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ACronyms

vV vV vV vV vV vV vV v vV v v VY

AQOV: Angle of View

AR: Augmented Reality

AUW: All Up Weight

CEP: Circular Error Probable
CPU: Cenftral Processing Unit
EPS: Electrical Power System
ESC: Electronic Speed Control
FC: Flight Controller

FOV: Field of View

GCS: Ground Control Station
GPS: Global Positioning System

IMU: Inerfial Measurement Unit

vV VvV vV vV vV vV vV v v v

ISM: Industry Science Medicine
LiPo: Lithium Polymer

LOS: Line of Sight

MCU: Microcontroller Unit

MP: Megapixel

PWM: Pulse Width Modulation
RF: Radio Frequency

RTK: Real Time Kinematics

UAV: Unmanned Aerial Vehicle

UGV: Unmanned Ground Vehicle

Ul: User Interface



Project Objectives

Mission Statement: RAVEN will develop a testbed that will collect
Image, position, and sensor data to be used by the customer for the
verification of customer developed cooperative localization
algorithms.

» Provide the customer with an UAV and UGV pair testbed.
» Record image, position, and sensor data.

» Deliver recorded information and UAV/UGYV pair to customer.
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Functional

Functional Requirements

Description

Requirement

FR 1.0 RAVEN shall perform data collection for 15 minutes.

FR 2.0 RAVEN shall have a removable data storage system on both the UAV and UGV.

FR 3.0 UAV and UGV visual data shall contain the other vehicle in 90% of frames and shall not take
more than three seconds of frame data without the other vehicle in frame.

FR 4.0 UAV & UGV visual data shall have a minimum resolution of 3 inches per pixel at a distance of 30
m.

FR 5.0 RAVEN shall operate outside on a fair-weathered day (i.e., no wind, no precipitation).

FR 6.0 RAVEN shall comply with Army Memorandum (DAMO-AV).

FR 7.0 RAVEN shall utilize the customer-provided Clearpath Jackal UGV.

FR 8.0 The UAV and UGV shall communicate flight and navigation status data to their respective
ground stations (GCS) and to each other.

FR 9.0 RAVEN shall communicate flight/drive commands from ground stations to and from their
respective vehicle over an ISM Radio Frequency.

FR 10.0 Vision system shall use customer specified interfaces.

Project Overview
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System Level Functional Block Diagram
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System Level Functional Block Diagram
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Baseline Design Choices and CPEs

BAROMETER (1)
GPS(3) 2.4 GHz, 915 MHz (3)

2.4 GHz (3) 2-AXIS GIMBAL (1)

N\

CPU (4)

2 GROUND - :".
CONTROL - D
STATIONS ﬂ 1l * A=
3-AIS LIPO (2)
CPU (4), EPS (2), SENSORS (1) GIMBAL (1)
(1) Tracking (2) Power (3C)ommunications (4) Data VI gggﬁg'; oS
SYStemS SyStemS CO"GCtion uGv m?)g]e?gé\a’resy of

ClearPath Robotics
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Tracking Method

FR 3.0[] UAV and UGV visual data shall contain the other vehicle in 90% of frames and shall
not take more than three seconds of frame data without the other vehicle in frame.[]
FR 4.0 UAV and UGV visual data shall have a minimum resolution of three inches per pixel at

a distance of 30 m.[]

Determine Acquire Verify
Re'?“."’e Camera Visual
Position

Pointing Detection

Determination

oo OvervieW S m
I




Relative Position Determination

Collect position data Share position data Determine relative
using sensor suite between vehicles* position using shared
information

*Will be focused on in communications section
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Relative Position Determination: Collect

Vehicle Sensors

X v

y (V4
Z v
D (Roll) v
© (Pitch) v
W (Yaw) 4

*DGPS with RTK engine provides high (cm) accuracy for relative positions
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Relative Position Determination:
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Vehicle Location Error Model

[__JUAV Position Error
> Purpoge Bl Required AOV
10 Bl Camera AOV
» Gaussian distributed error based on
sensor daftasheets 3.
Barometer
» Determine required Angle of View = Error
accounting for sensor errors @ °F
©
» Justification of RTK capable GPS E 4.
<
GPS
» Assumptions o bl

» Constant velocity orbit 0 -
-10 \
» Circular Orbit 0
0 5
» Constant Altitude ) 0

" 10 E
X Position [m] 10 Y Position [m]
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Vehicle Location Error Model (cont.)

UAYV location error
based on GPS and
barometer

Assumption: error has
Gaussian distribution

NEO-M8P u-blox M8
High Precision GNSS
Module with RTK [1]

» Listed Error: 0.025 m
CEP

I[\g]5561 1 Barometer

» Listed Max
Error: £0.5 mbar

Project Overview

Error in Y [m]

Simulated RTK-GPS Error Distribution

-0.1 -0.05 0 0.05 0.1
Error in X [m]

Distribution

—_ ) w S ($2] D ~ [eo)
o o o (an) o o o o

, ©

Simulated Barometer Error Distribution

Error in Altitude [m]
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Vehicle Location Error Model — Reqguired AOV

Simulated Required Angle of View at Range of 10 m with Stinsor Errors
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® Simulated with Standalone GPS Error
90 [ ¢ Simulated with RTK GPS Error
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Camera Pointfing

Input collected sensor Compute coordinate Point camera
data (with relative transformations
position computed)
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Camera Pointing — Gimbal Model

» UAV: 3-axis gimbal
» Conftrol Yaw, Pitch, Roll

» UGV: 2-axis gimbal

» Control Yaw, Pitch

» UGV on'level" surface

» Need:

» Relative Position (GPS, Barometer, AR)

» Attitude (IMU and Magnetometer)
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Gimbal Control Diagram
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Pointing Model

» Quaternion rotation scheme
=z A

» Vehicle body to camera frame

» One axis of rotation and rotation quaternion rotation vector (u)

angle

» Break down rotation into Euler

angles: )
> UAV: 3-2-] )
» UGV: 3-2
+z UGV
» Gimbal Lock (+Pitch 90 on UAV) quaternion rotation vector (u)
» UAV gimbal will be prevented from cam

pointing straight down

» FOV wil handle overhead pointng A F I

eUGV

X
o OverVieW SemTeeen m
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Pointing Simulation

V; = 1.8258 m/n, 6; = 89.4443°
Vi = 0.5 m/n, 6, = 304.6228°
n=1

» Poinfing using quaternions

» Legend (body frame):
» Black — camera pointing vector =00
» Red - X

» Green- y
» Blue - z

Project Overview Communication




» Poinfing using quaternions

» Legend (body frame):

» Black -

» Red

» Green —

» Blue

40 -
camera pointing vector =00
X A 20 4 L
N .
Y
10
Z
0>
-40

Pointing Simulati nﬁ

Y [m]
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Visual Detection — Verification

» Visual detection is used to verify target is within image frame
» Visual detection methods are susceptible to environmental conditions, e.g. lighting
» Camera resolution will need to be high enough to meet FR 4.0

» Visual detection split into two groups: ground to air, and air to ground
» Airto ground validation accomplished with AR tags
» Ground to air validation accomplished with blob detection

oo OvervieW S m
I



Resolution Model

A
o)
Y
A
%)

» Purpose: R Y e o
_ a
» Feasibility of camera and lens choice AOV = tan™! (—>

2f
» Satisfy FR 4.0 (3 in/pix at 30 m) 10

i FOV =2d-tan oV
» Lafencyimpact 9

» FLIR Blackfly 2.3 MP & 12 mm lens[3]:
» Resolution: 1920 x 1200 Object
» Focal Length (f): 12 mm
» SensorType: 1/1.2" (10.67 mm x 8 mm)

» Pixel Density:

» Compute by dividing FOV by resolution
» At 30 m: 0.467 in/pix

( Camera body)

ProjeCT OverVieW Sommenesien m




Resolution Model

Flight Model with FOV Cone

Flight Model with FOV Cone

b 8 & 5 &
/

Altitude [m]

Altitude [m]
s B

Y Position [m] =

Y Position [m] & X Position [m] X Position [m]
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Resolution Model

Flight Model with FOV Cone

£
%3\/

Altitude [m]
5 BB e
Altitude [m]
S I

Y Position [m] =

X Position [m]

Y Position [m] : X Position [m]
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AR Tag Proof of Concept

» High-contrast binary patterns with unique features
» Robust to lighting changes

» Implementations exist in ROS packages

» Able to estimate position and orientation from tags

ProjeCT OverVieW Sommenesien m




AR Tag Proof of Concept

Activities  R¥ rviz v Tue Oct 10, 17:52:34

File Panels Help File Edit View Search Terminal Help

y Interact | % Move Camera ~ 2DNavGoal @ PublishPoint o =y

B Displays x
> v Status: Ok g
vV @ Visibility v
Grid v
Marker v
TF
Image Topic /cv_camera/image_raw
Transnort Hint raw x
Overlay Alpha mesh_resource: ''

mesh_use_embedded_materials: False
header:
seq: 14636
stamp:
secs: 1507679535
nsecs: 380040820
frame_id: camera
basic_shapes
[}

The amount of transparency to apply to the camera image when rendered as overlay.

Add

: 0.0327907584756
y: 0.00974059293519
z: 0.063407308227
orientation:
-0.599737194947
0.241165010449
: 0.651495527387
¢ 0.397125059052

.055
.055
.011

.0
.0

.0
: 0.699999988079
lifetime
secs: 1
nsecs:

(© Time x
mesh_resource:
ROS Time: |1507679554.30 ROS Elapsed: |6110.39 Wall Time: |1507679554.33 Wall Elapsed: 6110.40 SOEUNENCINN - - <[ use embedded materials: False

I Reset 31fps
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AR Tag Required Size Estimate

Courtesy of Clearpath Robotics

508 mm
[20in]

| 428 mm |
‘ [16.9in] ‘

» Trial Run (Laptop Webcam):
» Resolution: 640 x 480
» AOV: ~64°
» Identified: 5.5 cm AR tags up to 2.5 m range

» Implies:

» Tracking limit: 11 pixels per linear dimension of the

tag _ )
v 250‘mm
» Tagsize: ~18 cm (7 in) for 2.3 MP sensor R
(extrapolating linearly assuming no distortion o
effects)
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AR Tag Required Size Estim® \f

» Trial Run (Laptop Webcam):
» Resolufion: 640 x 480
» AOV: ~64°
» Identified: 5.5 cm AR tags up to 2.5 m range

» Implies:
» Tracking limit: 11 pixels per linear dimension of the
tag s -
i s 250 mm
» Tagsize: ~18 cm (7 in) for 2.3 MP sensor s PP
(extrapolating linearly assuming no distortion ra
effects)
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Ground to Air Detection

» AR tags would be too large to attach to the UAV
» Assumptions made to constrain problem:
» High contrast between target and background
» Accurate information about target location and motion relative to camera
» Background features are connected to edges of image frame (e.g. trees, buildings)

» Blob detection: identify clusters of pixels with similar characteristics, e.g. color,
intensity
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Ground to Air Detection (cont.)

PRE-PROCESSING

CAPTURE IMAGE

Project Overview

>

/ TRANSFORM ™
PREDICTED
LOCATION TO

k2

/ CROP IMAGE

AROUND
PREDICTED

\_ LOCATION _/

s

/ CONVERTTO
. GRAYSCALE |

v

ADAPTIVE

| THRESHOLDING

\IMAGE COORDS

AREA

PARAMS:

1

——— BLOB DETECTION =~————3{ CONNECTED TO

; POST-PROCESSING .
i I
[
[ P—— |
' /enoRe BLOBAI |
I &MAGE FRAME /
[ / '
T I
I
I
I
I
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RETURN
DETECTION
YES/NO




Ground to Air Detection (cont.)

» Similar method used by Krukowski et al.[4]
» OpenCV libraries for blob detection, pre and post-processing steps [5]

» Eases implementation

Courtesy of
makehardware.com
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Ground to Air Detection |

» Similar method used by Krukowski et al.[4]
» OpenCV libraries for blob detection, pre and post-processing steps [5]

» Eases implementation

Courtesy of
makehardware.com
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UAV Power Requirements

FR 1.0 RAVEN shall perform data collection for 15 minutes.
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Power

» Assumptions: Battery —>|  Battery Mass
» 85% Battery Discharge

» Voltage Linearly Depends Motor kV —»  Motor Mass Payload Mass
on Charge ﬁ K’

» Wire Resistance Negligible Propeller | 5| Propeller Mass
» Payload Current Draw Mass Estimate

Constant (6A)
» Wires 5% of All Up Weight T

Select:

\4

Flying at 5280 ft, 60° F Payload Current

» No Airframe Drag ‘_‘J
1 Endurance Estimate Current Draw
5

T = SpAV?

-—
p—

12T
7
Pprop = T Vair
Pmcch - l: "’I:bntt — Rmo{or Imotor ' ': Imo{or — 10,:'

. , L 0.0254,
Vair = w X pitch x | )

e

Vair =

ESC Selection

]{ot — ;"\"11772..'\[01‘.01"8 X I;notor T .[pﬂy]oad
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Quad vs HexaCopter

_ QuadCopter HexaCopter
22 -

Max Hover
Endurance

Mixed Flight
Endurance

All Up Weight

Conftrollable with
rotor failure

Max Amp Draw
|deal Battery

18 min
15.3 min

4.3 kg
No

80 A

55— 14,000
MAh

24 min
20.4 min

4.65 kg

Yes

113 A

55— 16,000
MmAh

Hover Endurance Vs Battery Size
Keeping Drive System Constant

24

Hover Endurance (min)
> ® 8

-h
R <N
T

-
N
T

HexaCopter
QuadCopter | |

O Q Q Q Q Q Q Q Q Q
S & & & & & & & & §
%' \Q. \rL ’\b‘. ,\Q) ,\%. Q. ('L- b" Q)'

Battery Capacity (mAh)
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UAV Configuration

28 T T T T T T T T T

Predicted Endurance
_ Co nfig uration I = ndurance Error
26 Required Endurance | -

Number of Rotors 6

Hover Endurance 24 (min)
Battery 55-16000 mAh Li-Po

N
NN

Endurance (min)
N

N
o

18

16 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

Electronics not included Added M aSS (g )
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UAV Configuration

> |
28 ' ' ' | N | . L

dicted Endura o™
“ H vl ce i
. |configuration N L= > 5 » W

Number of Rotors 6 ] @

Hover Endurance 24 (min)
Battery 55-16000 mAh Li-Po

Endurance (min)
N N

N
o

18

16

50 100 150 200 250 300 350 400 450 500
Added Mass (g)

PrOJeCT Overwew Sommeneeter m



Communication

FR 2.0[0 RAVEN shall have a removable data storage system on both the UAV and UGV.

FR 8.0 The UAV and UGV shall communicate flight and navigation status data to their
respective ground stations (GCS) and to each other.

FR 9.0 RAVEN shall communicate flight/drive commands from ground stations to and from

their respective vehicle over an ISM radio frequency.

e OvervieW e m
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Data Storage Feasibility
R

Camera 114 MB/s
IMU ~4 kB/s
GPS 2.4 kB/s
Barometer ~0.13 kB/s
Total Data Rate 115 MB/s

Storage Time | Storage Storage
‘ Needed Capacity
USB 3.0 Flash Write 150 MB/s

Speed ?00s (15 min) 101.1 GB 128 GB

ProjeCT OverVieW sommenesien m



Data Sharing

GPS, IMU, Barometern

T

UAV

: Jackal
Companion

Preview Image 2.50 Mbits/s

Data Sharing 2.4 GHz 802.11b/g/in | Navigation Data 75 kbits/s

Max Data Rate:11 Mbits/s
Est Data Rate:2.51 Mbits/s

Management 20 kbits/s
Data

Total Data Rate 2.51 Mbits/s

Groundstations Receive:

! |

! l

! |

! . |

4 Vanagement Data v Maximum 11 Mbits/s
and Preview Image Throughput

ProjeCT OverVieW sommenesien m



Data Sharing

GPS, IMU, Barometen

Data rate

UAV

: Jackal
Companion

Preview Image
Navigation Data

Management
Data

Total Data Rate 2.51 Mbits/s

Groundstations Receive:

I 1

I 1

! |

| : |

V| et | ¥ Maximom 11 Mo/
Throughput

and Preview Image
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Commands

IUART Connection|

Jackal
Micro
Control

Jackal

Companion
P Celeron

Component Manvufacturer

Range

I [915 MHz FHSS SiK

| ;| Telemetry Radio FS-i6 Controller 1.0 km

2.4 GHz WiFi
Data Sharing
802.11b/g/n

915 MHz SiK 500 m

< Telemetry
USB 2.4 GHz WiFi 125 m
E l 802.11
‘FS-iG RC Controller
AFHDS 2A 2.4 GHz iGame Controller|

Project Overview Communication




Commands

IJUART Connection|

Jackal
Micro
Control

Jackal

Companion
P Celeron

par s ncturex
RG 1L 2

I [915 MHz FHSS SiK
| I Telemetry Radio

2.4 GHz WiFi
Data Sharing
802.11b/g/n

915 MHz SiK 500 m
Telemetry

2.4 GHz WiFi 125 m
802.11

€ USB

IGame Controller|

FS-i6 RC Controller
AFHDS 2A 2.4 GHz

Project Overview Communication




All Communications

IGPS, IMU, Barometer|

JUART Connection| Jackal

Celeron

Companion

I {915 MHz FHSS SiK
i Telemetry Radio

\---

L

IFS-i6 RC Controller over AFHDS 2A|

iGame Controller|

Project Overview Communication




Conclusions

Tracking Method Sensor r_equjremen’rs for state v
determination

Camera pointing, gimbal actuation, and

camera resolution

Visual detection methods

Requirement of hexacopter baseline

UAV Power ..
decision

S X N

Endurance capabilities of baseline
design

Communications Data storage requirements

Data sharing

S X X

Command sharing

oo OvervieW S m
I



Schedule 1o CDR

November 2017 December 2017
16 18 20 22 24 26 28 30 1 3 5 7 9 11 13 15 17 19 21 23 25 27 1 3 5 7 9 11 13 15 17 19

Final Report Al

r
N
w0

Team Meetings

| CDR Presentation ] Al
| Communications |
Wifi Reciever NS,AS
| GND UI ] NS,AS

| ROS demo ] NS,AS
| GPS I
| Data Specifics 1 RB

| GND plane solution 1 RB
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| Vision

Define Software

| Blob PoC

Project Overview
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| AR Feasibility
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D

TL
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Software Integration
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| IMU/Magno error 1 RG
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Schedule 1o CDR

November 2017 December 2017
16 18 20 22 24 26 28 30 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 1 3 5 7 9
Contact Manufacti, TJ)
——] | Hardware Integration |
“Define Hardware TB,TJ
N
111/13 Hardware Defined
Wiring 1BB
Mounting BB
| Pointing Control |
Gimbal Decisions 'RA
| Gimbal Control 1 RA
| Servo Control PoC 1 RA
November 2017 December 2017
16 | 18 20 22 24 26 | 28 @ 30 1 3 5 7 9 11 13 15 17 | 19 | 21 23 25 27 29 1 3 5 7
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Budget

RAVEN Budget Breakdown

System Cost
Cameras $ 1,000.00  Remaining Funds
Lenses $ 500.00 o0 . Cameras
T-Motor Brushless Tg!emetry Radio 20.0
Motors $450.00  speed Controllers
C94-M8P GPS Units $ 400.00 1.2%
Batteries $ 400.00 UAV Controller
UAV Structural Hardware
Frame/Hardware $350.00 o~
Gimbal/Mounts $350.00 Removable Storage Lenses
Wifi Receivers $190.00  yay Flight Controller —
UAV Computer $150.00 7=
UAV Flight Controller $100.00  UAV Computer
Removable Storage $ 100.00 Uk
Structural Hardware $10000 VM Recelvers
UAV Controller $65.00  Gimbal/Mounts _T-Motor Brushless MOt
Speed Controllers $60.00 0% i
Telemetry Radio $o5i00] VAV Frame/Hardware _
Remaining Funds $750.00 gatteries C94-M8P GPS Units
Total S 5,000.00 2 0% 5.

Communication

Project Overview
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Detailled Baseline Design Choices

> UAV » UGV

» 3 Axis Brushless Gimbal » 2 Axis Servo Gimbal

» Lithium Polymer Battery o
» Vision System
» External Computer
» Vision System » Global Shutter Camera
» Global Shutter Camera » Monocular
» Monocular » Color
> Color » Prime Lens

Prime L SR
> Prime Lens » Communication Bands

» 2.4 GHz Navigafion &

» Communication Bands
» 2.4 GHz Navigation Command
» 915 MHz Conftrols

» External Intfegrated GPS Board > Ground Station
» Multirotor Frame » Dual Ground Station




Motivation

» Aslong as there are GPS denied environments there will be a need
to circumvent GPS denial. In these situations, precise localization
must be maintained by other means. To deliver precise location
data, a cooperative localization method using aerial drones and
ground units has been developed. The drone is able to access GPS
signal by flying out of the denied zone and fransmitting its location
to any ground units. The relative position of the drone can then be
found using cooperative localization.



Data:
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Reacquisition of Targef
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DETERMINATION

Data: Relative
vector and
orientations

TARGET
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Sensor Error Calculations and
Assumptions

» NEO-M8P u-blox M8 High Precision GNSS Module
» Standalone: 2.5 m CEP —» o =2.5/0.6745 (Gaussian Distributuion at 50%)
» RTK:0.025 m CEP —- o0 =0.025/0.6745 (Gaussian Distribution at 50%)
» MSS5611 Barometer
Max Total Error Band with Autozero at Pressure Point, at 25°C = 0.5 mbar
Pressure at 5450 ft = 828.901 mbar [§]
Pressure Altfitude at 828.901 + 0.5 mbar = 5433.95 ft
Errorof ~ 17 ft~5m 0.190284

o =5/3 (Gaussian Distribution at 99.7% — _ P g
< fonat 9972 b = (1 - (s « 145366.43
Both barometers operate in similar environments

vV v v v VY

» Barometer drift due to environment ignored for relative altitude
» 3-Axis Digital Compass IC HMC5983 [7]
» 1°to 2° Compass Heading Accuracy
» o =2/3 (Gaussian Distribution at 99.7%)



Data Filter Considerations

» Considered using an
Extended Kalman Filter (EKF)

» Advantages:

Useful for estimation and
prediction of future states

Useful for sensor fusion of
multiple sensors for single
metric

Useful to clean noisy sensor
data in real time

» Disadvantages
Difficult to implement
Computationally costly



Data Filter Considerations

» State Estimation was considered to account for latency in

» Considered using an relative position transmission
Extended Kalman Filter (EKF) » Latency of 0.5 seconds would sfill allow UAV to be In-View*
» Advantages: Flight Model with FOV Cone
[ JUAV Position Error
prediction-of-futurestates Bl Required AOV
Bl Camera AOV

Useful for sensor fusion of
multiple sensors for single
meftric UAV State

X -3.2641m

Y :6.2726m
Z:7.0711m

® :207.4914deg
UGV State

X :1e-09m

Y :2.9e-17m

Z :0m

P :90deg

-
o
/

Useful to clean noisy sensor
data in real fime

» Disadvantages
Difficult fo implement

Altitude [m]
@)

GV Time :29s

Distance : 10 m
AOV Angle :0.03376

Computationally costly 0 -

10

0
0

-10 10 "
X Position [m] Y Position [m]



Data Filter Considerations

» Considered using an > No stat bl bl qb
Extended Kalman Filter (EKF) m%fﬂgésveirs'grs es are being measured by

» Advantages: » Therefore weighted sensor fusion using @
Kalman filter is not necessary

s
 chetotorsensor s of v e e
X (V4

multiple-sensorsforsingle
metre
Useful o clean noisy sensor y v
data in real fime
y4 v
Di

» Disadvantages ® (Roll y

Difficult to implement .
© (Pitch) 4

Computationally costly
W (Yaw) v



Justification of Requirement of RTK
CO pO b‘e G PS Flight Model with FOV Cone

[ JUAV Position Error
14 - B Required AOV
> E/I;FO(; Olf NEO-M8P GNSS B Camera AOV
odule. 12 UAV State
» Standalone: 2.5 m 10 Leaas
CEP = T
» RTK: 0.025 m CEP @ o
» Assumptions: £ 6
. e <C
» Gaussian Distribution 4 =
of Error
. ) 2
» UGV is Stationary
O ~ Time™

» Constant Velocity
Circular UAV Orbit at 10
10 m (Closest mission 0 5
range) 10 a0 5 °

» No latency in pointing ¥ Fosition [m] X Position [m]

Distance :1
AOV Angle :17.3

10




Justification of Requirement of RTK
Capable GPS

Altitude [m]

—_
o
/

Flight Model with FOV Cone

[ lUAV Position Error
I Required AOV
B Camera AOV

UAV State
X:7.0711m
Y :0m
Z:7.0711m
& :90deg
UGV State

Time :0s
Distance :10 m
AOV Angle :22.5409 deg

10

-5

-10 -10 h

Y Position [m] X Position [m]



Vehicle Location Error Model (cont.)

UAYV location error based
on GPS and barometer

Assumption: error has
Gaussian distribution

NEO-M8P u-blox M8 High
Precision GNSS Module
with RTK [1]

» Listed Error; 0.025 m
CEP

» o= 0.025/0.6745
(0.025 m at 0.6745 o)

Gaussian Distribution at
50%

MS5611 Barometer [2]

» Listed Max Error: £0.5
mbar

» o0=5/3 (5mat3 o)

» Gaussian Distribution at
99.7%

Error in Y [m]

011
0.08
0.06
0.04r
0.02 -

-0.02
-0.04 1
-0.06 1
-0.08 1

0.1+

Simulated RTK-GPS Error Distribution

-0.1 -0.05 0 0.05 0.1
Error in X [m]

Distribution

—_ ) w S ($2] D ~ [eo)
o o o o o o o o

, ©

Simulated Barometer Error Distribution

Error in Altitude [m]



ErrorinY [m]

Justification of Requ
Capable GPS Modu

Simulated Standalone GPS Error Distribution

I
o
\

Error in X [m]

rement of RTK
e (cont.)

Simulated RTK-GPS Error Distribution

0.1

0.08

0.06 -

0.04

0.02

-0.02 -

Errorin Y [m]
o

-0.04
-0.06

-0.08

-0.1

-0.1 -0.05 0 0.05 0.1
Error in X [m]



UAV MOSS BUdgeT Weight Breakdown

Camera + Lens
4% Gimbal
4%

Flight Controller

1%
Airframe 1050 1 1050 Loy
Motors /0 6 420 oc Module 1%
ESCs 23 6 138 4%
Batteries 1800 1 1800 Propellers
Propellers 32.5 6 195 5%

GPS Module 160 1 160

Auxiliary Computer 38 1 38

Flight Controller 34 ] 34

Camera + Lens 160 1 160

Gimbal 160 1 160

Wiring 5% AUW ] 188 patteries

38%

ESCs
AUW 4153 1%



Angle of View Calculations

A
%)
Y
A

Angle of view is calculated from the I 5
sensor dimension, d, and the focal length -~ F—»
of the lens, f e

AOV = tan™* (i)

2f

FOV = 2d - tan (g)

For the 1/1.2" sensor (10.67 x 8.00 mm) on
the Flir Blackfly 2.3MP, a 12mm lens gives
a 37 degree vertical AOV and a 48
degree horizontal AOV

(Camera body)




Chosen GPS Recelver: C94-M8P

« The C94-M8P integrates the UBlox's high-precision
NEO-M8P chip with UHF antennas and an RTK
engine.

« The UHF antennas allow Differential-GPS to obtain
cm-level accuracy (0.025 m + 1 ppm CEP).

« Only $400 for two integrated boards and
associated hardware.

« However, it willadd 160 grams and the antenna
will require to be elevated on a ground plane. C94-M8P

https://www.u-blox.com/en/product/c94-m8p



UAYV Interference model

GPS is greatly impacted from noise that can
result from the camera system as well as the EPS.

To mitigate, it is necessary to keep the GPS
receiver and antenna as far from the camera
and battery as possible.

Insulating the camera and cables in a low-cost
solution such as Aluminum foil will act as a
Faraday cage and reduce interference.

Having a ground plane isolates the GPS receiver
and improves the signal-to-noise ratio and
satellites it can acquire.

Example ground plane with 6 in diameter



Latency Model

In order to feel confident in the ability to visually track, the latency should be within
constraints. The big question is: Is our system fast enough?

Capture Data Process Data Transmit/ Process Data Use Data
Receive
GPS/IMU Parse Lat/Long & raw  Send Calculate relative Activate servos
ephemeris. Calculate  data <30 location and angle to to turn cameraq.
state estimates. meters turn camera.

100 ms (10 Hz) 10 ms 20 ms TBD ms TBD ms




» Calculated Latency is
time between pointing
states

» Includes position
transmission,
processing, pointing
commanding, and
actuation

Latency Model

Acceptable Latency in Tracking

(6)

w

Acceptable Latency [s]
AN

—AOV =35
—AQV =40
AOV =45

0.5 1 1.5 2 2.5 3 3.5 4
UAV Orbital Speed [m/s]



Latency Model

t —to = Uqt
..." D — V*tlat
/8 | AOV/2
D =2 #%10m * sin E = 2*10m * sin >

Aov
V %ty = 2 + 10m * sin Z

2 AOV/
Liagt = =*10m * sin £
N /4 2




Calculating Transmit/Receive Latency

» This latency boils down to the time it takes to deliver a message.
» Packet Delivery Time = Transmission Time + Propagation Delay = 10 ms + 250 ns = 10 ms
» Roundtrip Time = 2*Packet Delivery Time + Processing Delay = 2*10 ms + 20 ms = 40 ms
» Network Throughput = Window Size/Roundtrip Time = 32 Kbit / 40 ms = 800 bit/ms
» Message Delivery Time = Message Size/Network Throughput = 19.2 Klbb/800 bit/ms = 24 ms



ROS Overview

UAV TRACKING: UGV TRACKING:
. . . POS. POS.
» The Robot Operating System (ROS) is a abstraction DETERMINATION DETERMINATION

for data communication between machines PUBLISH i
» Datais packaged as messages based on primitive

data ’rypes SUBSCRIBE SUBSCRIBE
» Chunks of code can be made Nodes, which

Publish messages to and Subscribe to receive

messages from Topics

i i UAV
> I;?glecéfcrrnee?sggcej of message exchange for one [ cAMERA DATA | UAV POSITION

» Any Node can Subscribe to any topic, and Publish
to any topic
PUBLISH
» Does not matter if Nodes are on the same machine SUBSCRIBE
or different machines SUBSCRIBE
» Custom messages can be created using other e y
message types ccs U



Name Data Size Event Rate Data Rate
Camera 1920x1200 [pixels]*(1.3-2.0) [bytes/pixel in RAW] =2.8-4.4 | 41 frames/s 114-180*MB/s
MB/frame

IMU 20 [values]*16[bit/value] = 320 bits |I2C Connection ~4.0 kB/s
Dependent (100 Hz)

GPS Ublox NMEA output: 19.2 kbits 1 Hz 19.2 kbits/s

Barometer | 7 bits 1I2C Connection ~1 kbit/s
Dependent (100 Hz)

Preview 160x160 pixel jpeg image: 20 kB (rough estimate) 4Hz/vehicle 1.25 Mbits/s

Image

*SD cards limited to about 90 MB/s write speed: alternates are high speed USB 3 Flash drives @

150-300 MB/s -needs to be verified. Or Removable SSD.




RF Li

Nk Budget model

Connection | Frequency | Protocol Data Type Estimated Max Data | Transmitter | Receiver Range
Name Data Rate Rate Power Sensitivity
UAV 2.408 ~ AFHDS 2A | Manual N/A N/A 19 dBm -105 dBm 1 km
Controller 2.475 GHz Controller

Commands

to FC
SiK 915 MHz FHSS MAVLink Varies: N/A 250 Kbits/s | 100mW (20 | -117dBm 500 m
Telemetry GCS1 to FC | during flight dBm?)
Radio
Data 2.4 GHz 802.11g/n | * 2.75 Mbits/s 54-> 11 14 dBm -68 dBm 125 m
Network Mbits/s

*UAV - UGV [GPS, IMU, Bar, State Estimation]

UAV-GCS1 [GPSx2, IMUx2, Barx2, State Estimationx2, Housekeeping, Preview Image, Control Relay]
UGV-GCS2 [GPSx2,IMUx2,Barx2,State Estimationx2,Housekeeping, Preview Image, UGV Manudl

Controls]




Camera Specifications

» Flir Blackfly 2.3MP Color:
» Resolution: 1920x1200
» Weight: 36 g
Size: 29 x 29 x 30 mm
FPS: 41
Power consumption: <3 W
Cost: $495
Interface: USB 3.1 gen 1
Global Shutter
10 bit and 12 bit ADC

vV v v v v v .Yy



Quaternion Rotation Calculation

» Determine relative position and attitude of vehicle
» Cross relative position vector and body x-axis for rotation axis

» Determine desired angle by taking the inverse cosine of the dot product of the
relative position and body x-axis divide by the product of their magnitudes

» Calculate quaternion with unitized rotation vector and rotation angle

» Determine 3-2-1 Euler Sequence for gimbal control (3-2 for UGVY)
6 . .0

q = o +q = COS ry + usin ry

+Z

quaternion rotation vector (u) 9

2(q0q +9293)

- - arctan —
¢ 1-2(q; +43)
oy > | 6| = | arcsin(2(q0q2 — gsc1))
I Y | arctan 2(9093+9192)

1-2(q3 +43)

~ -
- - - J —
- - -

+X
e Euler Angles for 3-2-1 Rotation Sequence



Simulation Rotation Scheme

» Takes quaternion (q) and calculates rotation matrix (R)

» Multiply R with vehicle x-axis to get pointing vector

1-2(¢3 +¢3) 2(qg2 —q0gs) 2(90% +q143)
R=|2(q1q2 +q0q3) 1—2(¢2+¢?) 2(g293 — q0q1)
2(q193 — 9092)  2(9oq1 +q293) 1—2(qf +3)_




Avoliding Gimbal Wire Wrap

» Vehicles should yaw around body z-axis if approaching gimbal yaw
imit (gimbal dependent)

» Skid steering on UGV, manually controlled

» Should not be an issue due to low vehicle speeds (no jerking motion
to yaw)



Power

» Assumptions:

>
>

>

v

85% Battery Discharge
Voltage Linearly Depends on
Charge

Wire Resistance Negligible

Select:
Battery —> Battery Mass
Motor kV —» Motor Mass
Propeller —»  Propeller Mass

—

Payload Mass

Payload Current Draw Constant
(6A)
Wires 5% of All Up Weight
Flying at 5280 ft, 60° F
No Airframe Drag

1 -9
— 5’7_‘“’

loT

Vair = —

|7
F prop — T'Vair
Pmcch = ("’%att - Rmotor Imotor :'(Imotor

0.0254 \

— I{):l

Vair = w X pitch x |

Iiot = NumMotors X Imotor + Ipayload

|

Endurance Estimate

Mass Estimate

Payload Current

.

Current Draw

ESC Selection

ESCs 7%
Motors 80% (hovering)
Propellers 70% (hovering)



UAV Configuration
. |Configuration

Number of Rotors 6

Hover Endurance 24 (min) N

Battery 55-16000 mAh Li-Po y e Fredoed Endiancs |
Motor ~400-500 kV, 250+ Waft Requited Endusncs
Propeller 18x5.5 Carbon Props HZS _
Max Current Draw 120 (A), 19 Amp/motor ’%22

Hover Current Draw 6 Amp/Motor § 2!

Max Wattage 1500 Watts § 2

Hover Wattage 550 Watts 19r

Full Throttle Endurance ? min 18}

Battery Discharge Rating  23C+ S P o

All up Weight 4.65 (kg) Added Mass (g)



Mass Budget Calculations
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Mass Budget Calculations
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Mass Budget Calculations
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Power Graphs )
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UGV Power

Onboard Computer 60 W Onboard Computer 60 W

Drive System 500 W @ Full throttle Payload 100 W Maxx
Payload 50 W max Drive System oW

Total 610 W Jeiel e
Fndurance ~25 Min Endurance ~100 min

Note Power Consumption occurs when rover is
driving top speed while spinning gimbal at full
speed and siress testing CPU simultaneously.
Not representative of RAVENs use of the system,
expecting more than 2 hrs of battery life while
testing.




Internal UGV Link Budget mode

IMU (Mag, oo Property Estimate Limit
Gyro, Accel) .
Output Rate: QUL Rz .
3 gpz KBls 0.19 KB/s Storage Write 115MB/s 150 MB/s
J Speed
: 12
Cc'ﬂ'tfg?ler Output Network 2.25 Mbits/s | 54 Mbits/s:
Data Rate Network Pend
GPS . . .
Output Rate: Incoming Network | 0.06 Mbits/s | 54 Mbits/s:
Data Received: GPS, IMU, Barometer, 2.4 KBIs Data Rate Network Depend
State Estimation, Controller Commands,
Input Data Rate’ 0.06 Mbits/s ntel Celeron Store Data: GPS, IMU, Barometer,
J1800 State Estimation, Commands, RF i P
Image Data, Housekeeping Componen urpose
2.4 GHz Data Rate =115 MB/s - ;
802.11/g Ch. 6 555 Bluetooth PlayStation | Pre-installed manual control
Max Data USB 3.0 Controller remote. (Not used)
Rate: 54 Mbits/s
_— 2.4 GHz 802.11 Recei data from UAV
Data Sent GPS 30 UG OL1Jt1p4u’:w RBaltse. ——— : z802.11g/n eceive nav datfa from :
Barometer x2, State Estimation x2, Sto}age Send nav dafa to UAV. Send
Commands, Housekeeping Variable Write speed: nav & state data to GCS.

Preview Image (1.25 Mbits/s)

Output Data Rate: 1.30 Mbits/s ol



Internal UAV Link Budget model

915 MHz
GCS Path
Command
Max Data Rate:
250 kbits/s

2.4 GHz
AFHDS 2A
Controller
Command

Input Data: GPS, IMU, Barometer,

State Estimation, Commands,
Input Data Rate: 0.06 Mbits/s

2.4 GHz
802.11/gCh. 6
Max Data
Rate: 54 Mbits/s

Odroid XU4

Qutput Data: GPS x2, IMU x2,
Barometer x2, State Estimation x2,
Commands, Housekeeping Variable

Preview Image (1.25 Mbits/s)

Output Data Rate:1.30 Mbits/s

Camera
Output Rate: USB 3.0 Flash
114 MB/s Storage
Write speed:

IMU (Mag,
Gyro, Accel)
Output Rate:
3.92 KB/s
Barometer
Output Rate:
M 0.19 KB/s
GPS
Output Rate:
2.4 KB/s

Store Data: GPS, IMU, Barometer,

State Estimation, Commands,

Image Data, Housekeeping
Data Rate = 115 MBI/s

Property Estimate Limit

Storage Write 115 MB/s 150 MB/s

Speed

Output Network 1.30 Mbits/s | 54 Mbits/s:

Data Rate Network Pend
Incoming Network 0.06 Mbits/s | 54 Mbits/s:

Data Rate Network Depend
RF Component Purpose

150 MB/s

915 MHz GCS Path
Command

Upload flight path to FC from
GCS

2.412 GHz AFHDS 2A
Controller Command

Upload Manual Commands
Directly to FC

2.4 GHz 802.11g/n

Receive nav data from UGV.
Send nav data to UGV. Send
nav & state data to GCS.







