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Heritage Projects

JPL’s Fire Tracker System is made to be a low cost, hands off tool for fire
identification.

2015-2016 2016-2017 2016-2017 2018-2019 2019-2020
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Motivation

e The Fire Tracker System currently lacks the ability to take high quality
photos/videos.

e Forest fires often are in an environment with obstacles blocking line of
site, providing a camera mast will give a better perspective for
operators.
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Mission Statement / Objectives

The ARGOS team shall design, build, and test a child rover that will :

1. Navigate to a fireline via commands from a ground station (GS) and
mother rover (MR)

2. Collect ambient temperature data throughout the duration of the
mission

3. Record photos/video of a flame front or fireline from the top of an
extendable/retractable mast

4. Communicate temperature data, photos, and video to the GS/MR
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Definitions

Fireline : a trench cleared of any flammable material, dug at the edge
of a forest or brush fire to halt the spread

Flame Front : the leading edge of the forest fire perimeter

Survey : to record video/take photos

Fire Surveillance : a subsystem of ARGOS consisting of the sensors
and components needed to survey the fire line

Tipping Condition : condition when rover tips too far to the side or in
the front or back and falls over

Obstacles : rocks, tree stumps, fallen branches, or other debris found
on the forest floor which can have heights up to 7cm

Tree density : measure of how many trees will be in an area (#
trees/m?)

Terrain : specification of the forest floor which ARGOS must traverse
(detailed definition in backup slides)

Figure 6—Parts Of A Fire

Left
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CONOPS

Communications KEY

Communication between the Mother Rover and Child Rover

Communication from GS to child

Communication from child to GS/Mother Rover of obstacle
Communication from child to GS/Mother Rover of flame front

proximity

Communication from GS/Mother Rover to child of new location
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Functional Block Diagram ..
Operator . Power . Desiopadby
Wired Data Projects
- Wireless Data
> Wired Commands 2020-2021
----- Wireless Project
= =%  Commands

Note:
Acknowledgements
are also sent following
every command.




Functional Requirements

FR.1 The child rover shall move from a starting location to a commanded location of
interest and return back to the starting location.

FR.2 The child rover shall take pictures, videos and ambient temperature data to be
sent to the ground station.

FR.3 The child rover shall use a mast to take photos and video from a vantage point
above the rover’s body.

FR.4 The child rover shall receive commands from both the ground station and the
mother rover and transmit captured data back to the ground station and the
mother rover.
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N\

Wheelbase Length: 0.7m

Baseline Designs

Chassis Width: 0.5m

Extended Mast Height: 2m

Chassis Height: 0.35m
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Critical Project Elements (CPEs)

CPEs

Focus for PDR

-Obstacle Avoidance

1. Navigation
-Drivetrain

)

2. Mast

3. Communications

)
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Baseline Design: Drivetrain

Meets Functional Requirement FR.1

Options Considered: 4 wheels, 6 wheels, Tank treads, and Rocker Bogie

Key Criteria:
o Obstacle maneuvering
m 360 degree turn
m inclines - 20 degrees
m Obstacles - up to 7cm
o Power consumption

Design Chosen: 6 Wheel Configuration :
o 3 wheels and 2 motors on each side, middle and rear wheels connected by gear chain

o Useful for maneuvering over obstacles and stability during motion without excessive power
consumption
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Baseline Design: Mast

Meets Functional Requirement FR.3

e Options Considered: Telescoping, Scissor Lift, Dual Joint Fold-Over, Screw Lift, Rigging Pulley,
Zippermast and Fold-Over + Telescoping

e Key Criteria:

O  Support Weight and Stability
m  Maximum weight capacity at full extension 3
m  Effect of small wind gusts and vibrations

0 Ratio of Extended to Compacted Height
o Design/Manufacturing Complexity

Stage 1 is stationary Compacted
. . . ] (attached to rover body) | 2 l
e Design Chosen: Telescoping (hydraulic system) with 5 Stages
o Nested hydraulic cylinders — high support weight and stability —
o Multiple nested stages — maximum height >> compacted height Hydraulic Pump
o Average complexity; est. 100-150 hours to design and manufacture 1
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Baseline Design: Communications

Meets Functional Requirement FR.4

e Options Considered:

o  UHF (300MHz - 3 GHz) radio, SHF(3GHz+) radio,
cell-tower, and laser communications

e Key Criteria:
O  Data transfer rate: 6-24 Mbps
O Line of Sight range: 1+ KM
O  Attenuation losses: less than 60 dB
o  Commercially available?

e Design Chosen:
o UHF - 2.4GHz radio with point to point/multipoint
connectivity Data/Video
m Meets all key criteria

Commands
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Feasibility Analysis
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Critical Project Elements (CPEs)

CPEs

Focus for PDR

-Obstacle Avoidance

1. Navigation
-Drivetrain

)

2. Mast

3. Communications
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1. Navigation Feasibility Analysis

FR. 1 The child rover shall move from a starting location to a commanded location of
interest and return back to the starting location.
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Navigation: Drivetrain Turning Study F,
Validation: ‘F o
o Can the turn be performed? ’ Ale— N> F,
o What are the axial loads? .
Assumptions: !‘ D“—A”‘—D‘.—' F,
o Constant angular velocity \ \ F
o In place turn NI —s Fy,
o Weight evenly distributed on each wheel IARREEE ) .

o Geometrically centered COM
Max axial load on wheel while turning found:

o 30 Newtons given: FAJi
m o =1rad/s, Length =.7m, Width = .5m,
u = .7, total mass = 30 kg
m From referencing heritage projects Feasible g
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Navigation: Drivetrain Incline Maneuvering Study

e Validation
o Can it make it up an incline?

Fn
o What is the max torque? fER i >
e Assumptions /\
o Roll w/o slipping Ff ¢ 4 Fm
o Wheel is a Point Mass
o Center of Mass is in the Center of 0 Fg
the Chassis
e M 2.7 for no slipping up the incline
e Max v experienced ( on 20 degree The max T per motor (4 motors) is 8.24 Nm
incline) with max acceleration of 1 m/s?
was 32.95 Nm

Feasible g
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Navigation: Drivetrain Obstacle Maneuvering Study

Back Middle F Front

e Validation: o

o Can the rover maneuver a 7cm

obstacle? (o) Dr ——F

o Minimum radius of the wheel? k 1 h
m Total mass of 30kg F, Fy
m u=07 w w w
m Cuotor . F.max! T F > Ty F > e "2_7;1—112

e Assumptions:
Minimum Radius required: .1 m~4in
o Roll no slip

o Negligible roll resistance : )\ 4
o Mass equally distributed on each wheel Feasible l J
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Navigation: Drivetrain Power Study

e Validation V

o Is the power required acceptable for a DC motor? A —)
e Assumptions 3 | 0| .
o The efficiency (n) for a DC motor is about 70%
o Using max torque values
o Ranged Velocity of 0-3 m/s
e The max power required for each motor is 3.86 Watts
o Max power was determined at 3 m/s o 12VDC Input Voltage
o Total Power (4 motors) is 15.44 W 1.6 A rated current

O
e The max RPMis 4.7 o 4.9 RPM output speed
O

_ 8.92 Nm torque
Feasible
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Navigation: Waypoint and Obstacle Avoidance

e Validation
o Can ARGOS navigate to a waypoint while
avoiding obstacles?

e Assumptions
o Terrain simplified to trees modeled as cylinders
m Level ground, no underbrush
o LiDAR has 120° FOV
o Rover can turn in place

e Simulation
o Start and waypoint location randomized with
constant distance
o  Gazebo using Open Dynamics Engine (ODE)
o Clearpath Jackal used to represent ARGOS
m Identical degrees of freedom, similar size
o All terrain types simulated 100 times each

Gazebo sim terrain type D




Navigation: Waypoint and Obstacle Avoidance

e Robustness | o
o Type A (0O tree/acre) )

m 100%

-‘
o Type B (100 trees/acre) “ |
m 97%
o Type C (170 trees/acre) jj /

m 96% ) ’ ;’

o Type D (200 trees/acre)
m 89%

e More complex simulations will _
be run before CDR W
o Realistic ARGOS model
o Full terrain

Plausible CJ
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2. Mast Feasiblility Analysis

FR. 3 The child rover shall use a mast to take photos and video from a vantage point
above the rover’s body.
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Mast Structures Study

e \Validation: Tipped Stable
o Can rover traverse obstacles at  1PPed | Stable :
. . . . 5 = ; = f
various inclines and declines z g = gravity o= gaity
| N: = normal force ) f = force due to
without tipping? X on left side 2 3 friction
y I N: = normal force N = normal force

O = angle of

top of the mast affect tipping?
e Assumptions:
o Camera/top of mast is a point
mass
o Roveris a rigid body
e Different Cases Considered:

o How does height and mass on x % onright side \L,*
O = angle of incline

N

o Side-to-side tipping about X
o . Longitudinal Tip Lateral Tip
o  Front/back tipping about Y
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Mast Structures Study:

Norrnal Force on Right Wheel vs Theta

— Mass o
—— Mass o

in Top = Okg
n Top = 1kg
Mass on Top = 2kg
81 —— Mass on Top = 3kg
——— Mass on Top = 4kg
Mass on Top = Skg
== = Angle created by 7cm tall obstacle

(N)

Normal Force

of - e —L— — —r-
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\/
|
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Tipping angle ~23 degrees
Ny =

Longltudmal Results

Normal Force on Right Wheel vs Theta
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Mast Structures Study: Lateral Results
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o
)
T
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Mast Power Study

Validation:

o Estimate the power required to
extend the mast

o How does the extension time affect
power required?

Assumptions:
o Center of mass of camera is at
mast top

o Center of mass of each section is at

its middle
o Change in height of hydraulic fluid

and camera dominate power

required
o Pump efficiency: 0.7

Results:
t = 60s

extend
P =28W
required
1:extend = 30s
=5.7TW

required

t = 20s

extend

= 8.5W
required
Target:
textend =10s
- =17TW
required
1:extend =98
= 34W

required

Hydraulic Pump .

)
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Ah, Ah,, Ah, Ah, Ah,
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3. Communications Feasibility
Analysis

FR. 4 The child rover shall receive commands from both the ground station and the
mother rover and transmit captured data to the ground station and the mother rover.

Project Baseline Feasibility Summa
Overview Design Studies vy

30



Communication Study

e \Validation:

o Can the rover communicate with
the GS and MR at 250m through
forest?

e Assumptions:
o Trees begin at 0 meter
e Different Cases Considered:

o Obstacle free link budget

o Various models of forest
attenuation

Project Baseline
Overview Design
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Communications: Link Budget

Key Parameters:

Distance Transmitter Power | Antenna Gains
(d) = 250m (Tx) =28 dBm (Gr/ix) =13 dB
Frequency Receiver Power Estimated Losses
(f) = 2400 MHz (Rx) =-97 dBm (Ly=4dB

*Values taken from heritage compatible hardware and estimates
are subject to change with part choice

FSPL = 20log(d) + 20log(f) —27.55 =88 dB
Link Margin =T, — FSPL +G,+G,—R,—L =|58dB
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Communications: Attenuation Study

Link Margin with Attenuation = Link Margin — Attenuation > 10 dB

- 2.4 GHz Link Margin with Attenuation
0 -

Chen and Kuo model

90 = \Weissberger Model
. . non-zero gradient model
e Three different models for vegetal attenuation, 80 = = =Target Link Margin with Attenuation

e |\{inimum Accpetable Link Margin

all models show success.
e Each model assumes that vegetation begins at
zero meters.

701

501
40 r

30

Link Margin - Attenuation (dB)

20

10
Feasible g : 50 100 150 200 250 300

distance (m)
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Status Summary

Navigation Yes/Plausible 1.  Axial loads while turning reasonable to FR.1
make 360 degree turn
2. Wheel radius required to go over 7cm
obstacle is reasonable
3.  Successfully moves to waypoint. More
complexity needed
Mast Yes 1. Tipping condition is met at an angle FR.3
greater than that created by max
obstacle height
2. Tipping condition for various masses
and mast heights higher angle than
designed 20 degree incline
Communications Yes 1. Link Budget with attenuation above 10 FR.4
dB
Project Baseline Feasibility Summa
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Strategy for Future Studies

Navigation

1.
2.
3

GAZEBO - ARGOS model
Model various wheel widths
FEM on chassis

FR.1

Mast

@n =

Vibration Testing/Vibrations Mode Modeling
Buckling Model
Hydraulic Fluid Mechanics

FR.3

Thermal

Model convective winds caused by forest fire

FR.4

Controls

Select, procure, and test sensors for obstacle
avoidance
Test panl/tilt controls of camera

FR.1

Camera/Sensors

Select, procure and test temperature sensors
and camera accuracy/resolution

FR.2

)

Project

Baseline Feasibility
Overview Design Studies

) summary

=continuation
of PDR
feasibility
studies

=continuation
of backup
slides

= not yet
started
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Questions?
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Terrain

Forest

Ground

Underbrush

Incline

Maximum 0 degree
incline, level ground

Maximum 10 degree
incline

Maximum 20 degree
incline

Maximum 20 degree
incline

I e rra I n D efl n Itl O n Type A Open: 0 trees per | Mud: Grain size: Dirt with no vegetation: - Refer
acre 0.00006 - 0.0039 only to ground classification -
mm (< .0002 in) Scattered leaves
. Type B Understocked: Silt: Grain Size: Grass, Fallen Leaves, and No
() 4 te rrain types ~24700 trees per 0.0039 - 0.0§25 shrubbery: - Full ground
square km (100 mm ( <.003 inch) | coverage by leaves - Grass
H H H eee trees per acre) between 2cm - 10cm height (.8
increasing in difficulty - &inches) - Small roots 1-2 om
(.4 - .8 inches) in diameter
e Tree - Blue Spruce
; . Type C Fully Stocked: Sand: Grain Size: | Grass, Fallen Leaves, and
© Tru nk Wldth 091 m ~42000 trees per 0.0625 - 2.00 mm | Scattered Shrubbery -
R . square km (170 (< .08 inch) Shrubbery spaced by at least 1
© Spacmg. 3 m trees per acre) meter - Includes type Aand B
underbrush - Medium roots: 3-4
cm (1.2 - 1.6 inches) in
diameter
Type D Overstocked: Gravel: Grain Grass, Fallen Leaves, and
~49400 trees per Size: 2.00 - 4.096 | Dense Shrubbery - No spacing
square km (200 mm (< .2 inch) between shrubbery - Includes
trees per acre) type A, B, and C underbrush -
Large Roots: 5-7 cm (2 - 2.7
inches) in diameter
Project Baseline Feasibility
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Levels of Success

Rover Movements

Surveillance

Communications

Level 1

Rover can travel on flat ground for
100m. Rover can travel in both
forward and reverse and can turn
360 degrees with a turn radius less
than two rover body lengths.

Ambient temperature data is
recorded from a temperature
sensor with an accuracy of +/-1
°C throughout the mission. Rover
records timestamped photos of
the flame front via a camera on a
mast.

Rover can receive GPS commands
from the ground station and
the mother rover. Rover can
transmit temperature data and
video/images to the ground station
and mother rover at 1 Hz Om from
ground station or in the same room
via radio remote control.

Level 2

Rover can travel on various
terrain, including leaves, scattered
underbrush, dirt and mud, while
staying upright. Rover can travel
on a 20 degree incline. Rover can
turn 360 degrees with a turn radius
less than one rover body length.

Rover records timestamped video
of the flame front via a camera on
a mast.

Rover can communicate with the
ground station and the mother
rover up to 100m with no obstacles
(0 trees/m2).

Level 3

Rover can turn 360 degrees on
the spot. Rover can follow
GPS waypoints and detect large
obstacles, such as trees and dense
bushes, in its path and avoid
hitting them. Rover can detect a
tipping condition by measuring its
angular motion.

Rover’s mast is extendable and
retractable.

Rover can communicate with
the ground station and the
mother rover with obstacles (0.25
trees/m?).

Level 4

Rover can detect small obstacles,
such as rocks and small bushes,
and navigate a path around them.
Rover can navigate to a GPS
waypoint within +/-5m of the
coordinates.

Rover records the distance of the
fire line and the flame front over
time and calculates the speed of
travel of the flame front.

Rover can communicate with the
ground station and the mother
rover up to 250m.
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Drivetrain Backup Slides: Turning

Force Balance: = "'((DL )
o ugly gL, 2,
T

’ > c
2 .
+ CDL\‘ ) ,/” FAﬁ"_é—» Ff
X
lll “I

s ”] ‘\ ,,I ¢
— F
' A.m ((DL ) x 4_(2 "
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Drivetrain Backup Slides: Turning

Sensitivity Analysis

25

20

15

Axial Load [N]

10

" Axial Load on Front Wheel vs. Angular Velocity with Varying 1

n=.
1

o nm nn

15

.25
.35
45
.56
.65[.
.75

1 1.5 2
Angular Velocity w [rad/s]

2.5

Axial Load [N]

Axial Load on Front Wheels vs. Rover Half Length

17
o Lx=.1 []
e = o Lx = .14
16 F s e Lx=.18] |
= Lx = .22
- Lx = .26
= , Lx=3
15 F _.// i
///
14 /’/ g
//
13} .
12 .
11 1 1 1 1
0.25 0.3 0.35 0.4 0.45 0.5
Ly [m]
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Drivetrain Backup Slides: Incline Maneuvering

e Definitions of Forces

Torque vs Acceleration

o Fn = normal Force of the Wheel >
o  Ff = friction force from the Terrain
o Fm = force of the motor e
o Fw = weight of the wheel
o 0 =inclination angle B i
e Force Equations % J deapeen
o Fs < p*Fn for no slipping 5 af s
o Fw=m*g 16 dogrens
o Fm=1r g oo
16 degrees
e Sum of Forces 18 degrees
o ZFy =0 = Fn-cos(6)mg ; =

0 0.1 02 03 04 05 06 07 08 09 1
Acceleration (m/s/s)

o 2Fx=ma = (z/r) - ucos(6)mg-sin(6)mg

)
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Drivetrain Backup Slides

e Equations
o RPM =V /1m*diameter
o Frequency = (1/60) * RPM
o o =2*7t"Frequency
o t=r*(ma+ucos(8)+sin(6)mgq)
o Power =Fm*V*(1/n) = 7 *0*(1/n)
e Conditions where maxP was obtained
o At max torque
o At 20 degree incline
o At1m/s?

. Power Study

Power required vs Velocity

W)
- N w
(&) N [6,] w (&)
\
N\

Power Required (
N

_,
g
\
N\

o
o
T

N\
\

0 0.5 1 15 2
Velocity (m/s)

)

Project
Overview

>

Baseline
Design

Feasibility
Studies

) summary

25

46



Mast Backup Slides: Case 1

m = mass of rover

_ _ Z g = gravity
Governlng Equatlons: I X N: = normal force
on left side
i ‘ y N: = normal force
YF, = Nyxsin(f)=0 on right side

O = angle of incline

YF, = —mg+ Ny + Ns * cos(f) =0
EM .y = (Yeg * No % c05(6)) — (Yeg * N1) — (205 * Ny * s1n(0)) = 0

2Ycgcos(0) — zegsin(0)

Project Baseline Feasibility Summa
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Mast Backup Slides: Case 2

Governing Equations for Incline:
M p = mg(hegsin(0) — legcos(0))) .

Governing Equations for Decline:

m = mass of rover
g = gravity

f = force due to
friction

N = normal force
O = angle of
incline

Mp = mg(hegsin(0)—(l—lcq)cos(0))
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Mast Backup Slides: Power Required

Volume of Each Section:
1: 0.002m3 2:0.0016m3 3:0.00129m?3 4: 0.00098m3 5:0.00073m3

Density of Hydraulic Fluid:
880 kg/m?®

Mass of Camera and Each Section:

M. 5kg M;:1.77kg M, 1.43kg M,:1.1kg M, 0.87kg M,: 0.64kg
Equation:

[

Nmotor

Project Baseline Feasibility Summa
Overview Design Studies y 49

Preq:




Fire Surveillance: Thermal Model

e Validation:
o What temperatures might ARGOS experience at various distances from the flame front?
e Simplifying Assumptions:
o No wind (no forced convection)
o Radiation is the only form of heat transfer accounted for (all natural convection goes
directly upwards, away from the rover)
o The fire stays stationary and burns at a constant temperature
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Thermal Model InpUtS Variable Value(s)

As 50m?
Ts 1073K
T; ‘TM!U ove
T Tsurr 288.15K (std day)
Q‘ Ts ron Arover (0.5x0.3) = 0.15m?
: Ts,rover 288.15K (std day)
| £ 0.551 (max)
a [0.2,1]
AX
JAV [0,100m]
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Thermal Model: Governing Equations

Rate of heat transfer ( L)
<

canat — E ¥ T ¥ 4 :
emitted by fire : mat €E* 0 % “1;-. *

Inverse Square Law

————————————

(T

Rate of heat transfer i Qm,,, i
absorbed by rover: A SN ——— S €k Tk Aroves
Y
Temperature of air ]— A (y,) rodd rover
immediately SUTT . TOVED '._
surrounding rover: €EF+ T * :lnn'f.'

-T2 )

\'!V ! '

x (T2 - T,

SUury Vl‘ﬂt‘

. 1
+ T3 1

S, rover/
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Thermal Model: Results

Temperature Rover Experiences vs Distance from Fire (Radiation Only)

1100 III‘ “‘ —Absorpt?vityio.z ]
Takeaways: wal e
ys: I\' | Melting Point of Al (DRIFT Body) —:grptiv:tyﬂﬂ i
g \ e rptivity = 1
5 200
e Max allowable distance from fire 3
. 800 .
~125 -275m depending on §
material (still less than 300m) e T\
)]
e Model is an optimistic estimate A AN
; : . o OO
without accounting for convection % T RS Melting Point of Acrylic (HERMES Body) |
. " aoof \\\ » e Commercial Temp Limit 1
Feasible, but I i i s = e}
requires further roo | . |
. . . 0 50 100 150 200 250 300
Investigation Distance from Fire (m)
Project Baseline Feasibility Summa
Overview Design Studies ry 53




Navigation: Motion Plan Edge Case: Local Minimum




Navigation: LIDAR FOV Sensitivity

- LiDAR FOV versus Time to Reach Waypoint

—

|
I
|
|
|

time [s]

20 70 120 360
FOV [deg]
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Navigation: Motion Planning Flow Chart

@ Receive Waypoint

} ’ Local Planner

Global Planner

D Costmap

Global
Costmap

Get shortest path :

of obstacles

| .
. ¢ Check |f at ¢
waypoint

to waypoint free | ———+—>»

Store in
costmap

/ Sensors detect
obstacles

T

Local Planner

—> Check if object in path >

\ 4

A

Continue on path

Maneuver around
obstacle
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Navigation: Motion Planning

e  Built on ROS Navigation package
e  Costmap = discretized grid of the space
o If node in grid contains an obstacle the cost is 1
o If node is empty the cost is zero
e  Global planner (run once) Global Planner Example
o  Global = entire space (250 m?)
o A’ search on global costmap
m  Find shortest path to goal
m  A* = best-first search on a weighted graph
o  Shortest path becomes path to goal
e  Local planner (run continuously)
o  Local =10 m? press
o  Trajectory Rollout ¥
m  Sample local space, perform forward simulation
] Score = relation to goal, path, obstacles
m  Highest score becomes the local path Local Planner Example
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