Naval Research Laboratory

Washington, DC 20375-5320

NRL/FR/5712--19-10,334

Quantifying Autonomous Soaring on a
Surveillance and Communications
Relay Mission

DANIEL J. EDWARDS

AARON D. KAHN

SAM V. CARTER

Offboard Countermeasures Branch
Tactical Electronic Warfare Division
PHILLIP JENKINS

DAVID SCHEIMAN

Optoelectronics and Radiation Effects Branch
Electronics Science and Technology Division

July 18, 2019

Approved for public release; distribution is unlimited.




Form Approved
REPORT DOCUMENTATION PAGE OMB e, o0t 0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorate (0704-0188). Respondents should be aware
that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) |2. REPORT TYPE 3. DATES COVERED (From - To)
18-07-2019 NRL FormalReport January2019
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

QuantifyingAutonomousSoaringon a SurveillanceandCommunications
RelayMission

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
DanielJ. Edwards SamV. Carter,AaronD. Kahn,Phillip JenkinsandDavid 57-1M21-A9
Scheiman

5e. TASK NUMBER

5f. WORK UNIT NUMBER

1M21
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
NavalResearcl.aboratory REPORT NUMBER
45550verlookAvenue,SW NRL/FR/5712--19-10,334

WashingtonDC 20375-5320

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

Office of NavalResearch ONR

875N. RandolphStreet,Suite1425

Arlington, VA 22203-1995 11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approvedfor public releasedistributionis unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

A notionalsurveillanceandcommunicationselay missionplacesa demandn anunmanneaircraft'savailableenergysupply.
Autonomoussoaringalgorithmsandsolarphotovoltaicsystemsoth providea meango extractenergyfrom the environmen{from
thermalupdraftsandsolarradiationrespectivelyYo extendendurancéeyondthe aircraft'sstoredenergylimits. Furthermore,
multiple aircraftcanimprovetheir soaringsucces$y sharinginformation.

Thisreportdescribes demonstratiorsystenthatcombineanultiple coordinatedaircraft,eachwith autonomousoaringalgorithms
andintegratedsolar-photovoltaipowersystemsFlight testingwith two aircraftis plannedo quantifythe notionalmission
performancavhenbothautonomousoaringandsolarpowersystemsareused.

15. SUBJECT TERMS

autonomousoaring UAV ALOFT
soaring swarm ISR
16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |[18. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT |b. ABSTRACT | c. THIS PAGE ABSTRACT SXGES DanielJ. Edwards
U/U U/U u/uU u/U 19b. TELEPHONE NUMBER (/nclude area code)
14 202-404-7623

Standard Form 298 (Rev. 8/98)
i Reset | prescribed by ANSI Std. 239.18



This page intentionally left blank

il



CONTENTS

EXECUTIVE SUMMARY ...t E-1
INTRODUGCTION ...t sr e e e Rt r e r e n e nr e nr e e s e nrenneenn e 1
SURVEILLANCE AND COMMUNICATIONS RELAY MISSION ......ccccoiiiiiiiiiininin e 2
UAY OVERVIEW. ...ttt bbbk bbbt b e bbbt bbbt e s beeae e e 3
SYSTEM ARCHITECTURE ...t 4
SOFTWARE ...ttt bbbt bt s e b e bt e bt e bt e e e e bt e bt e e bt e bt en b s bt e ne e b nbeeneenns 6
TEST FLIGHT et r e et R s e nr e e e nn e neeens 6
ANALYSIS AND DISCUSSION ... .ottt st b bt nn e neeens 8
CONCLUSIONS. ...ttt bbbt bbbt bt s e e b e bt Rt s b e e et e Rt e b e e s b e e bt e st nb e e neennenne e e nns 9
ACKNOWLEDGEMENTS ... nn e 9
REFERENQCES ...t bbbt bbbt e bbbt bt b e nb e eb e e b b e eneen e 9



This page intentionally left blank



EXECUTIVE SUMMARY

A notional surveillance and communications relay mission places a demand on an unmanned aircraft’s
available energy supply. Autonomous soaring algorithms and solar photovoltaic systems both provide a
means to extract energy from the environment (from thermal updrafts and solar radiation respectively) to
extend endurance beyond the aircraft’s stored energy limits. Furthermore, multiple aircraft can improve
their soaring success by sharing information.

This report describes a demonstration system that combines multiple coordinated aircraft, each with
autonomous soaring algorithms and integrated solar-photovoltaic power systems. Flight testing with two
aircraft is planned to quantify the notional mission performance when both autonomous soaring and solar
power systems are used.
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QUANTIFYING AUTONOMOUS SOARING ON A SURVEILLANCE AND
COMMUNICATIONS RELAY MISSION

INTRODUCTION

Missions for small unmanned aircraft (Group 1 and Group 2) include over-the-hill surveillance and
providing airborne communications relay points. Greater endurance is almost universally desired by
operators to increase the time spent on station performing the mission and reduce the number and frequency
of takeoffs and landings.

Autonomous soaring techniques were first proposed by Wharington [1] and refined by Allen [2] as a
method to find convective thermal updrafts and gain altitude energy. While several autonomous soaring
algorithms have been implemented on unmanned aircraft and demonstrated significant endurance gains
[3-8], the technology of autonomous soaring has not yet bridged the gap from research to practical
application for a mission.

Rather than providing a fixed geometric orbit to continuously track a target on the ground, an aircraft
in autonomous soaring mode maneuvers into and moves with thermal updrafts. This maneuvering is often
believed to be counterproductive to a surveillance mission, especially if the ground target is moving against
the wind, since thermals tend to drift downwind. However, this report shows a surveillance mission is still
achievable while performing autonomous soaring.

Cooperative autonomous soaring is a technique in which multiple aircraft flying in close proximity
share information about the local conditions in order to improve each individual aircraft’s performance.
Theoretical [9-11] and implemented demonstrations [12, 13] have shown promising results of two vehicles
sharing soaring information. Depenbusch demonstrated multiple aircraft flying simultaneously and sharing
soaring data, while also using memory of prior soaring conditions. Storing and remembering areas of lift is
a way for a single agent to cooperate with itself, and should be explored in future research.

To the authors’ knowledge, no research has tried to use autonomous soaring techniques to carry out a
specific mission. Edwards [14] demonstrated autonomous soaring with mission constraints, but did not
attempt to quantify the performance of the mission payload itself. This report attempts to quantify the effect
of autonomous soaring on an imagery mission using imagery resolution and time-on-station as metrics. For
additional realism, the demonstration also includes a communications relay payload to further add
real-world transmission effects.

This report examines the mission concept and constraints; describes the unmanned aerial vehicle

(UAV), system architecture, and software; and then proposes how to analyze results of the system during
flight testing.

Manuscript approved June 26, 2019.



2 Edwards et al

SURVEILLANCE AND COMMUNICATIONS RELAY MISSION

Edwards described a single-vehicle communications relay concept of operation (CONOP) in a prior
paper [14] as shown in Fig. 1. This setup uses a single airborne asset providing service to two remote sites.
However, maneuvering within the given airspace constraint area may not provide sufficient coverage, and
requires the aircraft to operate over the obstruction. Instead, this report proposes two aircraft: one over the
base and one over the remote user.
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Fig. 1—Communications relay CONOP using one UAV performing autonomous soaring

A notional over-the-hill surveillance and communications relay mission is designed to show the
potential mission performance enhancement offered by using autonomous soaring technologies. Figure 2
shows a command site that is out of radio frequency (RF) line of sight (LOS) to a remote unit. The RF
blockage could be a mountain range, significant distance, urban obstructions, or any other number of
complicating factors. In this scenario, two unmanned aircraft provide a communication link between the
command base and remote user. Also, the remote user has direct access to the video product, since s/he is
on the same network.
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Fig. 2—Notional imagery and communications relay mission with autonomous soaring

A typical Group 1 UAV has only two to four hours of endurance. If the remote site is one to two flight
hours away from the launch site, this leaves little or no time on-station actually performing the mission.
This report shows how a Group 1 UAV using autonomous soaring and a solar power system can extend the
aircraft’s four hours battery-only endurance to more than 12 hours. This will provide uninterrupted imagery
over the remote target site.

UAV OVERVIEW

The U.S. Naval Research Laboratory’s Solar-Soaring testbed UAV was used as host for this
experiment. The PV-SBXC, shown in Fig. 3, is derived from the SBXC sailplane airframe from RnR
Products (Milpatas, CA). Two identical aircraft were built and used for this experiment.

Fig. 3—NRL’s PV-SBXC UAV used for flight experiments
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The PV-SBXC has 4.3 m wingspan, is 7.5 kg mass at takeoff in the configuration used for these flights,
and has a nominal battery-only endurance of 4 hours with a 30-minute reserve capacity. It is hand launched
and belly landed. Flight airspeed is generally 10 to 20 m/s and it has demonstrated altitude range to 2 km
above ground. Multiple 11+ hour flights [15] have proven out the solar [16-18] and autonomous soaring
technologies [19].

SYSTEM ARCHITECTURE

Major components include the avionics, the power and energy system, the soaring computer, and the
payload. The system architecture of the demonstration aircraft is shown in block diagram form in Fig. 4.
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Fig. 4—PV-SBXC demonstration system architecture

The avionics package includes a Piccolo autopilot from Cloud Cap Technologies (Hood River, OR)
connected to six control surface servos from Hitec (Poway, CA) and a Global Positioning System (GPS)
antenna (an air data probe and propeller tachometer are not shown). A JR Level Shifter board and two RC
receivers (Rx) are used for manual stick-to-surface control.

A power management system from Packet Digital Inc. (Fargo, ND) sits between the power sources and
sinks. A lithium-ion “smart battery” of 400 W capacity provides power to the bus or recharges itself from
excess solar power. Two solar arrays, on the left and right wings, provide power during sunlight hours,
going through a fast update rate (>100 Hz) maximum power point tracker (MPPT) into the Power Manager.
The Power Manager connects the main (propulsion) and secondary (avionics/payload) consumers to a
common power bus. More details about the power electronics can be found in Scheiman [18]. The
propulsion system is a Neu 1115/3Y/6.7 electric motor from Neu Motors (San Diego, CA) spinning an
11 x 10 carbon propeller from Aeronaut Modellbau GmbH (Reutlingen, German) and controlled by a
Phoenix 60 A electronics speed controller from Castle Creations (Olathe, KS).
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An oDroid XU4 computer from Hardkernel Inc. (South Korea) is connected to the autopilot and runs
the soaring algorithms. It has two connections to the autopilot:

1. Autopilot telemetry data and control input
2. Soaring command and control

An enable line allows the UAV operator to disable the soaring system during takeoff/landing or other
times when soaring is not desired.

The mission payload is a Wave Relay mesh-network radio from Persistent Systems (New York, NY)
and an Orion HD-25 electro-optical camera gimbal from Trillium Engineering (Hood River, OR).
Geo-referenced digital video and camera control are available to users on the Wave Relay network via the
SkyLink software (also from Trillium Engineering). The camera resolution is 720 x 1280 high definition
(HD) visible with a minimum 5.1° optical field of view. The airborne radios are 2 W at 2.3 GHz through a
7 db circularly polarized cloverleaf antenna.

Multi-agent communication is made transparent to the ground user by utilizing a mesh-network radio.
The command-and-control network architecture is shown in Fig. 5. Unlike a typical Piccolo autopilot setup,
the aircraft is controlled through the Wave Relay link to the Piccolo Command Center software on the
ground. For manual control (takeoffs and landings), a pilot transmitter console from JR (JR Radios, Japan)
connects the pilot’s manual control to the servos through the autopilot.
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Fig. 5—RF Network Architecture

The payload system in the downrange UAV (#2) sends its digital video product through the mesh-
network link, via the overhead UAV (#1), and to the video display in the ground segment. The UAV
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operator can thus see the real-time video from multiple downrange aircraft. Alternately, if a remote user
has a network radio and is within RF LOS of the UAV with imagery payload, that user can also see and
control the video gimbal directly via the SkyLink software.

SOFTWARE

Autonomous soaring software has been examined in prior offerings [5, 6, 19] and is not covered in full
depth in this report. However, this current implementation has several new features described below.

The soaring algorithms are now run onboard the UAV coded in C and run in Robot Operating System
(ROS) as opposed to on the ground running in MATLAB (Mathworks Inc.). Being onboard enables a hard-
wired connection to the autopilot telemetry that addresses a previously limiting factor: at long ranges,
running offboard meant the aircraft stopped soaring when the connection was poor. No changes have been
made to the actual algorithms described in Edwards [19] other than the hardware drivers and conversion to
C language.

The soaring computer interfaces with the autopilot by reading selected aircraft telemetry (latitude,
longitude, altitude, airspeed, time, etc.) and sending it commands (airspeed and waypoints).

The notional CONOP does not put the two aircraft in close proximity, so a highly capable collision-
avoidance algorithm was not needed. While the high bandwidth link between the two aircraft provides
opportunity for intelligent collision-avoidance guidance algorithms, the implementation chosen for this
experiment was simple altitude separation when the aircraft are close (1 km). Future work with this
hardware could expand performance to allow for very close proximity flight.

There is no link between the soaring controller and the payload. Instead, the imagery target waypoint
is also the autonomous soaring cylinder center.

TEST FLIGHT

Flight testing is planned to take place in controlled airspace at the U.S. Army’s Aberdeen Proving
Ground, MD, in 2019. Two PV-SBXCs will be used. The down-range aircraft will carry the camera gimbal,
a mesh-network radio, and fly with the Sharp solar wing [18]. The overhead aircraft will carry only the
mesh-network radio payload and fly with the Microlink solar wing [18]. Takeoff is planned for daybreak
and the total demonstration flight expected to last more than 12 hours.

In Fig. 6, the white outline is the available soaring area, from 500 m to 1500 m above ground level. The
takeoff and base station location is 39.456439° N, 76.174004° W and the target is at 39.401310° N,
76.224333° W. The yellow line shows a 7.5 km RF transmission distance. The soaring volume allowed is
1000 m radius around the target and altitude ranges 500 m to 1500 m.
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Fig. 6—Map of flight test location at Aberdeen Proving Ground, MD

The remote target to observe is a large analog clock (3 m diameter, 30 cm wide clock hands, shown in
Fig. 7) and an optical resolution target. This clock will give a referenceable time-on-target while the optical
resolution target (Fig. 8) will measure the quality of the imagery.

Fig. 8—NIIRS 5 (left) and NIIRS 6 to 9 (right) optical bar target for imagery quality measurement
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The experiment will follow a simple sequence:

Launch aircraft #1 and #2 and climb to a hold orbit at 1000 m altitude

Fly aircraft #1 to the target along the corridor

Perform mission with autonomous soaring disabled for one hour

Enable autonomous soaring and continue to perform mission for one hour

Repeat steps 3-4 until completion of the 12 hour planned mission, or available range time
Fly aircraft #1 back to base along the corridor

Manual landing of aircraft #1 and #2

Nook~wnE

The down range aircraft will perform the surveillance mission while the overhead aircraft will perform
the communications relay mission only.

ANALYSIS AND DISCUSSION

Imagery quality will be measured using the National Image Interpretability Rating Scales (NIIRS)
levels [22]. Table 1 relates NIIRS resolutions to ground resolvable distances (GRD).

Table 1—NIIRS Level to Ground Resolvable Distance

NIIRS level GRD [m]
5 0.75-1.20
6 0.40-0.75
7 0.20-0.40
8 0.10-0.20
9 <0.10

Video will be post-processed to evaluate the NIIRS level, including if the imagery is occluded by trees
or the aircraft body. Manual evaluation of the resolution level will be integrated using the clock times. The
result of this analysis will be a histogram of NIIRS level to time (Fig. 9).

w
—

10

Time [h]

NIIRS Level

Fig. 9—Example of a histogram plot for NIIRS level versus integrated time-on-target



Quantifying Autonomous Soaring on a Surveillance and Communications Relay Mission 9

Two histograms, similar to the one shown in Fig. 8, will show the time-on-target versus NIIRS level.
This will quantify how the autonomous soaring technique affects the quality of imagery. It is expected that
the autonomous soaring technique will reduce the energy consumption, thus the total mission time could
be increased. It is also expected that further restrictions on the allowed soaring airspace could mitigate the
slant-range increase and thus NIIRS level degradation.

CONCLUSIONS

This report has outlined a notional communications and surveillance mission for a UAV to quantify the
effects of autonomous soaring. It has also documented the system configuration for a UAV that includes a
solar photovoltaic power system for in-air recharging. Finally, it proposes a flight test and method to
guantify the performance of autonomous soaring algorithms on a notional surveillance mission.
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