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Abstract

Global agricultural output must increase by 25 to 70% by 2050 to feed the Wueld.
development of re resilient, higher yield cropsing genotype to phenotype predictisone
promisingmethod to achieve this growtRrogress in genotype to phenotype models has been
constrained by the quantity of hand measurements necessary to accurately describe phenotype
characteristicsThe Pancreas unmanned ground vehicle was developed to fill this gap in
capability.

The Pancreas a fourwheeledunmanned vehiclevhich carries an electromagnetic
inductancesensor to gather soil moisture data throughout the day. This sensor offdustion
in thetime required andn increase in thguantity of measurements taken over the tysod
core methods of measurementeinitial Pancreas prototypes were developed by Dr. Daniel
FI i ppo and mast er 0The authonrdadeatteratbasl tovthiese dddtigns ms .
reflect a change in operational requirements after the testingsrethiese prototypeBroadly,
the platform was made more robust, a path following algoré&hdnewcontrol systenwere
implemented, and a new power budget was developed.

Though these changes represartassarymprovements, the platform needs more work
and testindo effectively perform its roldncreased power use, sensor accurabgtacle

detection and avoidancand durability remain problems to addresfuture work
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l.Feeding the Worl d

1.1.Projected Food Needs

TheUN expectsvor | d 6 s p o p 9B lEliton by 2050armthe werdd ddes not
currently produce enough foodsapportthat many peoplgl]. Futurehuman flourishing

requires findinghew ways to feed the world.
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Figure 1: Global Population Growth with UN Predictionsfor 2100[2]

Academics disagrean the precise amount by which global agricultural output must
increaseo feed the worldWell-regardegpr edi cti ons from the early 21
the food supphpy 2050[3] [4]. Thecurrentnumber taking into account the gains made in
production intheinterveningdecadegouldrangefrom a 25% toa 70% increasen current

output[5]. This substantial rangis not particularly helpful foaccurately assessing tanger to



civilization. Howeverwith increasing globalization, even a small disruptiothe supply chain
can cause outsized impacts in fradgded supplysystemsandthe 25% deficit in food
availability predicted in the mosibaservative projectiowould be catastrophio significant
swathes of the developing wosdth a high import dependency ratimport dependency ratio
is a function of the imported food supply compared to the &v@lable food supply

Increasing théood supplyand its resistance to externalitissiot only necessary to
sustain civilization, but also comes whiknefits which ranggom a decrease imndenutrition
related health issues to an increasecoanomic prosperityin particular, an increasin
agricultural GDHAn developing nations directly linked to a rapid reduction in undernutrition
[6]. As countries modernize and a greater share of the population migrates to urban areas,

countries that favor agriculturadvestmengexperience greater reduction in malnutrition related

illnesses like stunting, as shown in figure 2 below.
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Figure 2: Prevalence of Stunting as a Function of Rural Population Shars]



More productive farmers free up larger portions degelopingeconomy tanvest in
other industriesreduce domestic food prices, and thereby raise the standard of livrepsing
the productivty of farmersrequires better methods of utilizing fertilizer, efficient agricultural
machinery, and more resilient and productive crop varieties. The last category is the focus of this

paper.

1.2. Current Cereal Production and Consumption, and Its Impacts

Thefive most consurad cereal grains globally are rice, wheat, ¢oraize, barley, and
sorghum[7]. Additionally, cereals make up a vital part of livestock feEldey account for
almost 99% of all cereals produced globglj; Taken togetheithese fivemake up46% of the
calories consumed globalbn ayearto-yearbasisas shown in figure B]. Of that wheat mde

up 26%of all cerealgproducedn 2021, andso over 10%of total global calories

Percentage

2000 2018 2000 2018 2000 2018 2000 2018 2000 2018 2000 2018
Alfrica Americas Asia Europe Oceania Worl

M Cereals M Fatsandoils W Meat M Sugar Roots, tubers and pulses M Fruit and vegetables Dairy and eggs (excl. butter)

Beverages and other Fish and seafood

Figure 3: Dietary Energy Supply by Type[9]

In recentistorythe widespread adoption of fertilizers, mechanized farming, and better

strains of cereatrops have greatly improveafgriculturalproduction Over the past twenty years



wheat output has increasedjbgt over30%from roughly 600 million metrictons in 2@0 to

just undeiB00 million metrictons in 20217].

Global Cereal Production
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Figure 4: Global Cereal Production[10]

Although such growth could justify relaxation of research@dklopment goajshese
gains should serve as inspiration for further advancermentusehie Food and Agriculture
Organization of the United Nations (FAO) still categori2esbillion people as food insecure
[9]. Mild foodinsecurity carbereasonable uncertainfbout future food availabilityand on the
severe end meals are regularly missed.

Furthermore, @centconflict-relateddisruptionsn the grainmport markethave
highlightedthe importance of wheatltivationfor global stability becausenany regionssuch
asnorth Africa and East Asi@xcluding Chinajhawe a high import dependency ratioeing
52.4% and 69.0%s of 2018, respective[{1]. Disproportionate reliance on importauses

disproportionate impacts from shortages inthe 201011 food price crisisThis crisis was



caused by drought in RussidUkraineand central Asiawhich make up about a third of global
wheatexports Thiswasan exacerbating factor in the Arab Spring uprisiaigg civil unrest of

the same yedd 2]. Similarly, the Ukraine war impacting those same wheat exporting regions has
led to uncertaintyand the full effects have yet to be e the time of writingThecurrent state

of food securitywhen viewedolistically demonstratea need for continued development toward
increasing wheat productivitilot only does the world need more productive wheatupply a
growing population, bualso tomake the food supply more resiligntexternal threatiske

natural disasters and conflizy supplying reserve capacifijo that engdresearch mugirodue

new strains of wheat that use available land and fertilizer more efficteniypduce greater

yield and that are less vulnerable to drought or other adverse conditions
1.3.Wheat Phenotyping

In order to meet the pressing needdogaterglobal wheat prodttion capacity Kansas
State UniversityOklahomaStateUniversityand Langston Universitypplied for and received
EPSCoR grant 1826820 from tNational Science FoundatioNEF) to research and develop
modern crop models for genome to phenome predifii®jh Wheat genome to phenome
prediction is the process of mapping specific genetic traits todkeiessia in features like
height leaf size and most importantlyyield. Phenotyping, unlike genotyping, has beeshoav
and very labointensive processecauseesearchers must measthe physical attributes of a
plant in the field by hand~or this reasont has become the constraining factor in margeding
operationg14]. Phenotypig provides criticaldata for predictiveropmodels, so work is
necessary to develop more rapid data collection and analysis mbthHeseraging new sensing

technologyand platformsuch asomputer vision and affordable UAV@S increase the quality



andquantity of dataA variety of such platforms ashown in figure 5SHigh-throughput

research would allow farmers to select strains of wiadlared to their growing conditions.
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Figure 5: Modern Sensing Platforms andRoles[15]

The researcbf the EPSCoR gramakes a foupronged approachheory and
computation, modeling, field testbed analysis, and field sensauly tocus arehas a dedicated
team andsub goalsThe subcomponents dfield sensing are areal imaging, gesgression,

and soil electrical conductivity sensing.
1.4. Autonomous Sensingand Data Collection

Electrical conductivity soil sensing has several benefits oventnecommonsoil core
analysis technique$oil core anlysisis time consuming andoes not capture certain time
dependent informatioabout soil moisture in the fielfurthermoregach measurement only

provides information about one point in the field, making it difficutapture a complete



picture of field attribute§l3]. Electrical conductivity (EC) does not requiesearchers to
removesoil samples from the field. Instead, the sensor can be swept oestitleéengh of the
phenotypingestbeddo gather databout soil properties and the root systems of the test wheat
Moreover, becausthe sensor reducesalysis timeandrequiresfewertrips back to the lab
researchers can takeore sensor passasseveral different points in the dimyprovide insight

on timedependent characteristics of the field.

The grant proposal calls for an autonomous ground vemideder to take a large
volume of repeatable measuremamisr the course of several days in the fiélde vehicle
would reducananhours spent in data collection and would potentigéither a larger quantity
of consistent datalhe EPSCoR proposal calls for sevenaionomousehiclesof this kindbuilt
of largely noametallic components which could remain in the field for sédags at a time.

Application of tese criteriavould grow into the autonomous vehicle known as the Pancreas.



22.The Pancre®&8acRigabuodm

2.1.DesignCiriteria and Initial Concept
In order to fulfill the need for an autonomous sensing platform for wheat phenotyping,
Dr. Daniel Flippo, PID. initially designed the Pancreas robmbe a lightweight, solar powered,

unmanned ground vehicle (UGV).

Figure 6: Initial Pancreas Concept

Thefour-wheeledvehicledesigncouldstraddle a row of the phenotyping test wheat and
cary aGeophex Electromagnetic Induction sensor to autonomously take soil moisture
measuremenfAppendix B. The sensohangng in the middle of the robatould take

measurements while the wheelsuld travel in the paths between wheat pldtse platformwas



designed taemain in the field continuoushpr several days dime, except for maintenance and

data collectionA set of solar panels charging an onboard battery pack were planned to enable

thislong-termfield endurance

Figure 7: GeophexGEM-2 (left), Solar Panels on First Prototype (right)

Becauset wasabsolutely essentiéthat the wheat not beushed by the wheels of the robas,
that would negatively affect data collection for the larger EPSCoR phenotyping pittgect
platform requiredeliable path finding and obstacle avoidardea st er 6 s st udent Cal
implementedheinitial prototypeand iterated oit over the course of 2020 and 20BiE built a
second prototype, whose design features are destréed.
2.2.Prototype Two Frame
After finding 1.27 cm rods too flexibJ®ahmsbuilt the second vehicle oof 2.54cm

diametercarbon fiber tubing and 3D printed plastic componertgse materialsinimize

interference with thenderslungeM sensomvhich issensitive to electromagnetic interference



from metalic and electrical componentdowever, sme metallic componentike the drive and
steeringmotors thebearingsandthe bearing housingare integral tahe platformd s

functiorality, and could not benade from nofmetallic materialsTo minimize interference,

these metallic componentgeeded to be placed as far as possible from the s@isse

consultingon the projecinitially consideredt sufficient to place all electronics, metal, and

motors aleastlmaway from the EM sensofhe dimensions of the individual wheat platso
constrained the si ze 7ahebordededtastraddle asinglewheeGV 6 s f
plot which wasl35cm across andmproximatelyl00cm tall when fully grown depending on

the individual strain of wheal he platfornés motorsand leg assembly alsweded to fitn the

32cmgap between plots
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Figure 8: Overhead, Infrared View of Test Plot[16]

Based onhese constraintgheframewasmade of 122.54cm diametercarbon fiber tubes of
152 cm lengthwith 3D printed ABS plastic gussets and fenders. The frame stah88 @h with

sufficient clearance for a wheatw underneath

10



Figure 9: Second Prototype in Field

The vehiclehas fourindependentlysteered whee]®achinitially poweredby high
torque servo motonshich turn the wholearbon fibedeg on which the wheel is attachel
these featuresake fora lightweight maneuverable platfoyable to carry the EM sensor for

long periods in the field.

2.3. Prototype Two Power

To power the platforgiwo HQST, 100W, 18V solar panelswired in series chargetwo
11.1V, 10.5 Ah lithium polymerbatterieghrough a solar charging regulaiéppendix B]
These batteries amdsowired in series to make a 22/2battery packThes o | ar 1@0&/n el 6 s
ratingis based om solarpanel perpendicular e incident sunlight during clear weather
conditions.Because outside conditions vatlye amount of power generated by the paisels
highly dependenbn time of day and weather. As a result, the battery capacisybe large

enough to buffer the peaksd troughs in power generation during normal operalonng the

11



initial prototype phase of development, the Panconeesexpected to draw about 109 during
use.

A 12 V regulator stepshiepower downfrom 22.2V to 12 Vfor the control electronigs
computer, and GRS heonboard computer reduces voltage internally to 5 V and supplies power
to some of the sensors.

2.4.Prototype Two Sensors

There is a small margin for error in navigating through theathstit field With that in mind
the robotusesa suite of sensors to accurately follow a preset path and avoid the project wheat.
With a gap between wheat plots3%cm, sub metegecalocation precision is needed for
accurate path following along with object detection and avoidance protdbel®nboard GP,S
Topcon B125 unit,enables thiprecision The B125 is capable of sub centimeter accuracy with
apositionupdaterateof up to 100HZAppendix B, This rateis more than sufficient for slow-
movingagricultural robotA single board computer called a Latte Panda procdssasbming
GPS data ovats USB port. In this stage of the design process, the path following algorithm had

not been implemented, so the GPS daés been savddr later use.

12
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Figure 10: B-125 (left), Latte Panda Computer (center), PMod Compass (right)

The onboard compasshich supples thevehicled Beadingo orient the robot in its
environmenfor path following is aPmod CMPS2This isa 3axis digital compass that
communicates usinipe 12C protocol[Appendix B] The compasgshe voltagesensorlndthe
current sensor s ¢ o mmu muiltansAtdeino kkeprardontiich thenfeedst t e P a
that data to the main computer to be recorded for future analysis.
Several sensors supply different channel s of
environmento provide the object detecting capabilities resscthe robot A pair of Adafruit
VL53L0X Time of Flight Distance Sensof§OF) aremounted on &ontleg of thesecond
prototypeanddetermine how close and at what angle the wheat rows were relative to the robot.
This sensor input could be used in the future to supply angle corrections to prevent collision with
the test whea#Angle calculations are made by takimgasuremestfrom eah sensor and
checking the difference between theknother method of obstacle detectwwasproposedut

not implemented on the second prototyplee methoathecls the color of the objects in front of

13



the wheelwith the Sparkfun AS7265x Spectral Trigplectroscopysensoito determine whether
or not to avoidhem The author designed the mounts for the TOF and Spectroscopy sensors

shown belowand the code for the Spectroscopy sensor.

Figure 11: Distance (left and right) and Spectroscopy (center) Sensors

Color spectroscopgllows the platform to determine whether or not a plant is a weed or wheat to
avoidbecause under IR and UV wavelengths different plants will have distinct reflectance.
Finally, themost sophisticated method of obstacle detection and avoidasxmachine

learning anccomputer vision tadentify and avoid wheat from video taken on an OpenCV Al

camera.
2.5. Prototype Two Controls and Propulsion

A high torque Lynx Motion Smart Senateers ach of the four wheel®\utomobile window
motors power the foutrive wheelsand arecontrolledby apair of Sabertooth 2x3#hotor
controlles. The window motorsire sellocking, worm gear motors with high continuous
torque rating of Nm for their size Four Accucoder encoders from Encoder Outlet provided

feedback from the window moto&.NI LabVIEW MyRio manageslithe high level PID and

14



steering controlvhich receivediserinput from an iPad running a LabVIEW data dashbaard

steer manua}l andenable test data collection for the initial prototype phase gil&trm.

Figure 12 MyRio (left), Servo Motor (center), Motor Controller (right)

The platformturns usinga method called Ackermann steering which isdslly implemented by
a mechanical linkgebetween two wheel§ he Pancreas does this witlgital controls.
Ackermannsteerinpeduces wheel slip by givingwiichch whe

reduces wear on the wheels and strain on the frame
2.6. Prototype Two Feedback

Cal vi n ina prototype design choices and alterations allowed for essential data
collection and important insights for futurewofth e aut hor 6 s wmobmgdn on t he
largely after tle implementation of theecond prototypdataanalysisdetermined that &m
bubble was insufficient to remove interference from electrical and metallic equipment on the
UGV during sensing operation&s a resul the frameavasexpandedand the sensavasdropped
closer to the groundecause of thevheat row constraints, the frarhad tobe doubled in width

to straddle two rows of wheat instead of aragher than increased only enough to accommodate

15



the new metafree bubbleln addition,National Instruments no longer supported LabVIEW

iPad control softwareand thesoftwarewas incompatible with future versions of LabVIEWhe
authorremovel the MyRio and LabVIEW entirely in favor of a Pythbasedradio control

approachPart of the motivation for thiswash e aut hor 6s more sanggni fi ca
preference foPython.

In addition,the computer vision obstacle detection demoteddiasueshat needed to be
resolved before final implementatiofraining a computer vision system to accurately specific
identify objectsin a scene@equiredarge volumes of labelled dafBhe proof-of-concept machine
learning algorithm useldbelled mages only of wheat heads and sasuf limited use for path
following. Path following would requirtabelled images of paths between wheat rows, or the
wheat blocks themselvesheseado not exist because they aery domain specific. The only
way to getabelled images of this kind would be to manually label thousands of images
personallytakenat the angles from which the robot would view the figlthile this work may
be an area for future reseaytie authoputit aside in favor oimplementing rekble path
following.

Thecriteria update$or sizenecessitated substantial alterations to the frame and control
system to support the increased load, motor power, and electrical requirehaelitienally, the
change in computer contridquiredmany chages had to be made to the wiring and electronic

layout of the platform.
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3.1.Frame Adjustment and Reinforcement

To expand the frame to the 3 m required to span two rows of wheatuthor replaced
four of the 2.54&m diameterl.5 m long carbon fiber tubes which made up opposite sides of the

robot with 3m longFiber Reinforced Plastic (FRRberglass tubesf the same diameter

\bﬁ\Q
BN
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v =
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v o ” R

Figure 13 FRP (right) and Carbon Fiber (left)

The previous carbofiber tubes had a wall thickness oL@ mm, and the replacement fiberglass
tubes have a wall thickness@&85 mm. Fiberglass was selected instead of carbon fibatsor
availability. At the time of construction, carbdiber in the length required would have taken

several months to arrideecause of lingering supply chain issaed was cost prohibitive.
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Figure 14: Pancreas with Fiberglass Extended Frame

Fiberglass on the other hand offered a reasonable trade off in stiffnessiacetase in weight
for being more availabl&he important characteristic for stiffness is flexural rigiditiie
equation for flexural rigidity ishown in (1).

00 Q et TQIRQQ QDwW

(1)
Where E is Youngo0s modul us Themceahomensofinetiiforar e a
a tube is calculatea (2).
. C
(@)
T
(2)

Wherer, is the outer radiuandr; the inner radiug-or anisotropic composites likbe FRP
fiberglass and carbon fibesed in the Pancredtexural or bending modulus is used instead of

Youngods Thieid hetauss there are different material properties depending on fiber

18



orientation in the composit&hese material constants are rough estimageauseroperties

vary by manufacturerandthe study othe material properties of composites is weltside the
scope of this papefhe industry standard flexural modulus ranges frooghly5.5GPato

9.5GP4dor FRPtube Carbon fiber of the type used on the platfdras a flexural modulus that
ranges fromabout75GPa tdl25GPaFilling in the equation foboth materialsising the lower
estimate for eactve haveresults for flexural resistance for carbon fiber and fiberglass in (3) and
(4), respectively.

TSI C W T T8I ¢ @ C
oY X FpTO Q2" 2 S S T & &

(3)

oY LVBZp TD Bz 2 —S S X @0
(4)

As shown abovghe carbon fiber is about six times more rigid than the FRP tube. In
addition the fiberglass weigh8.358kg/m of tube, while the carbon fiber weighs 0.Xk2¢m of
tubg orapproximatelythree times lightenn total this change from carbon fiber to FRiRIs
about 3kg in added weight, which is fairly reasonable considdrageight of all other
reinforcing componentadded later

The substantial increase mbotwidth causesn increase in frame flexibility and a larger
moment arnwhich increase thetorques fronforces experienced by the robBikcessive
bending occurreduting turns, resulting in the robot leti¢ing inward and bowing the middle of
the frame upward. Thisendingis caused by lateral force on the wheels coming from uneven
terrain ad small misalignments in the wheels and fraigs bendingactionforces the wheels

to have substantial positive camber and reduces wheel contact with the.dfacthérmore,
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reducel tractioncaugsskidding In addition,the bending places strain oretfobot legs and
wheel housings increasing the likelihood of component failure.

CENTER LINE
STEERING AXIS OF TIRE
INCLINATION POSITIVE

CAMBER

TRUE
VERTICAL

LEFT HAND FRONT VIEW
Figure 15: Positive Camber[17]
In order to mitigate this issue, thathor modified theld gussets and leg supparis
several waysMoving the legbracesuppors lower down the legtoward the fendeteft a much

shorter unbraced section of lédext, theplastic sectiorof thebracesupportwas also redesigned

to include bearings, whicteduce friction and component wear.
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Figure 16: Brace Bearing Block

Thecarbon fibersectiors of thesuppors alsoattach at a more obtuse andlatherincreasing

resistance to lateral forces.

Figure 17: New Brace (left) Old Brace (right)
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Because theraceattachmenpointsto the upper framare at an angle where they can no
longer be fixed tdhe gussethe author developeainew component for attaching the leg
supports to the upper fraxrhe new componesaremade of two3D printed plastigparts
which use brass insert nuts, heat formed into the plastic, and machine sarlngtaround the

carbon fiber and fiberglasslies of the upper frame

Figure 18 Brace Attachment Bracket

These adjustments stabilize the frame during operatidmaprove durability and mobility in
the fieldby keeping more of the wheel in contact with the ground
3.2.Reinforced Fenders
In addition to the leg supports being insufficient for the new, larger design, the wheel
fenders also experienced excessive |teatling to failure. After driving shortdistancethe
sides of the fenders bgandthe wheeldetacled iselffrom the motor encoder ardkvelogda

severecant to one sidelo remedy this issuéje author designeanew fender
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Figure 19: Left Fender Plate (left), LegSocket(center), Right Fender Plate (right)

The new construmon uses twpl.9cm thick sheets of HDPE plastiwghich sandwich &.7 cm

wide, 3D printed ABS plastic component with a socket that attaches to the robldDIB& was

chosen for its stiffness and ease of machinlig 3D printed component is attached to the

HDPE sheets with Bmmbolts. The HDPE sheetsn turn,provide the attachment points for the

drive motorsand encodér he mi dd|l e 3 D p ayerinegale pergentizwdante nt 6 s |
the bolts securing the two sheets tamhich prevents the compondram splitting when the

bolts are tightened.ayer orientation needs considerathlmrause 3D prints usiPM are

arisotropic, meaning that they do nate the same strength in all directi@amsl are vulnerable

to layer separation under stress
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Figure 20: Wheel Assembly

The sockets slightly oversize to accommodate the robot legnda 25mm Actorobotics

clamping hubsecurest [Appendix §.

Figure 21: Clamping Hub
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The clamp is inset in the socket face and secured with machine screws and bras$ heseets

fenders are easy thsassemble and are substantially more robust thgmréheus iteration.
3.3. Stepper Motor Steering

In addition to frame and fender failure, the motors also struggled with the alterations.
Several of the higliorque servo motors used for turning the robot legs burnt out under the
increased load. Becauseetbervos used were already on the upper end ofisibatnmonly
available in terms of torque rating for servo motthe,robot needed new type of motoiThe

author selectetbur, Nema23,4.25.1 gearedstepper motorfor thar high torque and robust

corstructionas well as the angular precisithrat stepper mototsave

Figure 22 Stepper Motor (left), Encoder & Mount (center), U-Channel (right)

The motors have a holding torque dli& which is sufficient to turn theheels under increased
load on uneven terraj®ppendix B. Closed loop control is necessamlchuse the motors can
still be forced out of alignment during operation &edause accurate navigation requires
precision control othewheel angle. Using AS5®0 magneticotary encodersnounted to the

motor with a 3D printed componemne of the onboard micimontrollers can provide
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corrections when a wheel is in an improper positidre motor is mounted in place over the
robot legusinga 3D printed plastipart The partsecureghe face of the motdo thetop of the
Actobotics Uchannektthe corners of the Pancreas fraffilee complete assembly is shown

below alongside the CAD modelstimefigure below.

Figure 23: Stepper Motor U-Channel Mount CAD Model (left), Complete Assembly
(middle), Encoder Cap CAD Model (right)

Theauthor redesigned tI8D component with more material around the motor
connection area after several instances of layer separation causedtbfzandting during
vehicletransit. The output shafis attached to thearbon fiberobot leg with a friction fit collar
and set screwl he output pulses from thmicrocontrollerare converted into motor steps foyr,

TB6600 microstep drivers, which arls@secured to the-channel.
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Figure 24: Microstepper
Because of the increased pin numlbarwell as the time delays when taking code blocking

sensor readings, an additiofsgdarkfun RedBoarthicrocontroller takes on the motorcontrol

functions of the platfornpAppendix B].
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Figure 25: RedBoard (left), I2C Mux (right)

The Arduinelike board comes with a builbh quick disconnec¢ti2C port called a giic porThis
additionalmicrocontroller communicates with the main computer code over. iSRIdition,a

Sparkfun 12C mux board was added to the control bawanage the encoder wirgSppendix
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B]. The board switches between output ports allowimgpder feedbadkom all fourmotors

while using only one quiic input port on the microcontroller.

3.4. Stronger Drive Motors

The window motors on the previous iteration were rated for a continuous torque of 2.9
Nm and were insufficient to move the weight of the larger robot up slight inclines and over
rough groundThe previous iteration of the robot weighed in at Zg While the new version
with all the reinforcements weighed in at 54.4kg without the finaébatAfter a short time at
stall currentthe builtin thermal fuse would tripand the motor would shut afiftil it cooled
down. A new 12V DC Bemonoc worm gear motor was selected to replace the old motors. The
new motor hd a rated continuous torque ®Nm whichwould have beeable to propel the
larger platformHowever, because of quality control issueth thesemotors, ayet newer,

higher qualitymotor froma more reputable suppliead to be selected.
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Figure 26: Window Motor (left), Bemonoc Motor (center), AM Motor (right)
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To properly specify the new motors, equatibhwasusedto find the total force required to
propel the vehiclegquation (6) to findhe total torque required based wheel diameter, and

equation (7) to findhe desired RPM

VAL RAYR

00 € 00WAa 01 4w — 5 wzOE|
(5)
YO € o0awx Oosé-goZaYO
(6)
R RPN (|
0 € 0 &Yl QY@ O ooaoohz—,o
(7)

Where Vmax is the maximum desired speed in m/s, Crr is the coefficient of rolling resistance, W
is the robot weight, t is the time to acceler
robot mass, D is the wheel diameter &F is the resistance facwirthe gearbox and motor
componentsThe motor specifications for torque are obtained by dividing the total required
torque by the number of wheels on the rob@tiues for Crr and RF were estimatesing a
reference table fra a University of Florida Mechanical and Aerospace Engineering cfi8ke
Assuming a maximum grade 85% and a robot speed of 0.45 rile necessamated
continuougorque of the motors needed to be arow¥d\dn, and the speed needed to be at or
above 28 RPMThe 226 series D@Gear Motor from AM Equipmemnnet these requirements
[Appendix B]

Because the 3D printed wheels were custom designed to fit the old metersouplers
had to be made to attach the motor output shaft to the wheel. These were made by removing the
old coupler from the burmut window motoy cutting it shorterand machining a slot to accept

the new motor shaft.
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3.5.Robot Controller Adjustments and Part Changes
Because ofhe loss of the data dashboard app,author devisedraew method of robot
contrd. The NI MyRiohandkedthe PID control for the drive motors and the manual control
functions.There are ways of integratimgdio controllersfor manual controbnd LabVIEW
using FPGAHowever it wassimpler to centralize all higlevel control on the alreadyresent
asrsufficient fafthesimples i n o

Latte Panda singlboard computelT he Pandads

sensor communication, and the Git®ady fel in data ovetJSB serial To manage the PID

control of the drive motors, 4 Roboclaw Solo 60A motor controllers replaced the Sabertooth

controller Appendix B.
= -""’

€

Figure 27: Roboclaw Motor Controller (left), Latte Panda Alpha (right)
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The Solos come with builh PID control and only require a speed command from the Redboard
microcontroller mentioned abovéhe controllersadto be tuned to match the motor and

wheels. Thigvas accomplisheldy propping up the robab allow the wheels to spin freedynd
writing new settings ussofwgreBasi ¢ Microds Moti

3.6.Radio Antenna

A pair ofnew XBee Pro SB3 radio and antemaplacel the user input functions of the
data dashboard\ppendix B. The radio on theobot connects to the Latte Panda over USB. This
radio is paired withhe oneconnecedt o t he operator6s computer to

from the Pancreas.

Figure 28: XBee Radio

The messages are sasiynchronously, meaning that the sending radio does not need a
confirmation that its message has been recaweldso is noiblocking in themain controlcode

This method of communication allows for smoother robot control. In addition, because more
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complex messages can be sent and received, debuggthtesting are easibecause robot

feedbackis more informativeand customizable
3.7.Power

The component additions, the motor changes, and the substantial increase in weight all
increasd power consumptiorin addition the new motors can briefly drop the voltage coming
from the 12V regulatowhen at stall currentf the computer and the drive motors are on the
same regulatog drop in voltage, caused by motors drawing too much cuoamtshut off the
computer An additional regulator supphg the computemitigates the voltage drop by
providing a bufferDuring testing, darger provisionabattery paclof two 22.2v 12.5 Ah277.5
Wh batterieswired in parallel was used untiie precise power needs the platformcould be
experimentally determined full wiring diagramof all componentsan be seen iAppendixC.

In addition the updated CAD models can be foun8leat\W3/PancreasSolidModels: stl files for

the robot (github.com)

Figure 29: Provisional Battery Pack
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4.1.Computer Control

With the move to solely using the Latte Panda, most of the cauiielalready present
on the previous iteration had to bemnade in Python, witthe exceptionof the Arduino sensor
codeThesensoc ode dr aws fr om Dah moé sensodetutorialawhidh a hel p
also inspired the design of the motmivhich theencoder is attachdd9]. Both the sending and
receiving radio interfacalso had to be implementeld addition, becaushe implementation on
the previous prototype hamhly the manual method of contrtthe author had to desigm
autonomous path following strateghheauthor switchedthe nboar d comput er 6s o0
system to Linux because of its stip and reducednemoryuse In, addition Linux is somewhat
easier to use when implementing computer visidre code and measured data are written to a
detachable SD card which can be removed for either data analysis or code Ujpaatesn
body of thecode runs from theatte Pandaerminal on startuplhere is a radio command
handler file and a function file whidlagether make up the higével control of the robot. The
main Python code running on tRanda issues commands over serial to the twoamiertrollers
on the platform. The main code issues a serial command to the RedBoard microcontroller with a
single angle for the steering and a duty cycle for the drive motors. The othen Arituino
Leonardo microcontroller is issued a letter corresjpunto the desired sensor reading and
returns the reading over serial. The main asdels GPS by parsing the NEMA string that is
continuously generated by thel25 boardA block diagram of the system and information flow

can be seen belown addition,the full code for all systems is located on GitHub at:
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https://github.com/BenW3/Pancred$ie most essential portions can also be found in Appendix

A of this document.

Motor Arduino
Single Board Computer Current/

Voltage
Sensors

100W Solar
Panels

Built-In Arduino

Roboclaw Microstepper T PMod
Solo 60A Controller CMPS2
Latte Panda

24V LiPo Battery

12V Voltage
Regulators

Figure 30: System Block Diagram

4.2.Radio Communication

The Xbee radio connects to an operatoros |
preferable tan RC controller because of itee ease with which new featur@sd commands
canbe addedThe operator can seadvariety oftext commands through the terminal to receive
real time sensor dateom the compass, GPS, voltage and current serewis;ontrol the
platformin either manual or autonomous moidlbe useccanmanually controthe robot with the

W, A, S, and D keysvhile recording GPS waypoingd set the speed withiext command.
4.3. Steering Methods

Like the previous iteration of the Pancreas, the current version also uses a form of

Ackerman steering. In thigeration of tle prototype,it is doubleAckerman steering, where both
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the front and back wheels always have the same center around which they stean €heble

azeroturnradius, with the center of the turn in the middle of the robndit canreduce wheel

slip.

2t

Figure 31: Double Ackerman Steering[20]

Thehigh-level control code running on the Latte Panda seéheddotaldesired turn angle
for the roboto the motor control RedBoard where that signal is converted into the correct angles
for each wheelThe equations to translate the desired turn angle into actual wheel amegles
shown in (8) and (9)

oz O &4
5 AT-0 7 OE

) OAIl
(8)
oz O B+
AT-© 020+

| OA1l
(9)
Wherg and| are the front left and front right wheel angles respectivesythe robot length,

w is the robot width, aneHs the desired robot turn angle. The rear wheel asgienply the
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negative of and| . Themicro-controller thercloses the loop bgheckng each desired wheel
position against the actual position and adjusts the wheelsamitfiepulses sent to the
microstepperThis was done with a custom Arduino library.

Becauseontrol and power cablegecessarilyun from the electrical box to the wheels
the legs of the robot cannot spin freely, otherwise those cables would wrap around the leg and
jamitorddse onnect themselves. To stop this, the
code to plus or minus 90°. When an angle greater thaar96ss than90° is needed thetepper
motor will turn 180°from thenecessary angknd the drive motor will reerse direction.

Although smoother steering is possitligh a largerange ofpermitted turn angke the
disruption from jammed cables is not worth the gain.

When in manual control, the operator can also activate a synchronous steering mode from
the cantrol laptop and turn each wheel at the exact same angle. Switching between the two
modes as needed allows for excellent maneuverability in cordparkesThe second modeas
necessary for transportation to and from the field and for debugging purgcses® the

increasd weight made the platform difficult to moyysically.
4.4.GPS Waypoint Following

In order to follow a given set of GPS waypoirte author selected and implemented the
pure pursuit algorithmPure pursuit takes set of line segmenés inputand finds aargetpoint
on the line segment currently being traversed based on somaHeak radiudt then calculates
the angle between the direction the platform is currently facing and the angle required to

intersecthe line segment at that look ahead point.
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Figure 32 Pure Pursuit [21]

When the robot moves, the lookahead point also moves further along the line segment and will
result in a new desired angléhi$ method produces smooth path following with the right
adjustments to the lookahead radmggause it gives the platform some time to adjuativance
of sharp turnsmitigating overshootn addition, the aggressiveness of the error correction can be
tuned with PID control.

The GPS data itself is read every time the waypoint function loops around. This frequent
reading is allowed by the 100Hz data update frequency of-tt@5Board. The geometry done
to determine theequiredcorrection angle is dora cartesian coordinates, so tfasv latitude
and longitude data needs to be converted. This is dosenpyeequirectangular projection,
which flattens the coordinates down to a plawecalculations need not be doneaospheical
surfacg22]. This method is crude, but effective for small scalé®e equations arghown in

(10) and (11).

(10)
(b 'YZ °

(11)
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Whereaand( are longitule and latitude converted to radians, respectiveiy the radius of the
earth, andirefis some reference latitud€his correctiongives theappropriatecircle of latitude

to scale the x coordinate by at the reference plinthe case of the path following algorithm, the
reference latitude is simply the first coordinate in the path. This centers the projection on

wherever the platform happens to be.

iasereeaplR - -

?,- c%%i-»b~o-o~

. C“M“Q“‘..“ .
“"—‘—Q—‘—‘QO‘QQQCQQ 3

e00000 00 eoe
se000000 oo .=

|
¢0$4+ooc1
0m+¢m . 4

|

Figure 33 Equirectangular Projection Distortion, Reference Latitude at 0°[23]

The projection, like aljlobalmap projections, loses accuracy the further out from the
reference coordinate tlebot goeslin this case, it is nortsouth distance that is concernifgr
the application considered heeedeviation from true distance of more than a few centimeters
over a 40m span would be unacceptaBised on my calculations the platform woudskd to
travel almoskm before the latitude to x coordinate conversion was distorted byienthat
span which is well outside the operating range of the platfduming field trials The equations

used areshown in (12) and (13).
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WherefDistance is the typical span of a test wheat @odfiTolerable Errob was 1cm After
doing some simple algebra thesgpuationgan be rearranged to find the band of tolerable
latitudes for navigatioand with that the tolerable noriouth rangeThe equation ishown in
(24).
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(14)
The initial pathcoordinatesan be either imported from an external source, or taken by

manually navigating through the desired path and recording the data with a cofronatite
user GPS, compass, timand powedata is collected both while recording and following a path.

The ddais then logged to a comma separated value file (fosvater analysis.
4.5. Path Following Simulation

In addition to physical testingimulation was a useful tool for diagnosing errors and
refining the control algorithrwith quick turnaround timerhe Webotsopensourcerobotics
simulator from Cyberbotics provided a simple, easy taasidor the projectA simplified
model of the robot frame was constructedVebotswith controllable steeringirive motorsand
virtual sensorsThe simulation used glightly simplified version of the Python code running on

the robot for testing and debugging.
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Figure 34: Webots Pancreas Simulation

After some changes, the simulated Pancreas performed reasonably well on a test course
which approximatedix passes through the test fieldlook-ahead radiusf 0.25m, a
proportional gain 08.6, and integrabnd derivativegairs of O performedvell during testing
The simulation also gaveleelpful estimate for how much space the math needs to turn and
its over/undershoathen path followingo fall within tolerable margingn addition to providing
a benchmarlor physicaltestresults, the simulation alsaded inresoling some persistent
errors in the control codé plot of peformance alongside error can be seethéfigure below.
The path traversed was roughly analogous to real test field conditions, matching the layout of the

wheat plots.
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Figure 35: Simulated Robot Path and Tolerable Error Plot (NOTE: path not to scale)

The platform had5cm on either sidef the wheel, assuminglieginscentered in the 30
cm path, before it collides with the wheat pldtke thickness of the fenders and motor
projecting from the side of the fenderther reducedhis distance by a total of 14.t%, to a
margin of justunder8 cm on either sideln additionto precise centering on the waypoint path,
the platform neesltobe aligned with the patin terms of headingA 3° deviation in heading will
cause a collision with the wheat plothis becomes an issue on the physical system, because the
digital compass has a maximum error rating o\V8ith these settingshe transitory behavior
subsides in roughlg meter.A plot of the heading error can been inthefigure below. These
plots suggest that the platform should be given a path that overshoots the ends of the test plot by

a margin of a few meters to avoid collision.
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Figure 36: Simulated Robot Heading and Error

Thereare several key differences between the simulation and the physical platform. First
the simulated robot behaves asgid body with no deforming parts. Second, there is no error in
the GPS and compass signal, and these signals have no delay fromesjgest to signal
reading.Fortunately, here are signal processing tools like the Kalman filter which can resolve
some of these realorld sensor errorsas detailed in the next sectidtinally, thevirtual terrain
is perfectly flat, so therare noenvironment related disturbances to the path followiingse
differences could result in different values for the lookahead radius and PID coeffibigrttse

simulation provides a starting point from which to fio@e the control coefficients.

4.6.Kalman Filtering

Rudolph E. Kalman designelde Kalman filterand published in a 1960 article iThe

Transactions of the ASMR4]. The filterenableghe smoothing of noisy measurements and

42



accurate estimations af s y sstate. ndhe case of the Pancreas platfaha filter will be

used to smooths GPS signal by combining the raw GPS input with the compass readings and

the assumed constant speed of the platform. The degree to which the data is smoothed can be
adjusted byuning themeasurement noismvariancanatrix. This matrix called Q represents

how noisy the data snd how much it should be trustddhe filter works by updating the state

of the system, in this case position, with the velocity estimate from thi®psdaime steplt then
compares this estimate with the current measurement and combines them based on how much it
trusts the measurement. A visual of this can be setefigure below from aUniversity of

North Carolina computer science couf28).

Measurement Update (““Correct™)

- 3 104
Time Update (*Predict™) (1) Compute the Kalman gain

i - - -1
(1) PI’OJE-:CI the state ahead Kk — PkHT(HPkHT 4 R)
(2) Update estimate with measurement z;,

(2) Project the error covariance ahead j‘ck = xk + Kk(‘:k — Hj‘ck)
Pk = APk _ IAT + Q (3) Update the error covariance

Initial estimates for /A‘Ck, pand P

Figure 37: Basic Kalman Filter Function [25]

The process is notation heawyt not difficult to implement in coddhe author took
inspiration from an onlin@ython implementation of a Kalman filt6]. However the author

madeseveral changes tbe state, covariance, anteasurement matricésreflect the
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observationswhich are represented Hye z matrix, made by the platfon as these are

application specificin this case being velocity and positidm example of smoothing is shown

belowin the followingfigures.
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Figure 38 Raw Recorded Path
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Figure 39: Filtered Path

Notablythe accuracy of the GPS readinigshe preceding figuresas severely impacted
by the presence of buildingeading to a shift in the recorded waypoints by over a meter on
portions of the pathrhis interference would not be present in the firildoes demonstrate the
effect of Kalman filteringThe actual path roughly matches the-teinhd side of the loop shown

in figure 39, but diverges as it travels back down the sidewalk.
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5. Testing and Resul ts

5.1 .Path Following

Several issues with the fraraad sensors of the robot led to path following failure. The
frame has been in use for over a year, and wear on multiple components severely hampers
accurate navigation. The connection between t
experienced wedo bah the couplers and carbon fiber Jégading to roughly 15° of slop in
wheel angleThis causes the legs and frame to twist and bend, and it makes precise steering
impossibleln addition, the Roboclaw motor controllers periodically, fl@ading to one omore
wheels being locked in plac&dditionally licensing and proof of purchase issues led to an
inability to acquire the RTK functionality of the GASnally, during testinghe author found
that, despite being on a long pole away from the electrboixsthe GPS antenna experienced
radio interference from the computerd electrical boxThe author determined this by testing

GPS satellite acquisition with and withdbe computer turned on.

Figure 40: Radio Interference Solution
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To resolve thisa large aluminum plate was secured on the pole under the amtkichagreatly
improved satellite acquisition and lodnother potential fix mentioneid committee was to use
thicker gage wire and the fewest groyradnts possibleDespite thisnterferencdix, all the

other issues resulted in unsatisfactory path following.

5.2 Updated Power Consumption

Several short tests pointed to the provisional battery pack being insufficient. To preempt
power loss during longeests, the author swapped the pack for a 24 V, 50 Ah, 1200 Wh,
LiFePO4 battery from Dakota LithiufAppendix B] This battery added an extra 9 kg to the

platform, but increased the battery life by over four times.

s - —
- 1200 Wh ‘ IiFePO4 BATTERY " " —" <

TALITHIUM.Cam { ‘

-~

Figure 41 Dakota Lithium Battery
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Field testingdemonstrated an average power use of 218 W as shown, lvehask isover 3
times greater than the previous prototyplee platform struggled to exit a ditch which produced
the power use spikat the end of the plothis reflects off road conditions, and so was not

removed as an outlier.

Power Use Over Time
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Figure 42 Power Use During Field Test

Based on these measuremetits platform can operate solely on battery for almost six
hoursHowever, the current solar panel arrangemer
have to stop, shut off power to the motors, and charge for part of thbdag. mé s s ol ar pan
trials give thetotal expected incoming powémom the two panelss ~100 W during sunny, mid
day conditions and ~50 W during cloudy conditiff§]. Based on Dakota Lithiu

specifications, the 24 V battery should be chdrge28.8 Vand under 0.& (15A) [27]. The
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current solar panel setup would take 14.4 hoanderideal conditions to chargempletelyas it
canmaintain a current glistunder 3.5 A at that voltag€hanges are necessaryatmid these
excessive charging times

Manhattan, Kansas receives, on average, 4.24 kWh per day per kilowatt of installed
photovoltaic capacity[28]. The average for April through Septembehjch arethe months of

expected use, is 15% higher than the yearly avefidgegivesa daily average of 4.87

kWh/kWp during those months

2] 1 +]

Leafiet | PVOUT map © 2023 Solargis

\g PVOUT: Long-term average of annual totals of PV power potential
Loy \ B KWh/kWp
By Leafiet | Satelite tiles @ Esri 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Figure 43: Satellite and Solar Potential Mapsof Manhattan, KS [28]

Since the Pancreas has an effective 100 W of installed capacity, we can expect a daily average

power budget of 48Wh from averagencoming sunlightBased on the power use during regular
operation, that give®.2 hoursf run time for the platform. Givethe power demands, the
number of solar panels on the platform should be dowhlpdlying a power budget of 974 Wh
This would bring the operation time of the platform to 4.47 hothis run time should be
furtherreduced to compensate for idle power Use platform drawgust underl4 W when idle

with the motors unpowere@ver the course of 24 hours this will drain 336 Whis decreases

! Information dotained from the Global Solar Atlas 2.0, a free, sealsed application is developed and operated by
the companysolargis s.r.o. on behalf of the World Bank Group, utilizing Solargis data, with funding provided by

the Energy Sector Management Assistance Program (ESA®REmMent required in terms of use]
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the operation timéo 3.1 hours

Idle Power Use
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Figure 44: Idl e Power Use

Idle power usavastestedby shutting off power to the motowgth asimpleswitch, but should
be done with 20 A relay which could be switchemitonomoushpy the Latte Pand&.hestart
and stopof operatios should be determined by monitogi battery capacity and incoming solar
power to check against experimentally determined threshold valoes, when running, the

platform should check its internal clock against its allottaidly runtime.
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6.Concl usi on and Future Wor

The third iteration of the Pancreas unmanned ground vehicle makes several
improvements to the previous prototypést, the platforms larger to reduce interference from
the motors and electronics on the EMI senBlaxt,it has a more centralized contsylstem that
leverages the power of the Latte Panda compliteas more durable componetdssupport the
size increase. Finallyhe Pancrealsas a path following algorithm implementaald tested in
simulationto follow GPS waypoints.

Future work isstill necessary for the platform to reach its potential. Some issues are
simple fixes and others require moredi@pth solutions. A clerical errar measurement led to
the Pancreas being38 cm shorter than necessary, so new 3.3omg tubing is neededl he
autonomous path following algorithm needs to be updated to include an automatic shut off when
entering a dormant, charging stafbe steering motor system neegigprovements tds
durability because some of the 3D printed couptec®ive excessiweear These components
are now degrading t he praadcnavgationA marefpermament pl at f o
solution would be desirable to simply printing new componehtise same desigithe
accuracy of robot headingeasurements is insufficieftr navigation, so a neaompas®or
compassemust be installedRTK functionality needs to be implemented on the GPS syStem.
improve the Kalman filter, an inertial measurement unit (IMU) should be added to accurately
gauge speed.he platform also nesdo be weatherize&inally, the obstacle avoidance system
still needs to be implemented to provide feedback from the environment.

Simulation demonstrates that tRancreas can work, but reliability remains a key issue
for future developmeniThe systems not yet ready for field use, but could be given these

adjustments.
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AppendixA-Co d e

Command Handler/Main

#!/usr/bin/python3

import methods

from digi.xbee.devices import XBeeDevice, RemoteXBeeDevice, XBee64BitAddress
import 0s

import glob

from math import cos, sin

import sys

from time import perf_counter

import numpy as np

import traceback

- CHECK- PID control
- CHECK- Error calculator
- CHECK- Angle/Dist to pwm calculator
GPS reader
- CHECK- Compass reader
- CHECK- Read/write to coordinate file
- CHECK- Stop conditions
# - CHECK Read/write to log file
# Obstacle sensor
# - CHECK Read power

H O OH H HH R
0O
I
m
O
~

powerReadingDelay = 10

aspectRatio= 0.0

average_timestep= 0.5

methods.getSerialPorts()

receiver = XBeeDevice(methods.radioPort, 9600)

55



remoteTransmitter = RemoteXBeeDevice(
receiver, XBee64BitAddress.from_hex_string(

receiver.open()

print(str(me  thods.initArduinos()))

if __name__=="_main__":
print( "Pancreas Online" )

while True:
message = "™
try :

"0013A2004104110E"))

data = receiver.read_data_from(remoteTransmitter,

message = data.data.decode(  "utf8"

print(message)

except :
# print("no messag  e")
pass

if message == "manual" :
# print("manual mode activated")
global pathName
global powerName
global CurrentTime
global t1
lat =]
lon =[]
power =]
heading =[]
dt =]
logPath = False
pathName = ™

# Continue  Reading Messages

while message != '0" :
try :

data = receiver.read_data_from(remoteTransmitter,
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receiver.flush_queues()
message = data.data.decode( "utf8" )

except :
message = "

if message == "3":
# powerName = "powerDefault.csv"
CurrentTime = perf_counter()
t1 = perf_counter()

try :
print( "Getting file name . . ." )
receiver.flush_queues()
receiver.send_data_async(
remoteTransmitter, "Please supply a file name with a
.csv extension within the next 30s" )
receiver.flush_queues()
data = receiver.read_data_from(remoteTransmitter, 30)
pathName = data.data.decode(  "utf8" )
powerName = str( "power" +str(pathName))
except :
pathName = "pathDef aultName.csv"
powerName = "powerDefaultName.csv"
try :
methods.logDatalnit(pathName)
methods.logDatalnit(powerName)
except Exception as e:
receiver.send_data_async(remoteTransmitter, str(e))
lat =]
lon =]
heading =[]
power =]
dt=1]
# power.append(" starting file")
logPath = False

print( "Getting gps . . ." )
i= 0
while i< 5 and logPath == False :
try :
i+= 1
[reflat, reflon, satnum] = methods.readGPS()[ 0: 3]

aspectRatio = cos(reflat)
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[X1, y1] = methods.latlonToXY(
reflat, reflon, aspectRatio)
robot_heading = methods.deg2rad(
float(methods.write_read( c,
methods.sensorArduino)))
initial_state = np.array([[x1], [y1], [sin(
robot_heading)*methods.velocityMagnitude],
[cos(robot_heading)*methods.velocityMagnitude]])
methods. filterInit(initial_state, average_timestep)
receiver.send_data_async(
remoteTransmitter, "try " +str(i)+ ",
" +str(reflat))
if satnum!= O0:
logPath = True
receiver.send_data_async(
remoteTransmitter, "Success!" )
print( "Recording path" )
except Exception as e:
# receiver.send_data_async(remoteTransmitter, str(e))
pass

if len(lat) > 20:
print(str(len(lat)) + "vals in list" )
try :
data =]
i= 0
while i< len(lat):
data.append(
str(lat[i])+ " +str(lon[i])+ """ +str(heading]i]) +
"+ str(dti]))
i+= 1
methods.logDataUpdate(data, pathName)
lat =]
lon =]
heading =[]
dt=1]
except Exception as e:
# print(str(e))
# receiver.send_data_async(remoteTransmitter, str(e))
pass

if len(power) >  20:
# print(str(len(power)) + " vals in list")
try :
methods.logDataUpdate(power, powerName)

58



power =]
except Exception as e:
# print(str(e))
# receiver.send_data_async(remoteTransmitter, str(e))

pass
=
# Stop recording and write to file
=
if message == "4" :
logPath = False
try :
data =]
i= 0
while i<len(lat):
data.append(
str(lat[i])+ " +str(lon[i])+ """ +str(heading]i]) +
"+ str(dti]))
i+= 1
methods.logD ataUpdate(data, pathName)
lat =]
lon =]
heading =]
dt=1]

except Exception as e:
# print(str(e))
# receiver.send_data_async(remoteTransmitter, str(e))
pass

try :
methods.logDataUpdate(power, powerName)
power =]
except Exception as e:
# print(str(e))
# receiver.send_data_async(remoteTransmitter, str(e))
pass

if logPath==True:

if (perf_counter() - CurrentTime) > powerReadingDelay:
CurrentTime = perf_counter()
try :

power.append(methods.write_read(
'P' , methods.sensorArduino))
except :
pass

try :
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[lattitude, longitude, X, y, angle, sats, time, quality]
= methods.get_filtered_s tate(
aspectRatio, receiver, remoteTransmitter)
if sats!= O
lat.append(lattitude[ 0])
lon.append(longitude[ oD
heading. append(angle)
dt.append(perf_counter() - 11)
t1 = perf_counter()
except Exception as e:
# exception_type, exception_object, exception_traceback =
sys.exc_in fo()
# filename =
exception_traceback.tb_frame.f_code.co_filename
# line_number = exception_traceback.tb_lineno
# receiver.send_data_async(remoteTransmitter, str(e) +",
"+ str(exceptio n_type)+", "+str(filename)+", "+str(line_number))
pass
methods.write ToArduino(
'S'" +methods.manualControl(message), methods.steeringArduino)

=
# Setting speed
=
elif ~message == "set speed"”
try :
receiver.send_data_async(
remoteTransmitter, ‘Input a speed in microseconds from 1500
to 2000. Current speed is' + str(methods.Speed))
receiver.flush_queues()
data = receiver.read_data_from(remoteTransmitter, 30)
speed = int(data.data.decode( "utf8" 1))
methods.setSpeed(speed)
except Exception as e:
print( "Err or with speed setting" )
print(str(e))
receiver.send_data_async(remoteTransmitter, str(e))
H oo
# Read GPS
=
elif message == "gps reading"
try :

receiver.send_data_async(
remoteTransmitter, str(methods.readGPS()))
except Exception as e:
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print( "Failed to send GPS data” )
print(str(e))
receiver.send_data_async(remo  teTransmitter, str(e))

S ——
# Read Power
S ——
elif message == "power reading”
try :

receiver.send_data_async(
remoteTransmitter, methods.write_read( 'P' ,
methods.sensorArduino))
except Exception as e:
print( "Failed to send power data, " + str(e))
receiver.send_data_async(remoteTransmitter, str(e))

S
# Read Compass
S
elif message == "compass reading"
try :

receiver.send_data_async(
remoteTransmitter, methods.write_read( 'cC',
methods.sensorArduino))
except Exception as e:
print( "Failed to send compass data" )
receiver.send_data_async(remoteTransmitter, str(e))

=
# Test For Connection
H o o
elif message == "ping" :
receiver.send _data_async(
remoteTransmitter, "Robot computer online" )
=
# Run Autonomously From File
=
elif message == "autonomous" :
filelist =[]
counter= 1
filestr = "Please type in the name of one of the available coordinate
files which you would like to follow or type CANCEL.: \n"
filelist.append(filestr)
files = glob.glob( LI*.csv' )
for f in files:
filestr = str(f)+ "[* +str(os.path.getsize(f))+ " bytes" +"]"

filelist.append(filestr)
counter += 1
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print(filelist)

i= 0

receiver.send_data_async(
remoteTransmitter, str(counter))

receiver.flush_queues()

while i< counter:
receiver.send_data_async(

remoteTransmitter, str(filelist[i]))

i+= 1
print(i)
try :
data = receiver.read_data_from(remoteTransmitter, 60)
userFilename = data.data.decode( "utf8" )
except :
userFilename = 'CANCEL"
if userFilename!= 'CANCEL"
try :

methods.waypointFollower(
0.0, 1.0, 0.0, 1,receiver, remoteTransmitter,
userFilename)
receiver.send_data_async(
remoteTransmitter, "Path following terminated" )
except Exception as e:
exception_type, exception_object, exception_traceback =
sys.exc_info()
filename = exception_traceback.tb frame.f_code.co_filename
line_number = traceback.extract_tb(exception_traceback)
receiver.send_data_async(remoteTransmitter, str(

e)+ ", " +str(exception_type)+ " " +str(filename)+
" +str(line_number))
print(str(e) + " "+ str(exception_type) +
" " +str(filename)+ ", " +str(line_number))

print(userFilename)
message == "™

elif message == "STOP ROBOT"
break

receiver.close()

Function File

# distance calculator
# https://www.hindawi.com/journals/ape/2014/507142/
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from math import cos, sin, pi, acos, atan

from time import sleep

import serial

import pynmea2

from time import perf_counter

from numpy import genfromtxt, sign, sort

import csv

import serial.tools.list_ports

from CustomKalman import TwoDKalman

import numpy as np

# steeringArduino = serial.Serial(port = 'COM13', baudrate=9600, timeout=5)
logFrequency = 5 # How frequent should data be logged (s)
listSize = 100 # How large list is before logging
robotLength = 1.2192 #m, 4ft

robotWidth =  3.048 # m, 10ft

angleSignal= 0 # Radians

velocitySignal = 0 # Microseconds

mode = 1 # Steering mode

setpoint= 0 #fors ynchronous steering

Speed = 1600

speedset= -1

XVariance = 5 # noise variance in meters for longitude
YVariance = 5 # noise variance in meters for latitude

XVelocityVariance = 0.05 # noise varience in measured velocity
YVelocityVariance = 0.05 #noise varience in measured velocity
velocityMagnitude = 0.3 #m/s guess

def getSerialPorts():

This function finds the pancreas' connected devices and stores their serial
port names.

global steeringPort

global sensorPort

global gpsPort

global radioPort

radioPort =

sensorPort =

gpsPort= ™

steeringPort =

try :

radioPort = list(*serial.tools.list_ports.grep( 'FT232EX"))[ 0]
except :
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print( "Radio not connected." )

try :

gpsPort = list(*serial.tools.list_ports.grep( ‘Controller’ N[ 0]
except :

print( "GPS not connected.” )
try :

sensorPort = list(*serial.tools.list_ports.grep( ‘Leonardo’ ))[ O]
except :

print( "Sensor arduino not connected.” )
try :

steeringPort = list(*serial.tools.list_ports.grep( 'USB Serial' ))[ 0]
except :

print( "Steering arduino not connected." )

def initArduinos():

global steeringArduino
global sensorArduino
val =

if steeringPort !=
try :
steeringArduino = serial.Serial(
port=steeringPort, baudrate= 115200, timeout= 0.1)
val += 'steering connected'
except Exception as e:

val +=e
if sensorPort |=
try :
sensorArduino = serial.Serial(
port=sensorPort, baudrate= 115200, timeout= 0.1)
val += ', sensors connected'
except Exception as e:
val +=e
return val

def setSpeed(input):
global Speed
Speed = input
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def readGPS():

It reads the GPS Serial port and translates NMEA to usable values.

try :

data =
gps = serial.Serial(port=gpsPort, baudrate= 115200, timeout=  5)
gps.flushinput() # flush input buffer, discarding all its contents
gps.flushOutput()

sleep( .05)

data = gps.readline()

slee p(.05)

gps.close()

data = data.decode(  "utf -8")

dataParse = pynmeaZ2.parse(data)

gpsLat = dataParse.latitude

gpsLon = dataParse.longitude

sats = dataParse.num_sats

time = dataParse.timestamp

gual = dataParse.gps_qual

return gpsLat, gpsLon, int(sats), time, int(qual)

except Exception as e:

return e

def get filtered_state(aspect_ratio, receiver, remoteTransmitter):

This function reads the GPS Serial port and translates NMEA to usable values.
It returns lattitutde and longitude, cartesian coordinates, heading,
satellites connected, time, and gps quality.

data =

gps = serial.Serial(port=gpsPort, baudrate= 115200, timeout= 5)
gps.flushinput() # flush input buffer, discarding all its contents
gps.flushOutput()

sleep( .05)

data = gps.readline()

sleep( .05)

gps.close()

data = data.decode(  "utf -8")

dataParse = pynmeaZ2.parse(data)

gpslLat = dataParse.latitude

gpsLon = dataParse.longitude

sats = dataParse.num_sats

65



if round(gpsLat)== 0 and round(gpsLon) == 0O:
sats= O
gpsLat = gps_lat_old
gpsLon = gps_lon_old

time = dataParse.timestamp

qual = dataParse.gps_qual

robotAngle = deg2rad(float(write_read( 'C' , sens orArduino)))

[xraw, yraw] = latlonToXY (gpsLat, gpsLon, aspect_ratio)

xcenter = xraw-+(robotWidth/ 2.0 )*cos(robotAngle)

ycenter = yraw - (robotWidth/ 2.0 )*sin(robotAngle)

measured_state = np.array([[xcenter], [ycenter], [sin(
robotAngle)*velocityMagnitude], [cos(robotAngle)*velocityMagnitude]])

[xfilter, yfilter] = filteredGPS(measured_state)

[latAdjusted, lonAdjusted] = XYtolatlon(xfilter, yfilter, aspect_ratio)

gps_lat_old = latAdjusted

gps_lon_old = lonAdjusted

return latAdjusted, lonAdjusted, xfilter, yfilter, robotAngle, int(sats),

time, int(qual)

def

def

def

def

except Exception as e:
receiver.send_data_async(remoteTransmitter, str(e))

filterInit(initial_state, time_step):
global gpsFilter
global gps_lat_old
global gps_lon_old
gpsFilter = TwoDKalman(initial_state, time_step, XVariance,
YVariance, XVelocityVariance, YVelocityVariance)

fiteredGPS(current_state):
[X, y] = gpsFilter filter(current_state)
return X,y

deg2rad(deq):

converts degrees to radians, pretty simple

return  deg*(pi/ 180.0)

rad2deg(rad):

converts radians to degrees , pretty simple
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return rad* 180.0 /pi

def distanceToWaypoint(xp, yp, Xw, yw):

computes the distance to the waypoint

return  ((Xp - Xw)** 2+(yp - yw)** 2)**( 1/ 2)

def latlonToXY(lat, lon, aspectRatio):

This function converts lattitude and longitude to x and y values using simple
eqgirectangular projection.

X and y are in meters

r= 6371000

lat = deg2rad(lat)

lon = deg2rad(lon)

y =r*lat
X = r*lon*aspectRatio
return X,y

def XYtolatlon(x, y, aspectRatio):

This function converts x,y back to lattitude and longitude using simple
equirectangular projection.

X and y need to be in meters.

r= 6371000

lat = rad2deg(y/r)

lon = rad2deg(x/(r*aspectRatio))

return lat, lon

def betweenWaypoints(x1, y1, X2, y2, Xp, yp):
This function is for waypoint following. It decides whether to look at a
point on the line segment or one of the endpoints to follow.
xval = [x1, x2]
xval = sort(xval)
yval = [y1, y2]
yval = sort(yval)
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if x1==x2:
if yp>yvall 1] or yp<yval O
return False
elif yl==y2:
if xp>xval[ 1] or xp<xval[ O]
return False
else :
m = (y2 -yl)/(x2 -x1)
interceptl = yl1+x1/m
intercept2 = y2+x2/m
a = yp+xp/m
if interceptl > intercept2:
if (a-interceptl) > 0 or (a-intercept2) < 0:
return False
else :
if (a-interceptl) < 0 or (a-intercept2) > 0:
return False
return True

def calcAngleError(x1, y1, X2, y2, xp, yp, robotAngle, r):

This is the error calculator for the pure persuit line following algorithm.

The robot maintains a constant speed and only uses the error in desired and
current angle to navigate.

ptiDist = (xp  -x1)** 2 +(yp -yl)** 2)**( 1/2)

pt2Dist =  ((Xp -x2)** 2 + (yp -y2)** 2)**( 1/2)

if x2==x1:
if y2==vyl:
Acoef= 1
Bcoef = -2*yp

Ccoef = x2**  2- 2*Xp*X2+Xp** 2+yp** 2-r** 2
perpDist = pt1Dist+ 1

else :
Acoef= 1
Bcoef = - 2*yp
Ccoef = x2**  2- 2*Xp*X2+xp** 2+yp** 2-r** 2
perpDist = ((x2  -xp)** 2)**( 1/2)

else :
m=(y2 -yl)/(x2 -x1)
b=y2 -m*x2

Acoef = (m**  2+1)
Bcoef =  2*m*b- 2*m*yp- 2*xp
Ccoef = xp**  2+b** 2- 2*b*yp+yp** 2-r** 2
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if betweenWaypoints(x1, y1, X2, y2, xp, yp) == True:
perpDist = abs( - m*xp+yp- b)/(m** 2+1** 2)**( 1/ 2)
else :
perpDist = pt1Dist+ 1

distances = [pt1Dist, pt2Dist, perpDist]
minDist = distances.index(min(distances))
descriminant = Bcoef** 2- 4*Acoef*Ccoef

if distances[minDist] > r or descriminant<  0O:
if minDist== O:
x=x1
y=yl
elif minDist== 1:
X = X2
y=y2
else :
if y2==vyl:
X = Xp
y=y2
elif x2==x1:
X = X2
y=yp
else :
X = (xp/m+yp -b)/(m+ 1/m)
y = m*x+b

else :
xpotl = (- Becoef + (descriminant)**( 1/ 2))I( 2*Acoef)
xpot2 = (- Bcoef - (descriminant)**( 1/ 2))/(  2*Acoef)

if x1==x2:
ypotl = xpotl
ypot2 = xpot2
Xpotl = x2
Xpot2 = x2

else :
ypotl = m*xpotl+b
ypot2 = m*xpot2+b

dpotl = ((xpotl  -x2)** 2+(ypotl -y2)** 2)**( 1/2)
dpot2 = ((xpot2 - x2)** 2+(ypot2 -y2)** 2)**( 1/2)
if (dpot2 > dpotl):

X = xpotl

y = ypotl
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else :
X = Xpot2
y = ypot2

Xr = xp+r*sin(robotAngle)
yr = yp+rcos(robotAngle)

ax=Xxr -xp

ay=yr -yp

bx =x -xp

by=y -yp

angleError= 0

if (ax!= 0 or ay!l= 0) and (bx!= 0 or by!= 0):
try :

angleError = acos(
(ax*bx+ay*by)/(((ax** 2+ay** 2)**( 1/ 2))*((bx**  2+by** 2)**( 1/ 2))))

except :
pass
cp = ax*by - bx*ay
if cp< O:
angleError = - 1*angleError

return angleError

def writeToArduino(x, microcontroller):

This function communicates with the latte panda's onboard arduino or USB
connected arduino.

It takes what is being written and a port name.

try :
microcontroller.write(bytes(x, ‘utf -8"))
microcontroller.flushinput() # flush input buffer, discarding all its
contents
microcontroller.flushOutput()
except Exception as e:
print(str(e))
pass
return

def write_read(x, microcontroller): # communucation btw the cpu and ard

This function communicates with the latte panda's onboard arduino or USB
connected arduino and receives a return signal.
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It takes what is being written and a port name.

try :
microcontroller.flushinput() # flush input buffer, discarding all its
contents
microcontroller.flushOutput()
microcontroller.write(bytes(x, "utf -8"))

data = microcontroller.readline()
data = data.de code( "utf -8")
return data

except Exception as e:
print(str(e))
pass

return

# This enables manual control from another computer

def manualControl(keystroke):

This function enables manual control from another rad io receiver connected
computer.

It returns the desired pwm inputs for steering and wheel motion.

global Speed

global angleSignal

global velocitySignal

global mode

global setpoint

global speedset

adjustedSpeed = Speed - 1500

if keystroke== "I"
speedset *= -1

if keystroke == "1":
setpoint= 0
mode = 1

elif keystroke == "2":
angleSignal= 0
mode = 2

if mode ==
if keystroke ==
angleSignal -

.05
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elif
elif mode == 2:
if
setpoint
elif

if keystroke== "
velocitySignal =
keystroke ==

velocitySignal =

elif

if keystroke== "
velocitySignal =

return  str(angleSig

keystroke ==
angleSignal +=

keystroke ==

keystroke ==
setpoint +=

"d"
.05

"a" :
-= 10

"d"
10
w" :
1500 + adjustedSpeed
"s" .
1500 - adjustedSpeed

and speedset< O:

1500

nal)+ ;" +str(velocitySignal)+ ," +str(setpoint)

def waypointFollwerVariablelnits(ki, kp, kd, R):

This function initialized the starting values for autonomous waypoint

following.
global X
global vy
global xPath
global yPath
gl obal robotAngle
global oldErr
global oldTime
global intErr
global wpNum
global ki
global kP
global kD
global r
global latPath
global lonPath
global heading
heading =[]
latPath =[]
lonPath =]
r=R
Kkl = ki
kP =kp
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kD = kd

x= 0

y=0

xPath =]

yPath =]

robotAngle= 0
oldErr= 0

oldTime = perf_counter()
intErr= 0

wpNum =0

def computePID(err, dutycycle):

This is the pid control calculator, velocity may need to be adjusted
velocity = ((dutycycle -1500)/ 500) * \

1.388 # m/s, constant derived from wheel diameter and measured rpm
global oldTime

global intErr
global oldErr
intMax = 2.0

nowTime = perf_counter()
deltaT = nowTime -oldTime
intErr += err*deltaT
if abs(intErr) > intMax:
intErr = sign(intErr)*intMax
derErr = (err - oldErr)/deltaT
out = kP*err+kI*intErr - kD*derErr
oldTime = nowTim e
oldErr = err
return  out

def logPath(lat, lon, name):

with open(name, 'w' ) as f:
fwrite( " )
with open(name, 'a’ , newline= " ) as f:
writer = csv.writer(f)
i= 0
while i<len(lat):
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writer.writerow([lat[i], lon[i]])
i+= 1

def logDatalnit(hame):
with open(name, 'w' ) as f
fwrite( " )

def logDataUpdate(data, name):

with open(name, 'a' , newline= " ) as f
i= 0
while i<len(data):
f.write(data]i]+ ‘\n')
i+= 1

def initializeWaypointFollower(name, receiver, remoteTransmitter):

Thisist o setthe inital error so the derivative control doesn't do funny
things on startup.

The function is just one pass through the waypoint follower loop without
actually issuing any motor commands.

global waypoints

global refLat

global aspectRatio

global xwaypoints

global ywaypoints

global wpNum

global oldErr
global initial_state
global xp

global yp

global xWaypoint
global yWaypoint
global xlastWaypoint
global ylastWaypoint
global gps_lat old
global gps_lon_old

waypoints = genfromtxt(name, delimiter= )
receiver.send_data_async(

remoteTransmitter, "length of chosen file: " + str(len(waypoints)))
print(len(waypoints))
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refLat=  deg2rad(waypoints|
aspectRatio = cos(refLat)
Xwaypoints =[]

ywaypoints = []

i= 0
while

0, 0]

i < len(waypoints):

[xpoints, ypoints] = latlonToXY/(
waypointsi, 0], waypointsi,

Xwaypoints.append(xpoints)

ywaypoints.append(ypoints)

1], aspectRatio)

i+= 1
i= 0
failure = True
while i< 5 and failure == True:
try :
[gps_lat, gps_lon, sats] = readGPS()[ 0: 3]
receiver.send_data_async(
remoteTransmitter, "try " +str(i)+ ", lat”
+ str(gps_lon))
if sats!= 0 and round(gps_lon) != 0:

+str(gps_lat) +

[Xp, yp] = latlonToXY(gps_lat, gps_lon, aspectRatio)

failure = False
receiver.send_data_async(remoteTransmitter,
gps_lat_old = gps_lat
gps_lon_old = gps_lon
except Exception as e:
receiver.send_data_async(remoteTransmitter, str(e))
print(  "No connect ionto GPS" )
pass
i+= 1

robotAngle = deg2rad(float(write_read(

initial_state = np.array([[xp], [yp], [sin(

"Success" )

# Set first old error equal to the new one to stop weird inital derivative error

behavior
'C' , sensorArduino)))

robotAngle)*velocityMagnitude], [cos(robotAngle)*velocityMagnitude]])

filterInit(initial_state, 0.512)

[XWaypoint, yWaypoint] = xwaypointsjwpNum], ywaypointsfwpNum]

if  wpNum ==0:

[xlastWaypoint, ylastWaypoint] = [xWaypoint, yWaypoin
else :

[xlastWaypoint, ylastWaypoint] = xwaypoints[wpNum
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while distanceToWaypoint(xp, yp, XWaypoint, yWaypoint) <r:
wpNum +=1
if  wpNum >= len(waypoints):
break
[XWaypoint, yWay point] = xwaypoints[wpNum], ywaypoints[wpNum]
print(  "waypoint" +str(wpNum)+ " reached" )
oldErr = calcAngleError(xlastWaypoint, ylastWaypoint,
xWaypoint, yWaypoint, xp, yp, robotAngle, r)

def waypointFollower(ki, kp, kd, lookahead, receiver, remoteTransmitter,
filename):

This is the meat and potatoes of the robot.

It takes in a set of waypoints and follows them by issuing commands to the
onboard arduino.

It needs pid control constants, the look ah ead distance, a threshold at which
to stop going forward and focus on turning,

a PWM speed (in microseconds) for the motors, a file name, and a radio
reciever and transmitter object.

global message

global  wpNum

global latPath

global lonPath

global Speed

global xlastWaypoint

global ylastWaypoint

global xWaypoint

global yWaypoint

global initial_state

global aspectRatio

global xp

global yp

global heading

logDatalnit(  "traversedPath.csv" )

logDatalnit(  “"errorOutput.csv" )

logDatalnit(  "PIDoutput.csv" )

logDatalnit(  "powerConsumption.csv" )

outputlist =[]

errplot =[]

timeplot =]

pwrplot = []

trueTime =[]

logTimer = perf_count  er()
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waypointFollwerVariablelnits(ki, kp, kd, lookahead)
try :
initializeWaypointFollower(filename, receiver, remoteTransmitter)
except Exception as e:
receiver.send_data_async(remoteTransmitter, str(e))
return

while True:
# Take GPS measurement and compass measurement
try :
[lattitude, longitude, X, y, robotAngle, sats, time, quality] =
get_filtered_state(
aspectRatio, receiver, remoteTransmitter)
if sats!= O
latPath.append(lattitude[ oD
lonPath.append(longitude[ 0])]
heading.append(robotAngle)
Xp = X
yp=y

except Exception as e:
receiver.send_data_async(remoteTransmitter, "GPS issue" )
print(e)
pass

# Read and select waypoint values
# If robot within threshold distance increment to next waypoint

whle distanceToWaypoint(xp, yp, XWaypoint, yWaypoint) <r:

wpNum +=1
if  wpNum >= len(waypoints): # Check for more waypoints
writeToArduino(  "S0,1500,0" , steeringArduino)
break
[XWaypoint, yWaypoint] = xwaypoints[wpNum], ywaypointsfwpNum]
if  wpNum ==0:
[xlastWaypoint, ylastWaypoint] = [xWaypoint, yWaypoint]
else :
[xlastWaypoint, ylastWaypoint] = xwaypointsfwpNum - 1],

ywaypoints[wpNum - 1]
print( "waypoint" +str(wpNum)+ " reached" )

if  wpNum >= len(waypoints): # Check for more waypoints
writeToArduino( "S0,1500,0" , steeringArduino)
break

try :
data = receiver.read_data_from(remoteTransmitter, 0.1)
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message = data.data.decode(  "utf8" )
writeToArduino( "S0,1500,0" , steeringArduino)
break

except :
pass

# Calculate angle error
try :
err = calcAngleError(xlastWaypoint, ylastWaypoint,
xWaypoint, yWaypoint, xp, yp, robotAngle, r)
errplot.append(err)
timeplot.append(perf_counter())
if timeplotf -1] - logTimer> logFrequency:

pwrplot.append(write_read( '‘P' , sensorArduino))
trueTime.append(time)
logTimer = timeplot[ -1]

# Run error through PID control for steering
output= computePID( - err, Speed)
outputlist.append(output)

# Output to steering motors
writeToArduino(  "S" +str(output)+ "" +str(Speed) +
""" +str( 0), steeringArduino)
except Exception as e:
receiver.send_data_async(remoteTransmitter, str(e))
print(e)
pass

# writing data to file
if len(latPath) > listSize:

data =]
i= 0
while i< len(latPath):
data.append(str(latPath[i])+ "o+
str(lonPath[i])+ """ +str(heading]i]))
i+= 1
try :
logDataUpdate(data, "traversedPath.csv' )
latPath =]
lonPath =[]
heading =]
except Exception as e:
print(str(e))

receiver.send_data_async(remoteTransmitter, str(e))
if len(timeplot) > listSize:
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datal =]

data2 =]

i= 0

while i <len(timeplot):

datal.append(str(timeplot[i])+ """ +str(errplot[i]))
data2.append(str(timeplot[i])+ " +str(outputlist[i]))

i+= 1
try :
logDataU pdate(datal, “errorOutput.csv"
logDataUpdate(data2,  "PIDoutput.csv" )
timeplot =[]
errplot =]
outputlist =[]
except Exception as e:
print(str(e))

receiver.send_data_async(remoteTransmitter, str(e))

if len(pwrplot) > listSize:

data =]

i= 0

while i <len(pwrplot):
data.append(str(trueTime[i])+ """ +str(pwrplot[i]))
i+= 1

try :
logDataUpdate(data, "powerConsumption.csv" )
trueTime =]
pwrplot =[]

except Exception as e:
print(str(e))

receiver.send_data_async(remoteTransmitter, str(e))

# Check for obstacles

# Turn parallel to obstacle

# Log robot path

data =]

0

while i< len(latPath):

try :

data.append(str(latPath[i])+ "" +str(lonPath[i])+
i+= 1

logDataUpdate(data,  "traversedPath.csv" )

latPath =]
lonPath =[]
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heading =]

except Exception as e:
print(str(e))
receiver.send_data_async(remoteTransmitter, str(e))

datal =]

data2 =]

i= 0

while i <len(timeplot):
datal.append(str(timeplot[i])+ """ +str(errplot[i]))
data2.append(str(timeplot[i])+ " +str(outputlist[i]))
i+= 1

try :

logDataUpdate(datal, "errorOutput.csv" )
logDataUpdate(data2, "PIDoutput.csv" )

timeplot =[]
errplot =[]
outputlist =[]
except Exception as e:
print(str(e))
receiver.send_data_async(remoteTransmi tter, str(e))
data =]
i= 0
while i< len(pwrplot):
data.append(str(trueTimeli])+ """ +str(pwrplot[i]))
i+= 1
try :
logDataUpdate(data, "powerConsumption.csv" )
trueTime =[]
pwrplot =[]
except Exception as e:
print(str(e))

receiver.send_data_async(remoteTransmitter, str(e))

User Radio Control

from digi.xbee.devices import XBeeDevice, RemoteXBeeDevice, XBee64BitAddress

import pynput
import  serial.tools.list_ports

# For windows, comment out the below try, except lines and replace radioPort with

a the name of the COM port that the radio is connected to.
print(list(*serial.tools.list_ports.grep( 'FT231X")))
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try :

radioPort = list(*serial.to ols.list_ports.grep(
except :

print( "Radio not connected." )
transmitter = XBeeDevice(radioPort, 9600)

remoteReceiver = RemoteXBeeDevice(

transmitter, XBee64BitAddress.from_hex_string(
transmitter.open()
inputName = False

def on_press(key):
global inputName
try :
print(key.char)

'FT231X' )[ 0]

"0013A20040FCB774")

transmitter.send_data_async(remoteReceiver, key.char)

if key.char== '0" :
print( "manual stopped" )
return False

elif key.char== '3 . #fixthis

print( "manual paused, press enter once" )
inputName = True
return False
elif key.char== '5'
try :
data = transmitter.read_data_from(remoteReceiver, 3)

message = data.data.decode(  "utf8"
print(message)
except :
print(  "No transmission” )
except AttributeError:
print( 'sp ecial key {0} pressed' format(

key))

def beginManual():

listener = pynput.keyboard.Listener(on_press=on_press)

listener.start()

if _name__==" main_ ":
while True:
X = input()
message =
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if x== "ping" :
if remoteReceiver.reachable:
print( "Reciever online" )
else :
print( "Reciever offline" )
transmitter.flush_queues()
transmitter.send_data_async(remoteReceiver, Xx)
try :
data = transmitter.read_data_from(remoteReceiver, 3)
message = data.data.decode(  "utf8" )
print(message)
except :
print( "Robot computer offline" )

elif x== "gpsread ing" :
transmitter.flush_queues()
transmitter.send_data_async(remoteReceiver, Xx)
try :
data = transmitter.read_data_from(remoteReceiver, 10)
message = data.data.decode(  "utf8" )
print(message)
except :
print( "No data recieved"” )

elif x== "power reading"
transmitter.flush_queues()
transmitter.send_data_async(remoteReceiver, x)

try :
data = transmitter.read_data_from(remoteReceiver, 3)
message = data.data.decode(  "utf8" )
print(
"Power from batteries, power from solar, system input
voltage(W,W,V): " + message)
except :

print( "No data recieved" )

elif x== "compass reading"
transmitter.flush_queues()
transmitter.send_data_async(remoteReceiver, x)
try :
data = transmitter.read_data_from(r emoteReceiver, 3)
message = data.data.decode(  "utf8" )
print(message)
except :
print( "No data recieved" )
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elif x== "setspeed"

transmitter.send_data_async(remoteReceiver, x)

try :
data = transmitter.read_data_from(remoteReceiver, 5)
message = data.data.decode(  "utf8" )
print( "\ n"+message)
speed = input()
transmitter.send_data_async(remoteReceiver, speed)

except :
print( "No response from robot" )
elif == "manual" :

print( " \ nManual mode activated,
avialable commands are: \n wa,s,d - whereaandd are for turning, and w and s
are forward and backward, respectively \n |-lock forward or reverse \n 1 - for
dual Ackerman steering \n 2 - for synchronous steering \n 3 - torecordagps
coordinate path \n 4 - stop recording path and write to file \n 5 - read
transmission \n 0 - stop manual mode \n--- \n")

transmitter.send_data_async(remoteReceiver, Xx)
beginManual()

elif inputName == True: # fix this

try :
data = transmitter.read_data_from(remoteReceiver, 3)
message = data.data.decode(  "utf8" )
print( "\ n"+message)
name = input()
transmitter.send_data_async(remoteReceiver, name)

except :
print( "Robot computer offline" )

inputName = False

print( "manual resumed" )

beginManual()

elif x== "autonomous" :
transmitter.send_data_async(remoteReceiver, x)
try :
data = transmitter.read_data_from(remoteReceiver, 5)

message = data.data.decode(  "utf8" )

counter = int(message)

i= 0

while i< counter:
data = transmitter.read_data_from(remoteReceiver, 5)
message = data.data.decode(  "utf8" )
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print(message)
i+= 1
name = input()

transmitter.send_data_async(remoteReceiver, name)

except :
print(  "No response from robot" )
while input( "Press enter to refresh, or O then enter to exit." ) 1=
0
try :
transmitter.flush_queues()
data = transmitter.read_data_from(remoteReceiver, 3)
message = data.data.decode(  "utf8" )
print(message)
except :
print( "No error message recieved" )
elif x== "STOP ROBOT"
transmitter.send_data_async(remoteReceiver, x)
elif x== "STOP CONTROLLER"
break
else :
print( " \ nUrrecognized command,
avialable commands are: \n ping\n setspeed \n gpsreading \n  power

reading \n  compassreading \n manual\n autonomous\n STOP ROBO® STOP

CONTROLLER \n")

print( "loop ended" )
transmitter.close()

Kalman Filter

#based on: https://machinelearningspace.com/2d - object
filter/

import numpy as np

class TwoDKalman():
def _ init_ (self, initial_state, dt, stdX, stdY, stdVX, stdVY):

self .dt=dt

self .state = initial_state

self .F =np.array([[ 1, 0, self .dt, 0],
[0, 1, O, self .dt],
[0, O, 1, Q],
[0, O, O, 1D
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def

self .H=np.array([[ 1, 0, 0, 0],
[0, 1, O, O],
[0, O, 1, O],
[0, 0, 0, 1))
self .Q =np.eye( 4)
self .R = np.array([[stdX** 2, 0, 0, 0],
[0, stdY** 2, 0, 0],
[0, O,stdvX** 2 0],
[0, O, O,stdvY* 2]])
self .P =np.eye( self .F.shape[ 1])
self .I=np.eye( self .H.shape[ 1])
# pass
update(self, measured_state):
S=np.dot( self .H, np.dot( self .P, self .HT))+ self .R
kalman_gain = np.dot(np.dot( self .P, self .H.T), np.linalg.inv(S))
self .state = self .state + np.dot(kalman_gain, (measured_state

np.dot( self .H, self .state)))

def

def

# print(self.state.shape)

self .P=( self .I - (np.dot(kalman_gain, self .H)))* self .P
return self .state[ 0: 2]

# pass

predict(self):

self .state=n p.dot( self .F, self .state)
self .P = np.dot(np.dot( self .F, self .P), self F.T)+ self .Q
# pass

filter(self, measured_state, dt = Nong:
self .predict()
filtered_position = self .update(measured_state)

return filtered_position

Motor Arduino Main

/I Motor and steering
#define LWHEELMOTOR
#define RWHEELMOTOR
#define LRWHEELMOTOR
#define RRWHEELMOTOR

/I #define

WHEELMOTOR 1

#define LSTEPPIN 9
#define LDIRPIN 10
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#define RSTEPPIN 11

#define RDIRPIN 12

#define LRSTEPPIN 13

#define LRDIRPIN 8

#define RRSTEPPIN 6

#define RRDIRPIN 7

/[Power compass and communication
#define DECLINATION -70

#include <Servo.h>

#include <StepperMotorClosedLoop2.h>

// Motor and steering

int steps= 850;

float gearRatio= 4.25;

unsigned char steeringAddress = 0x36;

int setPoint=  0;

float  turnAngle;

float roboWidth= 10.0;

float roboLength= 4.0;

float leftAngle;

float  rightAngle;

float rightRearAngle;

float leftRearAngle;

Servo LWheel;

Servo RWheel;

Servo LRWheel,

Servo RRWheel,

Servo Wheel,

StepperMotorClosedLoop IMotor(LSTEPPIN, LDIRPIN , 0, steps, gearRatio,
steeringAddress);

StepperMotorClosedLoop rMotor(RSTEPPIN, RDIRPIN, 1, steps, gearRatio,
steeringAddress);

StepperMotorClosedLoop IrMotor(LRSTEPPIN, LRDIRPIN, 2, steps, gearRatio,
steeringAddress);

StepperMotorClosedLoop rrMotor(RRSTE  PPIN, RRDIRPIN, 3, steps, gearRatio,
steeringAddress);

String Comm = "™ ;

char command,

String line = e

String steeringString = "
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String forwardString = ;
String setpointString = "
int i

int j;

float steeringSignal;

int forwardSignal;

int signalStore;

void setup() {
Serial.begin(  115200); // serial initialization
delay( 10);
Serial.printin( "Setting up drive motors . . ."
Serial.setTimeout(  10);
pinMode(LWHEELMOTOR, OUTPUT);
pinMode(RWHEELMOTOR, OUTPUT);
pinMode(LRWHEELMOTOR, OUTPUT);
pinMode(RRWHEELMOTOR, OUTPUT);
/I pinMode(WHEELMOTOR, OUTPUT);
/l Wheel.attach(WHEELMOTOR);
/I Wheel.writeMicroseconds(1500);
LWheel.attach(LWHEELMOTOR);
LWheel.writeMicroseconds(  1500);
RWheel.attach(RWHEELMOTOR);
RWheel.writeMicroseconds( 1500);
LRWheel.attach(LRWHEELMOTOR);
LRWheel.writeMicroseconds( 1500);
RRWheel.attach(RRWHEELMOTOR);
RRWheel.writeMicroseconds( 1500);

Serial.printin(F( "Connecting steering motors . . ."

IMotor.init();

Serial.printin(F( "Imotor running”  ));
delay( 10);

rMotor.init();

Serial.printin(F( “rmotor running"  ));
delay( 10);

IrMotor.init();

Serial.printin(F( “lrmotor running" );
del ay( 10);

rrMotor.init();

Serial.printin(F( “rrmotor running”  ));
delay( 10);
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e
1l LOOP
e
void loop() {
if (Serial.available()) {

command =" ;

line = Serial.readString();
Serial.flush();

command = line[ O];

I Serial.printin(line);
switch (command) {

case 'S' . /lIsteering

steeringString = "
forwardString = "
setpointString = "
j = line.length();
if (> 2){
i= 1
while (i<j){
if (line[i] == char (', )){
break ;
}
steeringString += lineJi];
i++;
}
i++;
while (i<j){
if (line[i] == char (', ){
break ;
}
forwardString += linel[i];
i++;
}
i++;
while (i<j){
setpointString += line[i];
i++;
}

steeringSignal = steeringString.toFloat();
forwardSignal = forwardString.tolnt();
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forwardSignal = forwardSignal - 1500;
signalStore = forwardSignal,

setPoint = setpointString.toint();
steering(steeringSigna I, setPoint);

forwardSignal = signalStore *
IMotor.calculateStepsReversible(leftAngle);
LWheel.writeMicroseconds(forwardSignal + 1500);
forwardSignal = signalStore *
rMotor.calculateStepsReversible(rightAngle);
RWheel.writeMicroseconds(forwardSignal + 1500);
forwardSignal = signalStore *
IrMotor.calculateStepsReversible(leftRearAngle);
LRWheel.writeMicroseconds(forwardSignal + 1500);
forwardSignal = signalStore *
rrMotor.calculateStepsReversible(rightRearAngle);
RRWheel.writeMicroseconds(forwardSignal + 1500);
}

break ;

default
break ;

}

}
IMotor.turnToAngle();

/I Serial.printin(IMotor.returnAngle());
rMotor.turnToAngle();
IrMotor.turnToAngle();
rrMotor.turnToAngle();

void steering( float controlSignal, int setpoint) {

float Offset= float (setpoin t)*PIl/ 1000.0;

turnAngle = controlSignal;

leftAngle = atan(roboLength * sin(turnAngle) / (roboLength * cos(turnAngle) +
roboWidth * sin(turnAngle)));

rightAngle = atan(roboLength * sin(turnAngle) / (roboLength * cos(turnAngle)
roboWidth * sin(tu rnAngle)));

if (turnAngle> 0 && rightAngle < 0){
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rightAngle = (PI) + rightAngle;

}

if (turnAngle< 0 && leftAngle > 0) {
leftAngle = - (P1) + leftAngle;

}

leftRearAngle = leftAngle;
rightRearAngle = rightAngle;

leftAngle = - leftAngle;

rightAngle =  -rightAngle;

leftAngle = leftAngle - Offset;

rightAngle = rightAngle - Offset;
leftRearAngle = leftRearAngle - Offset;
rightRearAngle = rightRearAngle - Offset;

Arduino Closed Loop Stepper Motor Library

#include "Ardui no.h"
#include "StepperMotorClosedLoop2.h"
#include "Wire.h"
#include "SparkFun_I2C_Mux_Arduino_Library.h"
StepperMotorClosedLoop::StepperMotorClosedLoop( int stepPin, int
int steps, float gearRatio, unsigned char address){
_stepPin = stepPin;
_dirPin = dirPin;
pinMode(_stepPin, OUTPUT);
pinMode(_dirPin, OUTPUT);
_steps = steps;

_port = port;
_currentCount = 0;
_desiredCount= 0;

_stepsToGo = O;

_stepPin = stepPin;

_dirPin= dirPin;

_magnetStatus = 0; //value of the status register (MD, ML, MH)
_numberofTurns = 0; //number of turns

_correctedAngle = 0; //tared angle - based on the startup value
_startAngle = 0; //starting angle

_totalAngle = 0; /hotal abso  lute angular displacement
_gearRatio = gearRatio;

_resolution = (_steps/_gearRatio)/ 4096.0;

_stepsNoGearbox = _steps/_gearRatio;
_address = address;
_pulseDelay = 100;
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}

void StepperMotorClosedLoop::init() {

Wire.begin(); lIst arti2C
Wire.setClock( 10000);
_mux.begin();
_mux.setPort(_port);

_checkMagnetPresence(); //check the magnet (blocks until magnet is found)

_readRawAngle(); //make a reading so the degAngle gets updated
_startAngle = _degAngle; /I update startAngle with degAngle

_time = millis();

- for taring

}
void StepperMotorClosedLoop::calculateSteps( float desiredPos) {
_mux.setPort(_port);
_desiredCount = (desiredPos * _steps/ 2)/PI;
_desiredCount = _desiredCount % _steps;
_readRawAngle();
_correctAngle();
_checkQuadrant();
_currentCount = _totalAngle;
if (abs(_currentCount - _desiredCount) > _steps/ 2){
if (_currentCount > _desiredCount) {
_stepsToGo =_steps  + _desiredCount;
} else {
_stepsToGo = _desiredCount - _steps;
}
} else {
_stepsToGo = _desiredCount;
}
}
int StepperMotorClosedLoop::calculateStepsReversible( float desiredPos) {
__mux.setPort(_port);
int val= 1;
_desiredCount = (desiredPos * _steps/ 2)IPI;
_desiredCount = _desiredCount % _steps;
_readRawAngle();

_correctAngle();
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_checkQuadrant();
_currentCount = _totalAngle;

if (_desiredCount > _steps/ 1 {
_stepsToGo = _desiredCount - _steps/ 2;

val= -1;

} else if (_desiredCount< - _steps/ 4){
_stepsToGo = _desiredCount+_steps/ 2;
val= -1;

} else {

_stepsToGo = _desiredCount;

}

retu rn val;

}

void StepperMotorClosedLoop::turnToAngle() {

I1if (millis() - _time > 200){

_mux.setPort(_port);

_readRawAngle();

_correctAngle();

_checkQuadrant();

/I _time = millis();

I}

if (_totalAngle > stepsToGo+_steps/ 200) {
digitalWrite(_dirPin, LOW);
digitalWrite(_stepPin, HIGH);
delayMicroseconds(_pulseDelay);
digitalWrite(_stepPin, LOW);
/I delayMicroseconds(_pulseDelay);

}

el se if (_totalAngle < _stepsToGo - _steps/ 200) {
digitalWrite(_dirPin, HIGH);
digitalWrite(_stepPin, HIGH);
delayMicroseconds(_pulseDelay);
digitalWrite(_stepPin, LOW);
/I delayMicroseconds(_pulseDelay);

}

I}
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void StepperMotorClosedLoop::calibrateZero() {
_mux.setPort(_port);

_currentCount= 0;
_desiredCount=  0;
_readRawAngle();

_startAngle = _degAngle;
}

void StepperMotorClosedLoop::_correctAngle() {
_correctedAngle = _degAngle;

}

void StepperMotorClosedLoop::_checkQuadrant() {
/*
//Quadrants:
4 |1 1
—- | —-
3 | 2
*/

/IQuadrant 1

if (_correctedAngle >= 0 && _correctedAngle <=_stepsNo  Gearbox/ 4.0)

{

_quadrantNumber = 1;
}
//Quadrant 2

if (_correctedAngle > stepsNoGearbox/ 4.0 && correctedAngle <=
_stepsNoGearbox/ 2.0)

{

_quadrantNumber = 2;
}
//Quadrant 3

if (_correctedAngle > stepsNoGearbox/ 2.0 && correctedAngle <=
3.0 *_stepsNoGearbox/ 4.0)

{

_quadrantNumber = 3;
}
/IQuadrant 4

if (_correctedAngle > 3.0 *_stepsNoGearbox/ 4.0 && _correctedAngle <
_stepsNoGearbox)

{
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_quadrantNumber = 4;

}
/[Serial.print("Quadrant: ");
/[Seria Lprintin(quadrantNumber); //print our position "quadrant - wise"
if (_quadrantNumber != _previousquadrantNumber) /lif we changed quadrant
{
if (_quadrantNumber == 1 && previousquadrantNumber ==  4)
{
_numberofTurns++; //4 -- >1 transition: CW rotation
}
if (_quadrantNumber == 4 && previousquadrantNumber == 1)
{
_numberofTurns -- ; //1 -- >4 transition: CCW rotation
}

/lthis could be done between every quadrants so one can count every 1/4th of
transition

_previousquadrantNumber = _quadrantNumber; /lupdate to the current quadrant
}
_totalAngle = (_numberofTurns*_stepsNoGearbox + _correctedAngle); /Inumber of
turns (+/  -) plus the actual angle within the 0 - 360 range

}

void StepperMotorClosedLoop::_checkMagnetPresence() {
/[This function runs in the setup() and it locks the MCU until the magnet
is not positioned properly

while ((_magnetStatu s & 32)!= 32) //while the magnet is not adjusted to the

proper distance - 32:MD=1
{

_magnetStatus = 0; //reset reading
Wire.beginTransmission(_address); /lconnect to the sensor
Wire.write(  0x0B); //figure 21 - register map: Status: MD ML MH
Wire.endTransmission(); /lend transmission
Wire.requestFrom(_address, 1); //request from the sensor
while (Wire.available() == 0); //wait until it becomes available
_magnetStatus = Wire.read(); /IReading the data after the request

/ISerial.print("Magnet status: ");
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/[Serial.printin(magnetStatus, BIN); //print it in binary so you can compare

it to the table (fig 21)

}

}

/[Status register output: 00 MD ML MHO0O0 O

/IMH: Too strong magnet - 100111 - DEC: 39
/IML: Too weak magnet - 10111 - DEC: 23

/IMD: OK magnet - 110111 - DEC: 55

/[Serial.printin("Magnet found!");
/I[delay(1000);

void StepperMotorClosedLoop::_readRawAngle() {

/[7:0 - bits
Wire.beginTransmission(_address); /lconnect to the sensor
Wire.write(  Ox0D); //figure 21 - register map: Raw angle (7:0)
Wire.endTransmission(); /lend transmission

Wire.requestFrom(_addre ss, 1); //request from the sensor

while (Wire.available() == 0); /l/wait until it becomes available
_lowbyte = Wire.read(); /IReading the data after the request

//11:8 - 4 bits

Wire.beginTransmission(_address);

Wire.write( 0x0C); //figure 21 - register map: Raw angle (11:8)
Wire.endTransmission();

Wire.requestFrom(_address, 1);

while (Wire.available() == 0);
_highbyte = Wire.read();

/14 bits have to be shifted to its proper place as we want to build a 12

number

_highbyte = _highbyte << 8; /Ishifting to left
/IWhat is happening here is the following: The variable is being shifted by 8

bits to the left:

/lInitial value: 00000000|00001111 (word = 16 bits or 2 bytes)
/ILeft shifting by eight bits: 00001111|00 000000 so, the high byte is filled in

/[Finally, we combine (bitwise OR) the two numbers:
//High: 00001111]|00000000

/lLow: ~ 00000000|00001111

I e

/H|L: 00001111|00001111
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_rawAngle = _highbyte | _lowbyte; /lintis 16 b
//We need to calculate the angle:

1112 bit
1//360/4096 = 0.087890625

/IMultiply the output of the encoder with 0.087890625
_degAngle = _rawAngle * _resolution;

/[Serial.print("Deg angle: ");

its (as well as the word)

- > 4096 different levels: 360° is divided into 4096 equal parts:

/[Serial.printin(degAngle, 2); //absolute position of the encoder within the 0

360 circle
}

int StepperMotorClosedLoop::returnAngle() {
return _totalAngle;

int StepperMotorClosedLoop::returnCommand() {
return _stepsToGo;

}

Sensor Arduino

#include <Compassl.h>

#include <PowerSensors.h>

#define DECLINATION -70

unsigned char compassAddress = 0x30;
PowerSensors sensors;

Compassl compass(compassAddress);
const int currentSensorPin = A2;
const int voltageSensorPin = Al;
const int currentSensorPin2 = AQ;
String Comm = "' ;

char command;

String line = ;

void setup() {
Serial.begin(
delay( 10);
compass.CMPS2_init();
delay( 10);
sensors.init();
delay( 100);
Serial.printin( "1,
Serial.setTimeout(  2);

115200); /I serial initialization
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void loop() {
if (Serial.available()) {
line = Serial.readString();
command = line[ O];
switch  (command) {

case 'C' : /lcompass
Comm = String(compass.CMPS2_getHeading());
Serial.printin(Comm);
I delay(100);
break ;

case 'P' : /lpower
sensors.CurrentValue = sensors.readDCCurrent(currentSensorPin);
sensors.CurrentValue2 = sensors.readDCCurrent(currentSensorPin2);
sensors.VoltValue = analogRead(voltageSensorPin);

sensors.Voltage = (sensors.VoltValue - 512)* 0.073170;

sensors.Power = sensors.Voltage * sensors.CurrentValue; // Power from
the batteries

sensors.Power2 = 36 * sensors.CurrentValue2; /I Power from solar

sensors.PowerNet = sensors.Power2 - sensors.Power; /[ Solar Power minus
Power used from Batteries

Comm = String(sensors.Power) + ""  + String(sensors.Power2) + "+

String(sensors.Voltage);
Serial.printin(Comm);
break ;

default
break ;

command =" ;

97



AppendixB-Dat as,ifaet s Spe ainfdi

Accu-Coder Encoderfrom Encoder Products

Part #: 15519m30500n5qpg00

MODEL 155 SPECIFICATIONS
Electrical
Input Voltage. S VDC +10% Foed Voktage
4,75 to 28 VOC max for temperatures
upto 85°C
4.75 to 24 VOC for tempesatures
between 85" to 100° C
140 mA max $55 mA typical for most
configurations) with no cotpot load
Output Foemat . Incremental -~ Two square waves in
gquadeature with channd A leading B foe
dockwise shaft rotation, 23 viewed from
the encoder mounting face.
See Wavefoem Diagrams.
Open Colfector ~ 20 mA max per channed
Push-Pull - 20 mA max per channed
Pull-Up ~ Open Collector with 2.2K ohm
internal sezistor, 20 mA max per channel
Line Driver ~ 20 mA max per channed
(Meets RS 422 at SVDC supply |
Index e Once pes revolution.
1 to 400 (PR Ungated
401 to 10,000 (PR Gated to cutput A
See Wavefoem Diagrams.
Max Fi Standard Frequency 5
200 khx for CPR 1 to 2580
500 kiz for CPR 2541 1o 5000
1 MKz for CPR 5001 to 10,000

Input Cusrent

Output Types

is 300 kb for CPR 2000, 2048, 2600, and
2540,

Electrical Protection.._Reverse voltage and output short ciroait
protected. NOTE: Sustained reverse voltage

may result in permanent damage.

Noise immunity Tested to BS ENG1000-6-2;
BS ENSO081-2; BS ENG10004-2;
BS ENG1000-4-3; BS ENG1000-4-5; 85
ENSO0E11

Quadaature 675" dlectrical or better is typical,

Edge 54" electrical at >
$e°C

Waveform Symmetry.._ 180" (£18°) slectrical (single channel
encoder)

ACCOIRCY. oo ._Within 0.017" mechanical or 1 arc-minute
from true pesition {for CPR 189).

Commutation Up ta 12 pole. Comtact Customer Service for
availsbility.

Comm. Accuracy .. 1" mechanical

Mechanical

Max Shaft Speed. B000 RPM. Higher speeds may be
achievable, contact Customer Service.

Shaft Matenat Stainless Steel

Radial Shaft Load . 5 I max. Rated Josd of 2 to 3 b for bearing
lifer of 1.2 x 1070 revolutions

Axial Shaft Load 5 b max. Rated boad of 2 to 3 Ib for bearing
e of 1.2 x 10" revaletions

Starting Torque 1PS0- 0.05 oz-in
1P64-0.4 az-in

Mo«nldlnmn_.._.__._b.hlo'soumzﬂs;nmll
Welght . Joztypical

Environmental
SmgeTuw_..__.__..._ 28" 10 85" C

S@% RM densing
Vibeation ... 10995810500 Hz
Rt 80 g ® 11 ms ducation

Sedfing . ___IP5S0 stancarct IP64 avadable

MODEL 155 STANDARD SERVO MOUNT M1

CABLE LENGTH 0.100 [2.54]
18" [457] STANDARD —— 0.312 [7.92]
M3 0.18 [4.57] DEEP 0.500 [12.70)
X 120" #1.102 [28.00] B.C. I
3
0.020 [0.51]
#0.2498:348 [6.34:20) I
#0.78704188 0.158 [4.01]—| |—
[#19.990:38% 0.78 [19.8]— —

MODEL 155 SERVO MOUNT M2 & M9*
*M9 mount includes 6 0.750" boss

CABLELENGTH 0079 [201}
18" [457] STANDARD 060 [15.3) w—e—|

440 UNC-2B 0.25 [6.35) DEEP
12001210 Bo73) BC

1375 S &
13492 251
202498 TEn }

o,
1634 357

0.0621157]
Q.055 [1.40]
thwd 0932386

MODEL 155 SERVO MOUNT M5

CABLE LENGTH 1437 S 104126.4]

\rpszl 103650 2 132 336] —
i 040 [1.02) =]
133312 a1y s0n28)

STANDARD
05745 mme I
1922212 se=1) _L 15

002458 HEF j
(96345 57

0931236] -—I e

O7201.98] =] |=—

440 UNC-2B 300 [7.62] DEEP
4AX @ 90°@1.100[27.94] EC.

MODEL 155 SERVO MOUNT M6

CABLE LENGTH
18° [457] STANDARD 05875 3¢

(17462 2 ) = —0.60[15.2]

I1

1 s
- (38
202456 ¥ _]
[63e ==

0.120 {304} -

M3X05 -6H 0.187 DEEP 082 [208) —f |—
4X ©01.0008.C.

All dimensions ore in inches with a tolerance of +0.005" or +0.01" unless otherwise specified. Metric dimensions
are given in brackets [mm].
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AM Equipment 226 Worm Gear Motor

63.45
[2.498)
4592
[1.808]
264.00
[2.520]
BHC
-~ (3x) MBX1
v N ;16 o \/
B A —"|1
o
APPLY NYE342 OIL
TO SHAFT BEFORE
ASSEMBLY
(7.024]
|
R |
C
f
T A 2500___?9‘7*
| sg7er ( ©11.00 1233 [0984] | 21.35
[3.929] | \_ [0.433] [0.485] [0.841)
NOTE: ;
1. GREASE WORM WHEEL TEETH AND FILL GEAR 8 !
BOX CAVITY WITH 30 GRAMS OF NYE380 775
2. INSURE MOTOR HAS SHAFT SEAL TO STOP [0.305)
A| MIGRATION OF GREASE INTO BRUSH CARD DETAIL A
Project Designer [Check  |Check  |Approved [Material Specification Finish Specification
NIA ™ /Z N/A N/A
2 oo R B
wo) AL INLE i ECIFIED Titie/Name
& TOLERANGESIN  INGHES MU _# AM EQUIPMENT | ™Motor, ind, 26Nm, 12V, LH, 11mm Dia,
‘é’% ARE FOR |2 PLACE DEC. = 20.01 2013 J Jofforson, Oregon 97352 24 3mm, DFS, PM Gear
g: INCOMING |3 PLACE DEC. f 10.005 20.08 L www.amequipment.com
£/ INSPECTION [ARiACEDEC: w0005 NA. Fy THIS DRAWING IS THE SOLE PROPERTY OF |1 211 NUMDET ] s
Z7| CHECKING DO NOT SCALE DRAWING \& T . 226-3001 7 1 OF :2
PROCESSES | WORK TO GIVEN DIMENSIONS PERMISSION OF AM EQUIPMENT 812412008
2 i 1
2 W 1
I A
CLOCKWISE MOTOR SHAFT ROTATION
DATA POINT DATATYPE | VALUE RANGE
CURRENT (A) 450r<
NOLoAD SPEED (pm) | 959-785
CURRENT (A) 39.9-346
186N SPEED (pm) | 39.7-329
POWER (W) 836-684
8 PEAKPOWER I 5RAUE (Nm) | 19.2-157
POWER (W) | 44.5 NOMINAL
NOMINAL SPEED (rpm) | 70.2 NOMINAL
(PEAK EFFICIENCY)| CURRENT (A) 12.8 NOMINAL
TORQUE (Nm) | 6.2 NOMINAL
COUNTER-CLOCKWISE MOTOR SHAFT ROTATION
DATA POINT DATATYPE | VALUE RANGE
CURRENT (A) 450r<
~
bofaan SPEED (pm) | 98.1-803 RED YELLOW
E— CURRENT (A) 409-348
izsf,;:rpm) ik Sl TERMINAL HOUSING 317-1057 (KET# MG 620042)
Bl | peak POWER W) 84.4-60.1 TERMINAL 317-1054 (KET# ST 740254-1)
TORQUE (Nm) | 18.0-148 MATE HOUSING 317-1056 (KET# MG 610043)
POWER (W) | 44 1 NOMINAL TERMINAL 317-1055 (KET# ST 730268-1)
NOMINAL SPEED (rpm) | 74.8 NOMINAL
(PEAK EFFICIENCY)[ CURRENT (A) | 11.0 NOMINAL
TORQUE (Nm) | 5.8 NOMINAL 2
BACKDRIVE 60Nm MINIMUM CW & CCW
N P
RED (+), YELLOW (-) = CW
YELLOW (+), RED (-) = CCW "PREFERRED ROTATION*
A
[Project Designer che%" Check (Approyed [Material Specification Finish Specification
NIA /:ig N/A N/A
z 4/4/2003 | 4/472003 | 4/4/2003 | 4/4/2003 N
1%) UNLESS OTHERWISE SPECIFIED ame
g A froltumcesi sy | 7 AM EQUIPMENT | ™Motor, Ind, 26Nm, 12V, LH, 11mm Dia,
gg ARE FOR (2 PLACE DEC. = +0.01 013 <, Jefferson, Oregon 97352 24.3mm, DFS, PM Gear
22| INCOMING |3 PLACE DEC. = 40,008 +008 | www.amequipment.com
§3|INSPECTION [AREICEOERT  #oms  MA Iy THIS DRAWSG 18 THE SOLE pROPERTY OF | 211 NUMDE! Beviton Shest
27| CHECKING DO NOT SCALE DRAWING | RS WAY WITHOUT THE EXPRESS WRITTEN 226-3001 7 |2 OF 2
PROCESSES | WORK TO GIVEN DIMENSIONS PERMISSION OF AM EQUIPMENT 812412009
2 N 1
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E I

AS 5600Magnetic Encoder

Features

Contactless angle measurement

Simple user -programmable start and stop positions over the 12C interface
Maximum angle programmable from 18° up to 360°

12 -bit DAC output resolution

Analog output ratiometric to VDD or PWMencoded digital output
Automatic entry into low power mode

Product parameters

Resolution [bit] 12
Interface 12C
Output Analog out / PWM / I2C

Max. Speed [rpm]
Overvoltage Protection
Redundant

Supply Voltage [V]

No
No
3-3.6and 4.5 -5.5

Temperature Range [°C] -40 to +125
Package SOIC8
Automotive Qualified

Longevity Program January 2031
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Dakota Lithium 24V 50Ah Battery

SPECIFICATIONS

11 YEAR WARRANTY
World beating, best in class, eleven year
manufacturer defect warranty.

STORAGE CAPACITY

525 ampere hours (Ah). Dakota Lithium
batteries provide consistent power for all
525 amp hours. DL LiFePO4 batteries have
a flat voltage curve, which means they
have a steady power output as the battery
discharges. The power oufput will not
dramatically drop like similar sized SLA
batteries. You get all the juice down fo the
last drop.

VOLTAGE

24V rated (26.6V resting voltage) Dakota
Lithium 24V batteries can be used in series
for up to 48V systems.

EMERGY
1394 Watts (Wh)

TERMINALS
M8 bolt terminals F12 (posts that screw in).

Easy to adapt to different connection
needs. (Max torque 15 fi. Ibs.)

SIZE

1299 in (330mm) L x 477 in (172mm) W x
866 in (220mm) H

WEIGHT
31.2 Ibs (14 5Kg). That's 60% lighter than a
SLA battery.

LIFECYCLES (BATTERY LIFESPAN)

Up to 80% capacity for 3,000 cycles in
recommended conditions. The typical SLA
has 500 cycles. Dakota Lithium batteries
last so long that the price per use is a
fraction of tfraditional batteries.

OPERATIMG TEMPERATURE

ldeal for rugged & harsh environments.
Much better than SLA or other lithium's.
-20'F min, +120'F max optimal operating
temps (battery performs well down to
-20'F). Avoid charging below 32'F.

DISCHARGE

52.5 A max confinuous, 100 A max pulse 10
second pulse. The flat discharge voltage
curve provides a 75% bigger capacity than
a comparable 50Ah SLA battery.

CHARGE

25 A (05C) max, 30 V max. Included is a
LiFePO4 compatible charger.

INCLUDES ACTIVE BEMS PROTECTION
Contains a circuit that handles cell
balancing, low voltage cutoff, high voltage
cuteff, short circuit protection and high
temperature protection for increased
performance and longer life.

CERTIFICATIONS

All batteries are UN 38 certified. Dakota
Lithium's cells are UL1642 certified and
have been tested per IEC62133 standards.
Meets all US & International regulations for
air, ground, train, & marine transport.

150 9001:2015

CHARGER INCLUDED
Single 24V 5A LiFePO4 charger included.

101



Geophex GEM2

GEM-2 Specifications

Operating Mode:
Number of frequencies:

Bandwidth:

Sampling rate:

Ski dimensions:

Coil configuration:
Maximum TX moment:
Rechargeable battery:

Outputs:

Communications:

Standard Gem-2 Includes:

Optional extras:

Frequency Domain
Standard: programmable up to 10 simultaneous frequencies

25 Hz to 96 kHz
30 Hz or 25 Hz
185cm. x 12.5 cm.
coplanar

3 Amp-metersZ at 330 Hz
12vDC

Inphase and guadrature response in ppm
Powerline amplitude

BlueTooth or RS232 for computer
Powered serial for GPS

Ski with electronics console
Data logger, set up and tested
carrying strap

exira battery

battery charger

calibration ferrite

soft case

calibration & setup

software CD

guickstart guide

Extra battery

Extra battery charger

Extra calibration ferrite

Maodified Garmin GPS for powered operation from the GEM2
Upgrade to aluminum hard shell carry case

One-day training at Geophex location
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HQST 100W Solar Panel

HQST - 100DB

100W Mono Bendable Solar Panel

B Top Ranked PTC Rating
B High Module Conversion Efficiency
B Fast and Inexpensive Mounting

B Maximizes System output by reducing
mismatch loss

M 100% EL testing on all HQST Solar Modules,
Guaranteed no Hot Spots

Electrical Characteristics
Maximum Power at STC (Pmax) 100 W Module Diagram

Optimum Operating Voltage (Vmp) 17T.7V
Optimum Operating Current {Imp) 570 A I— m|
Open Circuit Voltage (Voc) 2.7V i g X
Short Circuit Current (Isc) 610 A
Maximum System Voltage 600 VDG 33“:3
Maximum Series Fuse Rating 1M0A
STC: Imadiance 1000W/T, Temperalure 25°C, AM =1 g T

I 1 )
Mechanical Properties
Solar Cell Monocrystalline (125 x 125 mm)
# of Cells 32 (8 x 4 mm) M ivimg
Dimensions 1060 % 540 x 3 mm (41.7 x 21.3 x 0.12 in)

Weight 2kg. (44 bs.) V-Curve

Junction Box IPE5 Rated

WO T- 0D Chareomeaics Yerses Volage
Output Cables 14 AWG
Connectors MC4 Connectors
Fire Rating Class C
Temperature Characteristics
Operating Module Temperature -40°C to +80°C o »
MNominal Operating Cell B ! It
Temperature (NOCT) 4112'C
Temperature Coefficient of Pmax -0.38%/°C
Temperature Coefficient of Voc -0.28%/°C :
Temperature Coefficient of Isc 0.06%/°C

€ A & U=
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Latte Panda Alpha

Intel® Core A M3-8100Y, Dual-Core, 1.13.4GHz

Intel® UHD Graphics 615

8GB Memory

Dual-Band 2.5GHz/5GHz Wi-Fi & Bluetooth 4.2 & Gigabit Ethernet
USB3.0 x3 USB TypeC x1

2 x M.2 PCle(Support B&M Key and A&E Key)

Support Windows 10 & & Linux OS

Integrated Arduino Coprocessor ATMEL 32U4

Powered by PD adpter / 12V DC / 7.4V battery

0 \‘ LATTEPANDA v1
- PINOUT DIAGRAM
S

LATTEPANDA

O]
e

Version V1.2 revi 2017/07/28
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Nema 23 Stepper Motor
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