can be improved by fusing the two sensing technologies
together. This was shown in [4] where infrared and ultrasonic
sensors were used in a complementary fashion to map out walls,
doors, and windows of a residential basement.

Both the ultrasonic and infrared sensors have a minimum
detection, or blind, distance. The blind distance for the ultrasonic
and infrared sensors are 15 and 20 cm, respectively. The infrared
sensors are not affected by the propeller wash and are therefore
mounted on each wing. The ultrasonic sensors are mounted
further away from the propeller at the base of the fuselage (see
Fig. 17).

B. Navigational Controller

The control algorithm for building ingress and reconnaissance
consists of three different control modes including wall follow-
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Hybrid MAV autonomously follows the exterior wall of the building until detecting an open passageway. It then traverses the doorway to gather

ing, stabilizing, and traversing. Each control mode sends differ-
ent commands to the pitch and yaw control surfaces while the
wingtip motors and main motor are continuously being adjusted
to keep the MAV’s roll angle and altitude constant, respectively.

Wall following mode incorporates data from both the infrared
and ultrasonic sensors. Because ultrasonic sensors have a wide
beam and are therefore inefficient at detecting edges or door-
ways, the infrared sensor is primarily responsible for deter-
mining the mode of the controller. The controller enters wall
following mode if an obstacle is detected by both sensors and
is less than 1.4 m away. The 1.4-m threshold was set based on
the 1.5-m maximum detection distance of the infrared sensor.
If the sensor detects an object within the 1.4-m threshold, it is
assumed to be a wall. If the sensor does not detect anything,
it will output a value corresponding to 1.5 m. In this case, the
assumption is that there is an opening for the plane to transition
through and the controller will then move to stabilizing mode.
Once in wall following mode, the FCS still acquires data from
both sensors but the control algorithm heavily weights the ultra-
sonic data to keep the MAV at a constant distance from the wall.
This is because the ultrasonic sensor is much more accurate in
measuring distance than the infrared sensor.

The second control mode is the stabilizing mode, which is
initiated when the infrared sensor exceeds a distance thresh-
old of 1.4 m for five counts. This is to allow the MAV extra
translation time to get its entire frame past the wall and also
to rule out any noisy measurements. The stabilizing control
mode has two main functions. The first is to diffuse the for-
ward momentum of the MAV so it dos not move past the door-
way and the second is to get the aircraft back to the hovering
orientation.

The final mode of the controller is the traversing mode. The
traversing controller is just a simple reactive control algorithm
used to yaw the aircraft into the detected opening, thus traversing
the doorway. This process also acts as a failsafe to the wall
following controller, that is, if the wall following controller



GREEN AND OH: HYBRID MAV FOR INGRESS AND EGRESS OF URBAN ENVIRONMENTS 263

allows the aircraft to get more than 1.5 m away from the wall
(i.e., an error of more than 75 cm), this will exceed the range
of the infrared sensor causing the controller to incorrectly enter
stabilizing mode. However, it will then enter traversing mode,
which will just bring the MAV back toward the wall until it
reenters the detection range of the sensors. This will then force
the controller back into wall following mode.

C. Experiments

The experiment integrates quaternion algorithms, an FCS, at-
titude and altitude controllers, and a multiple mode, high-level
controller used to demonstrate wall following. In addition, the
navigational controller will also have to detect and move through
a doorway to acquire situational awareness. The aircraft is re-
leased in a near-hovering attitude, and under full autonomous
control, will follow the wall of the building. As it approaches the
doorway, the controller will switch from wall following mode
to stabilizing mode as discussed earlier. After it has regained
stability in a hover, it will then transition to traversing mode.
The MAV will move through the doorway and again stabilize
itself in hovering mode. The results of the experiment are shown
in Fig. 18.

VII. CONCLUSION

Patrolling subway tunnels and buildings demands a vehicle
that can hover. Furthermore, other MAV missions such as gath-
ering reconnaissance over a hill a few miles ahead requires
endurance. Designing an aircraft for such missions demands a
vehicle that is compact, able to fly for extended periods, and
most importantly, is capable of hovering.

A fixed-wing MAV with hovering capabilities offers the ben-
efits of stationary flight coupled with longer flight times. In
addition, a “retrofit” system that can make existing MAVs hover
would be attractive from both a cost and mission perspective
(i.e., expand scope of capabilities). Furthermore, these uncon-
ventional flying environments are usually enclosed and thus de-
grade GPS signals. Therefore, onboard processing is preferred
for autonomous operations. The 15-g processing and control
system reads attitude information from the IMU at a 100-Hz
rate and implements attitude control to autonomous hover the
aircraft. Furthermore, a navigational control algorithm was de-
veloped to detect and traverse a doorway of a building.

The ultimate goal of this research was to use a holistic ap-
proach to develop a fully autonomous MAV to fly through tun-
nels and in and around urban buildings. Autonomous hovering
and building ingress was a major milestone toward this, but the
aircraft must also be able to perform other tasks autonomously.
For example, the MAV’s sensor suite and control system must
be capable of obstacle detection in unstructured lighting, pre-
cise path planning, and localization. Collision avoidance can be
accomplished by using optic flow to mimic flight stratagems
of flying insects [12]. Furthermore, a scaled down version of
the hybrid prototype is probably necessary in order to minimize
risk when transitioning through small openings. This would also
enable flight in tighter, more confined areas.
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