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 1.  Executive Summary 

 This  document  outlines  the  Aerojet  Remotely  Radio  Controlled  Rover  project  that 
 this  senior  design  team  completed.  The  following  three  broad  sections  will  be  in  this 
 document:  the  technical  objectives,  goals,  and  requirements  of  the  project,  the  research 
 and  investigations  made  to  inform  the  design  of  the  project,  the  project  constraints,  and 
 the project standards that surround and govern this project. 

 The  Project  Description  (chapter  2)  provides  the  information  on  technical  objectives, 
 goals,  and  requirements.  It  outlines  the  approach  to  the  initial  project  definition  including, 
 the  motivation  of  the  project  choice,  and  the  literature  that  defines  the  project.  It  will  then 
 present  the  goals  of  the  project  that  must  be  and  can  be  met  to  suit  the  project  definition. 
 Thirdly,  it  will  give  a  brief  description  of  the  system  created  for  the  project,  and  then  give 
 the  requirements  that  define  the  criteria  of  the  project.  Lastly,  diagrams  and  other  visual 
 aids  will  be  provided  to  give  a  clear  view  of  the  project  discussed  within  the  confines  of 
 this paper. 

 The  Research  chapter  of  the  paper  (chapter  3)  will  provide  all  of  the  knowledge  acquired 
 and  decisions  made  through  the  gathering  of  knowledge  surrounding  the  parts  and 
 technologies  that  will  be  used  in  this  project.  This  chapter  will  provide  the  insight  and 
 background  knowledge  that  was  used  to  make  a  decision  about  all  of  the  parts  chosen  for 
 this  project.  This  simultaneously  provides  a  comprehensive  list  of  the  parts  decisions 
 made  for  this  project  that  do  not  fit  under  simple  commonplace  linear  circuit  components. 
 All  parts  decisions  work  in  tandem  with  the  design  chapter  (chapter  5)  that  presents  the 
 design  of  each  subsystem  by  describing  in  detail  the  intended  and  expected  function  of 
 the  subsystem,  the  interaction  of  its  parts,  how  it  was  designed,  and  the  actual  physical  or 
 logical design. 

 The  fourth  important  chapter  of  this  document  lies  in  the  Constraints  and  Standards 
 chapter  (chapter  4).  This  chapter  defines  the  constraints  and  standards  defined  by  the 
 group’s  research  efforts  and  part  selection  that  governed  the  design  of  the  final  system. 
 This  chapter  provides  the  important  knowledge  that  the  group  used  to  succeed  in  creating 
 a  design  that  respects  established  standards  and  respects  the  constraints  they  believed  to 
 be  important.  Constraints  that  fit  under  the  categories  of  engineering,  manufacturing, 
 environmental,  ethical,  and  safety  were  all  considered  in  this  chapter.  All  standards  that 
 are  explored  are  derived  from  research  surrounding  the  selected  parts  and  technologies 
 that  were  used  in  this  project.  The  standards  govern  the  organization  and  reliability  of  the 
 design subsystems. 

 The  other  chapters  of  this  document  (chapters  6  -  10)  provide  tertiary  knowledge 
 surrounding  the  administration  aspects  of  this  project,  prototyping,  manufacturing,  and 
 testing of the project design, the user guide, and a conclusion. 
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 2.  Project Description 

 The  project  description  will  cover  the  motivation,  goals,  high-level  description, 
 requirements, and diagrams associated with the deliverables of the project. 

 The  Project  Motivation  section  will  discuss  what  drives  the  deliverables  of  the  project, 
 who  the  shareholders  are,  and  the  motivations  for  project  selection.  The  Project  Goals 
 section  will  explore  what  was  accomplished  to  meet  the  deliverables,  what  was  done  to 
 expand  on  the  deliverables,  and  what  could  be  done  in  the  future  to  increase  the  scope  of 
 the project with benefits to its efficacy. 

 The  System  Description  will  give  a  high-level  overview  of  the  project  hierarchy  and  how 
 its  multiple  systems  work  together.  The  Engineering  Specification  section  expands  on  the 
 high-level  overview,  giving  the  measurable  requirements  that  drive  the  deliverables  of  the 
 system  created  for  this  project.  Finally,  the  Sketches  and  Diagrams  section  presents  useful 
 figures  to  explain  the  interactions  inside  of  the  system,  show  preliminary  designs,  and 
 present the system requirements in a visual way. 

 2.1.  Project Motivation and Goals 
 This  section  will  cover  the  driving  forces  behind  the  deliverables  created 

 throughout  this  project.  It  will  first  cover  the  motivations  that  drove  the  selection  of  the 
 project  and  the  main  goals  of  the  project.  It  will  then  cover  what  these  main  goals  are, 
 and  then  touch  on  the  tertiary  goals  developed  by  the  team  that  were  believed  to  be 
 positive additions to the project. 

 2.1.1.  Motivation 

 Aerojet  Rocketdyne  Coleman  Aerospace  -  the  project  sponsor  -  chose  to  fund  this 
 project  idea  with  the  intention  of  challenging  students  with  an  educational  experience  that 
 they  will  encounter  in  the  real  world.  The  project  requirements  were  developed  by  the 
 FAR  rocket  competition  owners,  and  Aerojet  Rocketdyne  is  funding  the  project.  The 
 project  requires  the  University  of  Central  Florida  colleges  of  MAE  and  EECS  to  make  a 
 rocket and payloads for the competition respectively. 

 The  payload  is  intended  to  serve  as  a  reconnaissance  vehicle  for  the  landing  location. 
 There  were  multiple  options  of  payload  for  the  team  to  choose  from,  but  the  remotely 
 controlled  radio  rover  was  chosen  with  motivation  stemming  from  the  interest  in 
 implementing  wireless  video  and  communication  with  the  rover  and  the  controller,  as 
 well  as  the  interest  of  having  control  over  the  rover  movement  compared  to  the 
 autonomous  option.  The  team  also  decided  the  RC  rover  was  the  most  realistic  fit  and 
 application  for  the  team's  division  of  skills  in  robotics,  mechanics,  electrical  engineering, 
 and programming. 
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 2.1.2.  Goals 

 This  section  will  define  the  basic,  advanced,  and  future  goals  of  this  project.  The 
 basic  goals  cover  the  deliverables  and  outcomes  necessary  for  project  success.  Advanced 
 goals  fit  under  beneficial  additions  to  the  project  deliverables,  that  come  secondary  to  the 
 basic  goals  and  can  be  evaluated  when  the  basic  goals  have  been  securely  met.  Finally, 
 the  future  goals  are  tertiary  goals  which  are  not  guaranteed  to  be  explored.  These  goals  sit 
 outside  the  scope  of  the  deliverables  for  the  project,  and  are  presented  as  expansions  that 
 could be developed by another team in the future. 

 2.1.2.1.  Basic Goals 

 The  main  goal  of  this  project  was  to  create  a  deployable  rover  payload  that  has 
 remote  control  and  wireless  video  transmission  available  upon  touchdown  from  rocket 
 deployment  for  a  10,000  ft  apogee  class  3  rocket.  These  goals  were  specified  by  the  FAR 
 rocket  competition  documentation  to  drive  the  final  product  of  this  project.  The  team’s 
 objective  was  to  create  a  rover  that  is  light-weight,  compact,  responsive,  and  has  a 
 reliable battery lifetime while meeting the main goals of the client and competition. 

 2.1.2.2.  Advanced Goals 

 The  team  expanded  on  the  requirements  of  the  project  by  creating  a  few  key 
 features.  The  first  was  a  landing  detection  system  that  allowed  the  capsule  and  rover  to 
 autonomously  detect  landing  and  release  the  coupling.  The  second  was  a  sister  part  of 
 this  system  that  allows  the  rover  to  drive  itself  out  of  the  capsule  after  it  has  detected 
 landing so that the user can pilot it. 

 2.1.2.3.  Future Goals 

 To  make  this  rover  multifaceted,  an  autonomous  option  could  be  incorporated  as 
 an  addition  to  the  rover.  By  pressing  a  button  or  setting  a  path,  the  rover  could  traverse 
 autonomously when there is no person available to control the rover. 

 2.2.  System Description 
 The  team  created  a  rover  chassis  that  contains  the  rover’s  traversal  systems,  main 

 PCB,  and  a  secondary  controller  and  video  receiver  PCB.  The  team  was  also  responsible 
 for  all  deployment  duties  for  the  payload  after  it  leaves  the  rocket,  which  will  be 
 discussed in this section. 

 The  rover  chassis  is  a  light  metal  frame  that  mounts  the  PCB,  video  camera,  motors,  and 
 the  power  supply.  The  team  created  a  four  wheel  drive  movement  system  to  allow  the 
 rover  to  avoid  terrain  hazards  that  could  severely  limit  movement.  The  frame  was  made 
 of  a  light  and  sturdy  metal  to  leave  as  much  free  weight  as  possible  for  the  electrical  and 
 moving  mechanical  hardware,  while  still  being  able  to  handle  the  stresses  of  operation 
 and  touchdown.  Rechargeable  batteries  were  used  to  avoid  recurring  costs  and  keep 
 vehicle weight down. 
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 The  main  PCB  mounted  to  the  rover  controls  all  of  the  moving  operations,  the  video 
 camera,  and  signal  transmission  and  reception.  Wireless  signals  from  the  controller  are 
 received  by  the  PCB,  and  the  microcontroller  takes  the  incoming  data  and  uses  it  to 
 control  the  motors  for  the  rover’s  movement.  The  video  camera  output  transmitted  over  a 
 wireless video system to the user. 

 The  secondary  PCB  -  the  controller  and  video  receiver  -  is  free  standing  from  the  rover.  It 
 has  its  own  rechargeable  power  sources  to  allow  it  to  be  moved  freely.  It  receives  and 
 displays  to  a  screen  the  wireless  video  from  the  rover.  The  board  also  has  a  joystick  on  it 
 that provides the data to be transmitted to the rover for movement control. 

 The  two  teams  in  charge  of  the  FAR  rocket  have  supplied  requirements  and  constraints 
 for  the  payload  to  fit  their  design.  This  team  is  responsible  for  all  duties  of  the  payload 
 after  it  is  deployed  from  the  rocket  airframe.  The  team  designed  a  sturdy  and  lightweight 
 payload  capsule  and  sled  for  the  payload  to  rest  in  while  the  rocket  is  in  flight.  When  the 
 capsule  is  deployed,  this  team  takes  full  responsibility  for  the  payload.  The  rover  payload 
 waits  until  landing  and  then  separates  the  capsule  and  rover  link.  The  team  members 
 continuously  met  and  worked  with  the  FAR  rocket  teams  to  track  any  changing  restraints 
 and requirements throughout the lifecycle of the project. 

 The  final  rover  product  provides  remote  controlled,  live  video  reconnaissance  to  launch 
 control  and  it  can  act  as  a  prototype  for  larger  and  more  high-powered  applications.  The 
 video  camera  and  display  work  together  to  provide  data  about  the  rover’s  location  and 
 experience  to  launch  control.  The  team  worked  with  the  FAR  rocket  team  and  their 
 advisor  throughout  the  length  of  the  project  to  meet  their  goals  and  the  FAR  rocket 
 competition goals. 

 2.3.  Engineering Specification 
 This  section  details  the  requirements  that  drive  the  design  of  the  rover  and  capsule 

 for  this  project.  The  requirements  were  driven  by  the  FAR  competition  rules,  the  team’s 
 self-imposed  success  criteria,  the  pre-existing  requirements  of  the  FAR  rocket  team,  and 
 the  input  of  the  team’s  faculty  advisor.  These  requirements  were  also  in  part  driven  by  the 
 constraints  given  to  the  team  by  the  FAR  rocket  team,  the  expected  environment  of  the 
 rover  and  capsules  operation,  and  the  FAR  competition  rules.  These  constraints  will  be 
 explored  in  section  4,  along  with  the  standards  related  to  meeting  the  system 
 requirements that drive and support the project design and implementation. 

 All  requirements  listed  in  the  following  table  are  functional  requirements  that  are 
 measurable,  impactful,  necessary,  and  system  critical.  The  requirements  highlighted  in 
 yellow  are  what  the  team  believes  to  be  the  best  representations  of  the  project  that  can 
 reasonably be demonstrated to an audience. 
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 Requirement 
 Number 

 Requirement Description 

 1  Payload will be 1 kg in mass minimum 

 2  Payload  capsule  will  fit  within  the  15.67  cm  inner  diameter  of  the 
 rocket 

 3  The rover will establish a video feed within 45 seconds of landing 

 4  Rover will leave the landing site within 45 seconds of landing 

 5  The live video will transmit at a minimum of 480p 24 fps 

 6  The  control  station  will  be  able  to  display  the  video  from  the  rover  to 
 an integrated display 

 7  The rover will respond to controller input within 10 seconds 

 8  The  rover  will  travel  a  minimum  distance  of  3.05  meters  (10  feet)  in 
 15 seconds 

 9  The rover will have four wheel drive 

 10  The  rover  will  be  able  to  turn  360°  (CCW  or  CW)  in  5  seconds,  move 
 forward, and backward 

 11  The  rover  will  travel  a  minimum  distance  of  3.05  meters  (10  feet) 
 from the landing site 

 12  The  rover  will  be  able  to  transmit  video  while  traveling  a  minimum  of 
 3.05 meters 

 13  The  rover  will  be  able  to  sit  idle  for  1  hour  minimum  and  have  enough 
 power remaining to travel 3.05 meters while transmitting video 

 14  The rover will have an accelerometer to measure its orientation 

 15  The  maximum  mass  of  the  Payload,  Sled  and  capsule  must  be  no  more 
 than 4.31 kilograms 

 16  The  rover  coupling  must  hold  20kg  and  will  be  secure  until  landing  is 
 detected 

 17  The  coupling  will  only  unlock  after  the  payload  has  been  horizontal 
 for 5 seconds 

 Table 1: Requirements Specification Table 
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 2.4.  Sketches and Diagrams 

 This  section  will  show  preliminary  block  diagrams  that  outline  the  parts  of  the 
 system,  and  the  system  interactions  in  both  hardware  and  software.  Breakdowns  of  which 
 project  member  held  primary  responsibility  for  a  part  of  the  system  are  provided  and 
 highlighted.  A  CAD  model  of  the  rover  design  is  also  provided  to  introduce  the  design 
 that  will  be  expanded  throughout  the  paper.  A  house  of  quality  is  also  presented  to 
 visualize the interactions between the requirements specified in the previous section. 

 2.4.1.  Rover Sketch 

 Pictured  below  is  the  CAD  design  for  the  rover  chassis.  Major  features  include  a 
 large  enclosed  area  to  store  electronics,cable  passages  for  sending  power  to  the  motors, 
 PCB  mounting  holes,  a  camera  mounting  hole,  motor  enclosures,  and  a  sturdy  yet 
 compact  frame.  This  sketch  takes  into  account  dimension  constraints  for  being  contained 
 in  the  payload  bay  of  the  rocket.  Including  the  payload  sled,  the  payload  and  container 
 must  fit  within  a  15.24  cm  diameter  by  40.64  cm  long  space.  This  sketch  shown  in  the 
 figure below measures 8cm wide by 22 cm long by 8.8 cm tall. 

 Figure 1: Rover Chassis CAD Model (dimensions in mm) 
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 2.4.2.  House of Quality 

 The  House  of  Quality  is  a  diagram  that  is  used  to  relate  engineering  requirements 
 to  market  and  customer  requirements.  It  contains  matrices  of  relationships  between  the 
 two  types  of  requirements  to  help  define  how  all  system  requirements  function  together 
 and  rely  on  one  another.  It  is  also  used  to  determine  where  compromises  can  be  made  in 
 the  system  based  on  the  interactions  of  the  requirements  and  their  respective  importance. 
 The legend and the house of quality are seen in the two figures below. 

 Figure 2.a: House of Quality Legend 

 Figure 2.b: House of Quality 
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 2.4.3.  Block Diagrams 

 The  following  block  diagram  figues  break  down  the  high-level  organization  of  the 
 project  hardware  and  software.  The  diagram  also  includes  a  legend  to  distinguish 
 hardware  and  software,  as  well  as  shows  the  distribution  of  responsibilities  between  team 
 members. 

 Figure 3: Full System Block Diagram with Team Responsibilities 
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 3.  Research 

 The  remote  controlled  rover  and  rover  deployment  systems  are  complex  and  have 
 many  constraints  and  requirements  to  consider  when  selecting  parts.  The  parts  chosen  in 
 this  system  must  not  only  meet  the  specified  requirements  and  system  constraints,  but 
 must  also  be  compatible,  and  function  together.  This  chapter  will  present  the  main 
 components  of  the  system  and  show,  explain,  and  compare  the  choices  considered  for 
 each  component.  It  will  also  allow  an  understanding  of  the  options  that  were  available  for 
 implementation  of  the  project,  give  insight  to  the  function  of  the  options,  and  explain  the 
 decision behind the final parts selected. 

 3.1.  Parts Comparison 
 This  section  presents  the  non-trivial  components  of  the  system  and  shows  the 

 decisions  made  for  picking  these  parts  from  the  existing  market.  For  each  part,  the  use  of 
 the  part  in  the  system  will  be  described  and  background  information  will  be  given  to 
 explain  the  parameters  for  selection,  the  way  the  part  functions  if  necessary.  Following 
 this,  at  the  end  of  each  part  section,  all  considered  market  parts  will  be  listed,  described, 
 and compared to show the reasoning for the selection that was made. 

 3.1.1.  Motor 

 This  system  uses  four  wheels  with  one  motor  for  each  wheel  in  order  to  satisfy  the 
 steering  requirements  outlined  in  section  5.4.  To  ensure  success  in  navigating  the  sand 
 and  gravel  terrain,  the  motors  must  possess  enough  torque  to  travel  over  loose  soils  and 
 not  slip  on  the  uneven  texture  of  the  terrain.  As  such,  motors  with  a  high  RPM  value 
 (greater  than  300  RPM)  will  not  be  a  useful  candidate  for  motor  selection  as  increasing 
 RPM  values  correlate  with  lower  torque  values  in  the  small  DC  motor  market. 
 Additionally,  high  speeds  are  not  suitable  nor  necessary  for  navigating  terrain  with 
 unknown  physical  obstacles.  The  selected  motor  must  also  be  small  enough  to  be  oriented 
 back-to-back  underneath  the  rover  so  that  the  motor  housings  do  not  protrude  from  the 
 sides  of  the  rover.  This  constraint  is  due  to  the  dimensional  restrictions  placed  on  this 
 project  by  the  size  and  diameter  of  the  rocket.  Accounting  for  space  between  the  two 
 motors  on  the  forward  and  rear  ends  of  the  rover,  each  motor  housing  must  not  exceed 
 3.9 centimeters in length. 

 An  highly  valuable  parameter  when  selecting  a  motor  for  purposes  such  as  those  in  this 
 report  is  motor  torque  value.  For  the  rover  to  go  from  a  resting  state  to  having  a  constant 
 velocity,  the  motors  will  need  to  have  a  combined  torque  high  enough  to  overcome  the 
 friction  generated  by  the  rover  traveling  along  the  ground.  To  select  an  appropriate  drive 
 motor  a  minimum  drive  torque  will  have  to  be  found  that  can  accommodate  the  weight  of 
 the  vehicle.  The  below  equations  assume  the  rover  to  be  2  kg  in  mass,  starting  from  zero 
 velocity on a flat, gravel terrain using 1.8 cm radius wheels. 

 𝑀𝑖𝑛𝑖𝑚𝑢𝑚     𝑑𝑟𝑖𝑣𝑒     𝑡𝑜𝑟𝑞𝑢𝑒     𝑓𝑜𝑟     𝑎     2  𝑘𝑔     𝑟𝑜𝑣𝑒𝑟 :
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 𝐹 

 𝑤 
=     𝐹𝑜𝑟𝑐𝑒     𝑒𝑥𝑒𝑟𝑡𝑒𝑑     𝑏𝑦     𝑤ℎ𝑒𝑒𝑙 

 𝐹 
 𝑓 
   =     𝐹𝑜𝑟𝑐𝑒     𝑜𝑓     𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛     𝑎𝑔𝑎𝑖𝑛𝑠𝑡     𝑤ℎ𝑒𝑒𝑙 

 𝑇 
 𝑇 

=     𝑀𝑖𝑛𝑖𝑚𝑢𝑚     𝑇𝑜𝑡𝑎𝑙     𝑇𝑜𝑟𝑞𝑢𝑒     𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 
µ =     𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡     𝑜𝑓     𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛    ( 0 .  5     𝑓𝑜𝑟     𝑙𝑜𝑜𝑠𝑒     𝑔𝑟𝑎𝑣𝑒𝑙 )
 𝑀 =  𝑀𝑎𝑠𝑠     𝑜𝑓     𝑟𝑜𝑣𝑒𝑟    ( 2     𝑘𝑔 )
 𝑔    =     𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛     𝑑𝑢𝑒     𝑡𝑜     𝑔𝑟𝑎𝑣𝑖𝑡𝑦    ( 9 .  81     𝑚  /  𝑠  2 )
 𝑟    =     𝑤ℎ𝑒𝑒𝑙     𝑟𝑎𝑑𝑖𝑢𝑠    ( 2     𝑐𝑚 )

Σ 𝐹 
 𝑥 

=     𝐹 
 𝑤 

−  𝐹 
 𝑓 

=  0 

 Equation 1: Sum of the Forces in the x-Direction 

 𝐹 
 𝑤 

=  𝐹 
 𝑓 

=    µ *     𝑀 *  𝑔 =  0 .  5 *  2     𝑘𝑔 *  9 .  81     𝑚  /  𝑠  2    =     9 .  81     𝑁    
 Equation 2: Force Exerted by Rover on the Travel Surface 

 𝑇 
 𝑇 

=  𝐹 
 𝑤 

*  𝑟    =     9 .  81     𝑁 *  2     𝑐𝑚 =     19 .  62     𝑁 .  𝑐𝑚 =  2     𝑘𝑔 .  𝑐𝑚 
 Equation 3: Torque Exerted by Rover on the Travel Surface 

 The  minimum  total  torque  required  by  the  drive  motors  is  2kg.cm  or  0.5  kg.cm  per  drive 
 motor. This value was reached using a conservative estimated mass of 2 kg. 

 A  secondary  and  important  parameter  when  choosing  a  motor  is  the  rotations  per  minute. 
 High  revolutions  per  minute  are  unnecessary  and  can  possibly  compromise  the  stability 
 of  the  rover.  Avoiding  obstacles  and  turning  are  more  easily  done  at  lower  speeds.  As 
 such,  RPM  values  that  are  too  low  will  unnecessarily  extend  mission  completion  time.  A 
 goal  max  rover  velocity  of  0.1524  m/s  (0.5  ft/s)  with  a  wheel  radius  of  2  cm  requires  an 
 angular  velocity  of  8.47  rad/s  or  80.85  RPM.  Therefore  a  desired  motor  will  be  able  to 
 achieve 80.85revolutions per minute. 

 3.1.1.1.  DFRobot FIT0441 

 This  motor  is  a  12V  brushless  DC  motor  capable  of  159  RPM  unburdened.  It 
 includes  a  built-in  motor  driver.  The  stall  torque  is  very  high  at  2.4  kg.cm.  The  rated 
 speed,  or  speed  at  which  the  motor  will  first  produce  its  maximum  power  output  is  159 
 RPM.  The  stall  torque  is  2.4  kg.cm.  This  motor  is  made  from  an  unspecified  metal  and  its 
 mass is unknown. 

 3.1.1.2.  E-S Motor 25SG-2418BL-4.4 

 This  is  a  6V  brushless  DC  motor  capable  of  1360  RPM  unburdened.  It  includes  a 
 built-in  motor  driver.  The  rated  torque  is  0.07  kg.cm  and  the  rated  speed  is  840  RPM.  The 
 stall  torque  is  0.2  kg.cm.  This  motor  is  made  from  an  unspecified  metal  and  its  mass  is 
 unknown. 
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 3.1.1.3.  E-S Motor 37SG-520-30 

 This  6V  DC  motor  capable  of  266  RPM  does  not  include  a  motor  driver.  It  is  also 
 unspecified  if  it  is  brushless  or  brushed.  Its  rated  torque  is  0.3  kg.cm  and  its  rated  speed  is 
 212  RPM.  The  stall  torque  is  1.2  kg.cm.  This  motor  is  made  from  an  unspecified  metal 
 and its mass is unknown. 

 3.1.1.4.  E-S Motor 25SG-2418BL-20 

 This  motor  is  a  6V  brushless  DC  motor  capable  of  300  RPM  unburdened.  This 
 motor  includes  a  built-in  motor  driver.  The  rated  torque  is  0.32  kg.cm  and  the  rated  speed 
 is  185  RPM.  The  stall  torque  is  1.1  kg.cm.  This  motor  is  made  from  an  unspecified  metal 
 and its mass is unknown. 

 3.1.1.5.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Model 
 Number 

 Speed  Load 
 Current 
 Draw 

 Stall 
 Torque 

 Input 
 Voltage 

 Housing 
 Dimensions 
 (mm) 

 Cost 

 FIT0441  159 RPM  ~330 mA  >2.4 
 kg.cm 

 12V  25D x 39L  $19.90 

 25SG-241 
 8BL-4.4 

 840 RPM  ~450 mA  >0.2 
 kg.cm 

 6V  24D x 37L  $13.95 

 37SG-520 
 -30 

 212 RPM  ~500 mA  >1.2 
 kg.cm 

 6V  37D x 45L  $7.58 

 25SG-241 
 8BL-20 

 185 RPM  ~450 mA  >1.1 
 kg.cm 

 6V  24D x 37L  $13.95 

 Table 2: Comparison of Motor Options 

 The  motor  selected  for  use  in  this  project  is  the  DFRobot  FIT0441.  This  motor  satisfies 
 the  torque  requirements  outlined  previously  in  this  section  as  well  as  the  speed  and  length 
 requirements.  Of  the  selected  motors  this  option  has  the  highest  stall  torque.  This  higher 
 torque  will  be  useful  in  overcoming  more  resistance  forces  associated  with  the  makeup  of 
 the  terrain  and  potential  inclines.  Additionally  this  motor  comes  with  a  built-in  motor 
 driver.  This  relieves  the  need  for  an  external  motor  driver  and  will  help  save  space  aboard 
 the  rover.  This  motor  option  is  sufficiently  compact  with  a  housing  length  of  39  mm  and 
 a diameter of 25 mm. 
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 3.1.2.  Motor Driver 

 The  rover  uses  four  DC  brushless  motors  to  control  the  movement  and  rotation  of 
 the  vehicle  and  motor  drivers  are  needed  to  control  the  motors.  Typically  one  driver  is 
 needed  per  motor  to  allow  individual  control,  or  multi  channel  drivers  can  be  used  to 
 control  more  than  one  motor  at  a  time.  Motor  controllers  do  not  need  to  be  specifically 
 used  for  this  project  since  the  microcontroller  provides  the  PWM  and  direction  signals 
 needed  to  control  the  motors  through  the  drivers.  Motor  drivers  commonly  use  transistors 
 to  effectively  translate  a  PWM  signal  to  changes  in  voltage  and  current  that  can  vary  the 
 direction and speed of a motor’s rotation. 

 For  standalone  drivers,  an  H-bridge  circuit  is  most  common.  It  usually  takes  two  PWM 
 (pulse  width  modulation)  input  signals,  and  the  voltage  to  power  the  motor,  and  supplies 
 output  control  to  the  motor  for  speed  and  direction.  The  PWM  signals  can  be  supplied  by 
 a  separate  controller  IC  as  discussed  before,  or  by  an  MCU  using  PWM  signals  from  the 
 GPIO  pins.  The  H-bridge  circuit  relies  on  four  FETs  that  are  switched  on  and  off  to 
 control  motor  direction  and  braking  (Core  Electronics)[1].  For  motors  with  built-in 
 controllers  they  use  the  same  transistor  system  internally  but  typically  have  a  header  that 
 requires  one  PWM  input,  a  direction  input,  motor  power,  and  return  a  speed  signal  as  an 
 output. 

 Choosing  motors  with  built-in  controllers  has  a  handful  of  benefits  over  buying  motors 
 and  drivers  separately.  They  do  not  inherently  use  any  more  pins  of  an  MCU  than 
 standalone  ICs,  they  save  PCB  space,  and  they  can  be  the  same  price  or  only  slightly 
 more  costly  than  implementing  individual  motor  driver  ICs.  However,  the  main  benefit  of 
 motor  driver  ICs  is  the  freedom  of  choice  in  motor  selection,  where  only  a  voltage  range 
 must  be  conformed  to  choose  a  motor  or  IC  compared  to  finding  a  motor/driver 
 combination that suits system requirements. 

 Since  the  rover  has  two  banks  of  two  motors,  and  the  banks  need  to  move  in  opposite 
 directions  and  opposite  speeds,  the  drivers  chosen  must  take  in  and  output  a  minimum  of 
 one  input  for  two  motors.  This  means  two  to  four  drivers  would  need  to  be  purchased  as 
 well  as  the  linear  components  needed  for  their  operation.  The  price  and  time  needed  for 
 this approach was considered in the parts selection. 

 3.1.2.1.  Texas Instruments DRV8833 Dual H-Bridge Motor Driver 

 This  motor  driver  from  TI  implements  the  H-bridge  control  system  described 
 earlier  and  allows  for  two  inputs  and  two  outputs.  It  was  chosen  as  an  option  since  only 
 two  would  be  needed  for  the  entire  system,  and  theoretically  one  input  could  be  fed  to 
 this  driver  to  power  two  motors  at  once  with  the  same  signal  allowing  each  motor  bank  to 
 be  individual  but  allow  the  motors  in  the  bank  to  be  synchronized  while  only  using  four 
 GPIO pins total instead of eight. 

 The  downsides  of  this  option  are  the  PCB  space  taken  by  the  components,  the  space 
 needed  for  pin  headers  for  the  motors,  and  the  extra  time  it  would  take  to  design  and 
 route these parts. 
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 3.1.2.2.  Brushless DC Motor With Motor Driver 

 A  motor  with  a  built-in  driver  circuit  requires  no  board  space  outside  of  the 
 headers  to  connect  it  to  the  board.  This  motor  functions  as  described  in  the  overview  of 
 this  section  and  uses  a  simple  PWM  and  direction  signal  from  the  MCU.  This  choice 
 provides  the  benefits  of  time  savings  as  well  since  the  programming  for  this  motor  will  be 
 just as involved as programming for the driver. 

 The  downside  for  using  an  all-in-one  solution  is  that  cost  may  rise  due  to  the  higher  price 
 of  a  motor  with  the  integrated  circuitry.  It  is  also  possible  that  this  method  may  lead  to  an 
 increase  in  use  of  GPIO  pins,  but  since  the  four  motors  will  be  controlled  in  pairs,  one 
 signal  for  PWM  and  one  signal  for  direction  can  be  split  to  both  motors  of  a  bank 
 resulting in four GPIO pins being used like the DRV8833. 

 3.1.2.3.  Conclusion 

 Due  to  the  nature  of  these  being  two  different  types  of  components,  they  cannot 
 be  easily  compared  with  a  table.  The  deciding  factor  for  the  choice  made  was  based  on 
 cost  and  time  analysis  of  choosing  each  part.  When  a  motor  was  found  that  fit  the 
 requirements  and  had  a  built-in  motor  driver,  it  was  decided  that  the  slightly  higher  cost 
 of  this  solution  was  worth  the  time  and  space  savings  provided  by  this  solution.  Due  to 
 this,  the  brushless  DC  motor  presented  in  section  3.1.1  was  the  part  that  was  selected  for 
 both the motor and motor drivers. 

 3.1.3.  Coupling Mechanism 

 During  flight  the  rover  will  be  coupled  to  the  inside  of  the  payload  capsule.  Due 
 to  the  design  of  the  payload  capsule,  the  rover  will  be  suspended  at  the  top  of  the  capsule. 
 This  constraint  is  in  place  to  create  a  force  balance  conducive  to  landing  the  capsule  in 
 the  correct  upright  orientation  and  promoting  a  stable  descent.  Two  methods  will  be 
 considered in this comparison. 

 The  first  method,  option  A,  makes  use  of  a  single  point  of  attachment  by  way  of  an 
 electromagnet.  This  magnetic  force  will  hold  the  rover  in  place  during  flight  and  descent 
 until  the  Capsule  Landing  Automated  Sequence  System  shuts  off  power  to  the  component 
 and  frees  the  rover  so  that  it  may  complete  its  mission.  As  acceleration  up  to  8  times  that 
 of  Earth’s  gravity  is  expected  during  flight,  for  a  4kg  payload  the  magnetic  force  can  be 
 no  less  than  32  kgf.  Any  mechanism  chosen  for  this  option  must  require  less  than  or 
 equal to 12V and 1A to operate. 

 The  second  solution,  option  B,  is  to  anchor  the  rover  at  multiple  points  by  small  solenoid 
 locks.  This  method  is  advantageous  as  these  locks  do  not  have  to  be  powered  during 
 flight  and  require  less  power.  In  order  to  implement  this  method,  the  rover  will  need 
 dedicated  anchor  points  in  its  design  where  the  solenoid  pistons  can  hold  onto  the  chassis 
 during  flight.  Upon  landing  the  CLASS  will  direct  the  solenoids  to  retract  and  free  the 
 rover  long  enough  for  the  rover  to  exit  the  capsule.  One  further  advantage  of  this  method 

 13 



 Group 21 
 EEL 4915 

 04/25/22 
 is  that  the  same  solenoid  locks  for  the  capsule  door  can  be  used  to  hold  the  rover  in  place. 
 However,  one  disadvantage  to  a  multi-point  payload  integration  mate  is  that  this 
 consumes  valuable  space  within  the  capsule  and  will  complicate  the  fabrication  of  the 
 capsule in order to accommodate the lock bodies. 

 3.1.3.1.  Option A Vs. Option B 

 These  two  methods  both  have  individual  strengths  and  weaknesses  and  both  are 
 viable  for  the  purposes  of  this  project.  Option  A  offers  an  elegant  solution  with  one  point 
 of  attachment,  but  needs  to  constantly  receive  power  throughout  the  flight  and  descent. 
 Also  as  this  method  has  a  single  point  of  attachment,  it  also  can  represent  a  single  point 
 of  failure.  If  the  coupling  fails  during  flight  the  rover  will  drop  and  disrupt  the  stability  of 
 the  flight  or  be  damaged  as  it  impacts  the  capsule  door  at  the  far  end.  Option  B  requires 
 the  use  of  multiple  mechanisms  and  increases  the  complexity  of  the  coupling  aspect  of 
 the  capsule.  Furthermore,  this  option  is  invasive  and  more  severely  impacts  the  design  of 
 the  rover  itself  to  accommodate  anchor  points  for  the  solenoid  pistons  to  grab  onto.  On 
 the  other  hand  option  B  provides  a  multi-point  of  contact  coupling  system  that  can  still 
 keep  the  rover  in  place  if  one  of  the  locks  were  to  fail.  Despite  this,  this  project  will 
 pursue  Option  A  as  a  coupling  strategy  as  it  takes  up  less  space  and  is  the  more  simple 
 option  from  a  design  point  of  view.  In  order  for  Option  A  to  succeed,  a  part  matching  the 
 description above will need to be sourced and scrutinized. 

 Option  A  requires  a  cylinder  and  plunger  style  of  electromagnetic  lock  assembly  typically 
 used  to  lock  containers.  This  locking  mechanism  cannot  use  more  than  12V  and  1A.  It 
 also  must  feature  a  holding  force  of  more  than  32  kgf  in  order  to  withstand  a  maximum  of 
 8G’s during flight. 

 3.1.3.2.  MATEE Metal Electric Cabinet Lock 

 This  product  features  a  metal  cylinder  or  plunger  which  will  be  attached  by 
 screws  to  the  frame  of  the  rover  and  an  electromagnet  encased  in  a  metal  housing  will  be 
 placed  at  the  part  of  the  capsule  opposite  of  the  capsule  door.  These  two  parts  will  be 
 mated  and  locked  together  by  sending  current  through  the  magnet  body  via  a  battery 
 mounted  on  the  outside  “bottom”  of  the  capsule.  The  current  will  travel  through  the 
 plunger  and  interact  with  the  coils  inside  the  lock  body  to  create  an  electromagnetic  field 
 and  resultant  magnetic  force  normal  to  the  direction  of  the  current.  This  product  offers  a 
 holding force of 50 kgf. This product costs $30.06. 

 3.1.3.3.  LIBO Electric Magnetic Lock 

 This  rectangular  electromagnet  would  require  a  large  metal  face  on  the  rear  end  of 
 the  rover.  Current  will  travel  across  the  face  of  the  electromagnet  and  direct  the  magnetic 
 force  toward  the  rover.  The  metal  face  attached  to  the  rover  will  stick  to  the  face  of  the 
 electromagnet  until  landing.  This  electromagnet  has  a  holding  force  of  60  kgf.  This 
 product costs $16.89. 
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 3.1.3.4.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Name  Voltage  and 
 Current 

 Weight  Dimensions  Cost 

 MATEE  Metal 
 Electric 
 Cabinet Lock 

 12V, 100mA  Mass: 180g  50 x 30.2 x 26.8mm  $30.06 

 LIBO  Electric 
 Magnetic Lock 

 12V, 380mA  Mass: 520 g  81 x 42 x 25mm  $16.89 

 Table 3: Comparison of Coupling Mechanisms 

 The  MATEE  Electric  Lock  has  many  advantages  over  the  LIBO  Electric  Magnetic  Lock 
 and  many  other  products  similar  to  the  latter.  The  MATEE  electromagnet  draws  only 
 100mA  and  is  consequently  capable  of  being  engaged  for  longer  periods  of  time  than  the 
 LIBO  lock.  The  LIBO  Magnetic  Lock  also  requires  a  heavy  plate  to  be  attached  to  the 
 rover,  whereas  the  MATEE  lock  requires  a  small  metal  plunger  easily  mounted  by  screws 
 and  a  bracket.  The  LIBO  lock  is  also  much  heavier.  Though  the  LIBO  lock  is  nearly  half 
 the  price  of  its  competitor,  the  significant  advantages  of  the  MATEE  Electric  Lock  along 
 with  its  smaller  profile  and  reasonable  weight  justify  the  higher  price.  It  is  for  these 
 reasons  that  this  project  moved  forward  with  the  use  of  the  MATEE  Electric  Lock  as  a 
 rover-to-capsule coupling mechanism. 

 3.1.4.  Altitude Sensor 

 The  rover  payload  inside  of  the  capsule  is  deployed  from  the  rocket  10000  ft  in 
 the  air  and  uses  a  parachute  to  descend  back  to  the  ground.  The  rover  itself  does  not  need 
 to  deploy  and  start  it’s  reconnaissance  until  the  capsule  is  on  the  ground.  To  track  the 
 current  altitude  of  the  payload  capsule,  an  altitude  sensor  will  be  used  on  the  main  PCB 
 to  allow  the  rover  to  track  it’s  current  altitude.  The  goal  of  this  was  to  allow  the  payload 
 to  know  when  it  is  safe  for  the  capsule  to  unlock  the  rover  and  allow  it  to  depart  and  start 
 its  mission  without  danger  of  it  departing  in  the  air.  Both  common  types  of  altimeters, 
 pressure altimeters and radio altimeters will be explored. 

 Pressure  altimeters  use  the  nature  of  pressure  decreasing  linearly  with  altitude 
 (Encyclopædia  Britannica)[2]  to  determine  the  current  altitude  of  the  sensor.  These 
 altimeters  measure  altitude  from  sea  level,  and  since  they  rely  on  pressure,  they  are 
 affected  by  the  local  climate  of  their  use  (Encyclopædia  Britannica)[2].  This  inaccuracy 
 in  the  altimeter  could  provide  trouble  for  the  use  case  of  this  system.  However,  the 
 dangers  involved  with  this  inaccuracy  can  be  avoided  with  smart  coding  and  a  sanity 
 check  sensor  such  as  an  accelerometer.  Another  issue  that  may  arise  with  the  use  of  a 
 pressure  altimeter  comes  from  it’s  sea  level  altitude  sensing  nature.  The  launch  site  of  the 
 FAR  rocket  competition  is  in  Mojave,  California  which  has  an  elevation  of  roughly  2000 
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 ft  (Weather  Underground)[3].  While  the  code  could  roughly  offset  this  starting  elevation, 
 there  is  no  surefire  way  to  make  the  system  fully  accurate  for  any  location  without 
 reprogramming the rover for every new location’s elevation. 

 Radio  altimeters  continuously  send  radio  signals  to  the  ground  underneath  the  object  and 
 use  the  return  time  of  the  signal  to  determine  height  above  ground  level.  In  the  use  case 
 of  tracking  payload  height  from  the  ground,  this  type  of  altimeter  would  be  the  most 
 useful  for  an  accurate  reading  regardless  of  weather,  or  elevation  of  the  launch  location. 
 This  sensor  type  would  theoretically  provide  the  rover  with  a  much  more  accurate 
 representation  of  its  distance  from  the  ground.  However,  there  were  very  few  options  for 
 compact  radio  altimeters  and  the  price  for  radio  altimeters  are  much  higher  than  pressure 
 altimeters. 

 Due  to  the  much  lower  price  and  form  factor  of  pressure  altimeters,  they  were  the  only 
 altimeters  further  explored  for  this  system.  Inaccuracies  caused  by  elevation  and  weather 
 are remedied with failsafe code and a sanity check accelerometer. 

 At  an  estimated  13000  ft  max  height  (apogee  height  above  ground  level  +  elevation  of 
 Mojave,  California  launch  site),  air  pressure  will  be  63  kPa  (Mide)[4],  and  temperature 
 will  be  5  using  a  rough  -3.3  per  1000  ft  elevation  calculation.  These  two  values  of  ℃  ℃ 
 pressure  and  temperature  are  important  in  choosing  candidates  for  the  sensor  as  it  must  be 
 able to operate and survive in these ranges. 

 3.1.4.1.  TDK InvenSense ICP-10110 Barometer/Altimeter 

 This  part  provides  sensing  of  pressure,  altitude,  and  temperature.  It  provides 
 measurements  through  I2C  at  up  to  400  kHz.  The  sensor  returns  raw  temperature  and 
 pressure data that must be converted to usable values using these formulas: 

 𝑇 =    −  45℃ +  175℃ 

 2  16 ×  𝑡  _  𝑑𝑜𝑢𝑡    

 Equation 4: ICP-10110 Temperature Equation 

 𝑃    =     𝐴 +  𝐵 
 𝐶    +    𝑝  _  𝑑𝑜𝑢𝑡    

 Equation 5: ICP-10110 Pressure Equation 

 In  formula  2,  A,  B,  and  C  are  temperature  dependent  function  outputs  that  need  to  be 
 grabbed  from  the  sensor  to  calculate  the  pressure.  This  is  done  in  a  verbose  function  in 
 the  code  provided  on  the  datasheet  in  C  and  Python.  It  provides  these  measurements  of 
 pressure  with  an  accuracy  of  +/-  1  Pa,  temperature  with  an  accuracy  of  +/-  .4  ,  and  ℃ 
 altitude  with  an  accuracy  of  up  to  +/-  8.5cm  when  operating  in  ultra  low  noise  mode  at  its 
 highest power. 

 This  part  measures  at  2mm  x  2.5mm  x  0.92mm  using  an  LGA  package.  The  main 
 disadvantage  of  buying  this  part  is  it  is  a  SMT  part  that  does  not  have  any  leads  making 
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 hand  soldering  extremely  difficult,  and  the  datasheet  warns  that  reflowing  this  part  can 
 cause inaccuracies in it’s measurements that require a recalibration. 

 3.1.4.2.  TE Connectivity MS560702BA03-50 

 Like  the  ICP-10110  this  part  provides  sensing  of  pressure,  altitude,  and 
 temperature,  and  it  provides  measurements  through  I2C.  The  sensor  returns  temperature, 
 pressure,  and  altitude  data  in  celsius,  pascals,  and  meters  respectively  that  can  be  used 
 directly.  It  also  captures  the  maximum  and  minimum  temperature  and  pressure 
 experienced.  It  provides  these  measurements  of  pressure  with  an  accuracy  of  +/-  1.5  Pa, 
 temperature with an accuracy of +/- 1  , and altitude with an accuracy of up to +/- 20cm.  ℃ 

 This  part  has  a  larger  footprint  than  the  previous  part,  it  measures  at  5mm  x  3mm  x  1mm 
 using  an  LGA  package  as  well.  The  main  disadvantage  of  buying  this  part  is  difficulty  to 
 solder  as  stated  in  the  previous  section,  but  reflow  causes  minimal  inaccuracies  in  this 
 part's performance. 

 3.1.4.3.  Part Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Sensor  Interface  Altitude 
 Accuracy 

 Supply 
 Voltage 

 Power  Pressure 
 Operating 
 Range 

 Cost 

 ICP-10110 
 Sensor 

 I2C 
 0x63 

 8.5cm  1.8V  1.8 V 
 5.2 uA 

 30 - 110 kPa  $4.29 

 MS5607-0 
 2BA03 

 I2C 0x60 
 SPI 

 20cm  1.8V  - 
 3.6V 

 3 V 
 3.2 uA 

 1 - 120 kPa  $6.94 

 Table 4: Comparison of Altimeter Options 

 The  ICP-10110  sensor  was  eliminated  due  the  calculations  it  requires  of  the 
 microcontroller  for  its  use  compared  to  the  MS5607-02BA03,  as  well  as  the  need  to 
 recalibrate  if  it  is  soldered  using  reflow.  The  MS5607-02BA03  was  chosen  due  to  its 
 provided  calculations  that  save  a  large  amount  of  computing  power  and  make  altitude 
 sensing much easier. The altimeter measures 3 x 5mm. 

 Breakout  boards  were  also  researched  to  possibly  acquire  while  prototyping  the  system. 
 The two boards found and selected are for the Xtrinsic MPL3115A2. 

 3.1.4.4.  Adafruit MPL3115A2 Pressure/Altitude/Temperature Breakout Board 

 Both  the  Adafruit  and  SparkFun  breakout  boards  use  an  Xtrinsic  MPL311512 
 which  uses  I2C  like  the  above  choices  and  has  a  similar  altitude  accuracy  but  is 
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 unavailable  for  individual  purchase  and  could  not  be  considered  for  the  parts  selection. 
 This  board  measures  at  18mm  x  19mm  x  2mm  with  two  mounting  holes  and  7  pins  for 
 power  and  data.  The  given  pins  are  Vin,  GND,  3vo,  INT2,  INT1,  SCL,  and  SDA.  This 
 would  allow  easy  hard  soldering  using  a  pin  header  to  the  rover  PCB  or  allow  it  to  be 
 mounted  elsewhere  on  the  rover  and  connected  to  the  rover  PCB  with  wires.  The 
 breakout  board  uses  DC-DC  voltage  regulation  to  allow  any  voltage  input  in  the  common 
 embedded systems range of 3.3V - 5V. 

 3.1.4.5.  SparkFun MPL3115A2 Altitude/Pressure/Temperature Sensor Breakout Board 

 This  board  measures  at  18mm  x  16mm  x  2mm,  measuring  slightly  smaller  than 
 the  Adafruit  board.  It  has  two  mounting  holes  and  6  pins  for  power  and  data.  The  given 
 pins  are  VCC,  GND,  INT2,  INT1,  SCL,  and  SDA.  This  would  allow  the  same  ease  of 
 mounting and soldering as specified in 3.1.1.3. 

 The  breakout  board  uses  DC-DC  voltage  regulation  to  allow  any  voltage  input  in  the 
 range  of  1.95V  -  3.6V  which  is  less  common  than  the  range  provided  by  the  Adafruit 
 counterpart. 

 3.1.4.6.  Prototyping option comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Sensor  Interface  Altitude 
 Accuracy 

 Supply 
 Voltage 

 Power  Pressure 
 Operating 
 Range 

 Cost 

 Adafruit 
 MPL3115A2 
 Breakout 
 Board 

 I2C 
 Address 
 0x60 

 30cm  3V  - 
 5.5V 

 2.5 V 
 40 uA 

 50 - 110 kPa  $9.95 

 Sparkfun 
 MPL3115A2 
 Breakout 
 Board 

 I2C 
 Address 
 0x60 

 30cm  1.95V  - 
 3.6V 

 2.5 V 
 40 uA 

 50 - 110 kPa  $14.9 
 5 

 Table 5: Comparison of Altimeter Prototyping Options 

 The  final  decision  made  was  to  eliminate  the  SparkFun  board  since  it  offers  the  same 
 features  and  a  less  common  input  supply  voltage  range  for  a  higher  price.  Therefore  the 
 Adafruit  MPL3115A2  Breakout  Board  was  a  good  choice  for  prototyping  and  breadboard 
 testing the system. 
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 3.1.5.  Accelerometer 

 The  accelerometer  used  in  this  system  is  in  charge  of  capturing  acceleration  data 
 for  landing  detection.  To  compensate  for  environmental  and  elevation  discrepancies  the 
 accelerometer  can  be  used  to  determine  when  the  capsule  has  stopped  moving  by 
 determining if the capsule is at rest on the ground in a horizontal orientation. 

 There  are  multiple  general  options  of  accelerometers  to  choose  between  before  deciding 
 between  parts.  The  first  choice  to  make  is  between  an  AC  or  DC  accelerometer.  DC 
 accelerometers  measure  both  static  and  dynamic  acceleration  while  AC  can  only  measure 
 dynamic  (Machine  Design)[5].  For  this  system  AC  accelerometers  are  ruled  out  as  static 
 measurements are needed to determine when the rover is at rest. 

 The  next  decision  is  choosing  between  three  types  of  DC  accelerometers  -  capacitive, 
 thermal,  and  piezoresistive.  Capacitive  accelerometers  measure  using  the  function  of 
 capacitance.  They  utilize  a  moving  mass  that  causes  a  change  in  the  distance  between 
 capacitor  plates  that  is  then  measured  through  capacitance  to  extrapolate  acceleration 
 (Machine  Design)[5].  They  are  well  suited  for  embedded  systems  due  to  their  low  cost 
 and can measure up to 200 G. 

 Thermal  accelerometers  are  implemented  in  a  CMOS  package.  A  heater  is  surrounded  in 
 gas  and  thermopiles  are  arranged  around  this  location  to  measure  changes  in  temperature. 
 Acceleration  upsets  the  temperature  of  the  heater  and  the  changes  in  temperature 
 determine  the  acceleration  value.  These  devices  are  also  available  at  a  low  cost  with  high 
 accuracy.  This  type  of  accelerometer  can  be  seen  in  Memsic’s  proprietary  design 
 (MEMSIC  Semiconductor  )[6]. 

 Piezoresistive  accelerometers  utilize  strain  gauges  to  measure  a  wide  bandwidth  of 
 information  (Machine  Design)[5].  They  have  great  measurement  sensitivity,  but  are 
 sensitive  to  temperature  change  -  which  is  corrected  internally  in  modern  devices.  They 
 are  typically  much  more  expensive  than  their  capacitive  counterparts  and  can  measure  up 
 to 10,000 G. 

 The  accelerometer  must  be  able  to  measure  acceleration  of  up  to  8  G  and  all  three  types 
 of  devices  easily  meet  this  requirement.  Due  to  their  low  cost  in  comparison  to 
 piezoresistive options, only the capacitive and thermal types are explored. 

 3.1.5.1.  Memsic MXC4005XC 

 This  part  is  a  3-axis  thermal  accelerometer  with  range  settings  of  +/-2,  4,  and  8  G 
 with  12-bit  measurement  output.  It  can  safely  operate  in  the  environment  of  the  rover 
 mission  lifecycle  and  measure  the  proper  ranges  of  acceleration.  It  returns  data  through 
 400 KHz I2C with 7 address options to choose from. 

 The  device  operates  in  the  range  of  1.8  -  3.6V  supply  voltage.  The  acceleration 
 measurements  from  the  device  can  also  be  used  to  calculate  the  rover’s  instantaneous 
 velocity and orientation. 
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 3.1.5.2.  Memsic MC3419 

 This  part  is  a  3-axis  capacitive  accelerometer  with  range  settings  of  +/-2,  4,  8,  12, 
 and  16  G  with  16-bit  precision.  It  can  safely  operate  in  the  environment  of  the  rover 
 mission  lifecycle  and  measure  the  proper  ranges  of  acceleration.  It  offers  the  option  of 
 SPI or 1MHz I2C with 2 address options for data reading. 

 The  device  operates  in  the  range  of  1.7  -  3.6V  supply  voltage.  This  device  is  optimized 
 for  motion  detection  and  comes  with  algorithms  for  this  detection.  The  acceleration 
 measurements  from  the  device  can  also  be  used  to  calculate  the  rover’s  instantaneous 
 velocity and orientation. 

 3.1.5.3.  Analog Devices ADXL343 

 This  part  is  a  3-axis  capacitive  accelerometer  with  range  settings  of  +/-2,  4,  8,  and 
 16  G  with  10-bit  precision.  It  can  safely  operate  in  the  environment  of  the  rover  mission 
 lifecycle  and  measure  the  proper  ranges  of  acceleration.  It  offers  the  option  of  SPI  or  I2C 
 with 2 address options for data reading. 

 The  device  operates  in  the  common  embedded  systems  range  of  2  -  3.6V  supply  voltage. 
 The  device  also  provides  motion  activated  functions,  tap  detection,  and  free-fall 
 detection.  The  acceleration  measurements  from  the  device  can  also  be  used  to  calculate 
 the rover’s instantaneous velocity and orientation. 

 3.1.5.4.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Part  Interface  Power  Measure 8 G  Supply Voltage  Cost 

 MXC4005 
 XC 

 I2C 0x0H - 0x7H  1.8V 
 1.6mA 

 Yes  1.8 - 3.6V  $1.72 

 MC3419  I2C 0x4C or 0x6C, 
 SPI 

 2.8V 
 77uA 

 Yes  1.7 - 3.6V  $1.96 

 ADXL343  12C 0x1D or 0x53, 
 SPI 

 2.5V 
 140uA 

 Yes  2 - 3.6V  $3.42 

 Table 6: Comparison of Accelerometer Options 

 Since  all  of  the  devices  can  measure  the  appropriate  range  and  accept  a  standard  3.3V 
 supply  voltage,  the  main  consideration  was  power  consumption.  With  the  second  lowest 
 power  consumption  and  a  reasonable  weight  as  well  as  breakout  board  availability  for 
 testing, the ADXL343 was chosen for use. The accelerometer measures 3.3 x 5.3 mm. 
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 3.1.6.  IC Load Switch 

 It  may  be  desirable  that  while  the  payload  sits  idle  and  powered  on  during  the 
 launch  sequence  and  flight,  that  some  components  are  not  given  power.  Due  to  the  fact 
 that  the  boards  cannot  be  accessed  after  being  put  in  the  rocket,  this  must  be  done  with 
 ICs.  The  rover  coupler  specifically  uses  a  load  switch  to  control  when  it  is  locked  and 
 unlocked to secure the rover during flight and descent. 

 IC  load  switches  come  in  multiple  forms  but  load  switches  are  examined  due  to  their 
 out-of-the-box  function  and  ease  of  setup.  The  typical,  most  basic  load  switch  has  4  pins: 
 Vin,  Vout,  logic  level  enable,  and  GND  (Courtesy  Texas  Instruments)[7]  .  The  switch  acts 
 as  a  physical  throw  switch  but  it  is  triggered  by  a  signal  to  its  ON  pin  using  MOSFETs  as 
 the  internal  pass  elements  to  control  the  current  flow  and  simulate  a  physical  switch 
 (Courtesy  Texas Instruments)[7]  . 

 The  main  concerns  when  choosing  this  part  areto  target  a  low  operating  resistance  value 
 to  reduce  voltage  drop  and  power  consumption,  ensuring  the  part  can  handle  the  power 
 supply  voltage  of  3.7V,  and  ensuring  the  enable  pin  can  accept  the  signal  it  is  given.  The 
 parts  comparison  is  narrow  due  to  issues  in  finding  devices  that  fit  the  goal  of  low 
 on-resistance,  the  power  supply  voltage,  and  maintained  a  low  cost.  The  selected  parts 
 that fit these needs are evaluated below. 

 3.1.6.1.  Diodes Incorporated AP2401MP-13 

 This  is  a  1:1  load  switch  that  accepts  input  voltage  in  the  range  of  2.7  -  5.5V,  and 
 has  a  low  70mΩ  on-resistance.  It  also  has  useful  features  such  as  a  built-in  short-circuit 
 response,  soft  start,  and  a  flag  output  that  provides  over-temperature  and  over-current 
 warnings. 

 3.1.6.2.  Vishay Siliconix SI1869DH-T1-E3 

 This  is  a  1:1  load  switch  that  accepts  input  voltage  in  the  range  of  1.8  -  20V,  and 
 has  a  medium  200mΩ  on-resistance.  It  does  not  supply  the  same  warning  and  harmful 
 conditions checking as the Diodes Incorporated selection. 

 3.1.6.3.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Part  Input Voltage  Max output I  On-Resistance  Cost 

 AP2401MP-13  2.7 - 5.5V  2A  70mΩ  $0.89 

 SI1869DH-T1-E3  1.8 - 20V  1.5A  200mΩ  $0.53 
 Table 7: Comparison of IC Load Switch Options 
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 Due  to  its  lower  on-resistance,  built-in  warnings  and  harmful  operation  condition 
 checking,  and  lower  cost,  the  Diodes  Incorporated  AP2401MP-13  is  the  best  option  for 
 this  part  choice.  The  only  downside  to  this  part  is  the  lower  input  voltage  range,  but  this 
 is inconsequential due to the system power supply not being outside of this range. 

 3.1.7.  Camera 

 The  camera  for  the  rover  will  be  used  to  livestream  a  video  of  the  surrounding 
 area  from  within  5  seconds  of  the  payload  landing.  The  camera  must  at  least  transmit  live 
 video  at  480p,  24fps.  To  accomplish  a  livestream  of  480p,  24fps,  cyberlink  recommends 
 having  a  bitrate  between  1000  -  4000  Kbps.  The  lowest  bitrate  possible  will  be  the  goal  to 
 minimize  power  usage.  Ideally  when  choosing  a  camera,  the  system  has  a  camera  that 
 captures  in  low  resolution  natively  so  that  no  processing  power  is  used  on  downscaling 
 the  resolution.  The  camera  will  also  record  in  the  visible  band  for  better  viewing  on  the 
 receiving  end,  as  opposed  to  an  infrared  camera.  All  considered  options  for  the  camera 
 will be presented below. 

 3.1.7.1.  BetaFPV C02 2.1mm 1200TVL FPV Micro Camera 

 This  BetaFPV  $15  camera  was  a  small  1.4g  camera  intended  for  use  in  a  drone.  It 
 has  a  resolution  of  1280  x  1024  which  exceeds  the  requirement  of  480p.  The  device 
 transfers  video  on  a  signal  system  of  NTSC  (National  Television  System  Committee) 
 which  operates  at  29  -  30  frames  per  second.  The  device  draws  120mA  of  current  at  3.3V 
 and  110mA  of  current  at  5V.  It  has  a  field  of  view  of  160°.  All  things  considered  it  looks 
 like  a  viable  option.  The  camera  is  cheap  ($15),  it  meets  the  video  quality  requirements, 
 is lightweight, and power efficient. 

 3.1.7.2.  RunCam Nano2 FPV Camera 

 This  RunCam  $20  camera  is  a  3.2g  camera  of  similar  dimensions  to  the  BetaFPV 
 drone  camera.  It  has  a  resolution  of  976  x  582  which  also  exceeds  the  requirement  of 
 480p.  The  device  transfers  with  either  a  signal  system  of  NTSC  (National  Television 
 System  Committee)  or  PAL  (Phase  Alternating  Line).  The  device  draws  120mA  of 
 current  at  3.3V  and  110mA  of  current  at  5V.  It  has  a  field  of  view  of  170°.  This  might  be 
 a better option because of the low resolution, but it is heavier. 

 3.1.7.3.  NewBeeDrone BeeEye FPV Camera 

 This  NewBeeDrone  $13  camera  weighs  a  low  1.7g.  The  resolution  of  the  camera 
 is  728  x  492  which  slightly  exceeds  the  resolution.  This  low  resolution  would  help  out 
 because  the  resolution  would  not  need  to  be  downscaled  before  transmitting  the  video. 
 The  device  has  a  120°  field  of  view.  The  product  page  does  not  have  any  more 
 information on the camera, which means compatibility is not guaranteed. 

 3.1.7.4.  Wolfwhoop FC21 FPV Camera 

 This  Wolfwhoop  $11  camera  package  comes  in  at  a  weight  of  9.5g.  Unfortunately, 
 the  product  page  does  not  clarify  whether  this  is  solely  the  camera  weight  or  the  package 
 as  a  whole.  This  camera  has  a  resolution  of  976  x  494,  exceeding  the  requirement  of 

 22 



 Group 21 
 EEL 4915 

 04/25/22 
 480p.  The  need  for  this  camera  arose  upon  testing  with  the  video  transmitter.  The  video 
 transmitter  never  gave  a  voltage  for  the  camera  power,  which  ended  up  being  12V.  This 
 camera  became  the  only  choice  due  to  its  compatibility  with  the  video  transmitter  and  its 
 availability. 

 3.1.7.5.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Camera 
 Name 

 Weight  Resolution  Field 
 of 
 View 

 Power 
 Consumption 

 Signal 
 System 

 Cost 

 BetaFPV  1.4g  1280  x  1024, 
 30fps 

 160  120mA  at  3.3V, 
 110mA at 5V 

 NTSC  $15 

 RunCam 
 Nano2 

 3.2g  976  x  582, 
 30fps 

 170  120mA  at  3.3V, 
 110mA at 5V 

 NTSC, 
 PAL 

 $20 

 NewBeeDrone 
 BeeEye 

 1.7g  728  x  492, 
 30fps 

 120  N/A  N/A  $13 

 Wolfwhoop 
 FC21 FPV 

 9.5g  976    x    494, 
 30fps 

 N/A  70mA at 12V  NTSC, 
 PAL 

 $11 

 Table 8: Comparison of Camera Options 

 All  things  considered  in  the  comparison  in  the  table  above,  the  only  choice  was  to  go 
 with  the  Wolfwhoop  FC21  FPV  camera.  This  camera  has  a  good  compromise  of 
 resolution  and  field  of  view.  The  lower  resolution  means  less  processing  used  for  video 
 downscaling.  The  selected  camera  also  weighs  the  most  out  of  the  selection  but  it  still 
 weighs  less  than  .24%  of  the  total  payload  weight  allotted.  All  other  cameras  were 
 seemingly  good  choices,  but  were  quickly  eliminated  after  testing  and  finding  that  they 
 were  incompatible.  Even  though  it  is  the  only  choice,  its  specifications  were  close  to  the 
 initially chosen camera, the RunCam Nano2. 

 3.1.8.  Video Display 

 The  video  display  for  this  project  will  be  used  to  display  the  live  video  stream  that 
 the  rover  will  transmit  during  its  mission.  The  display  chosen  needs  to  be  both  high 
 enough resolution and large enough to view easily. 

 The  chosen  minimum  resolution  for  the  project  is  480p  (480  pixels  screen  height). 
 Displays  with  resolutions  less  than  480p  would  be  cheaper,  but  it  would  be  harder  to  view 
 details  in  the  rover  livestream.  The  chosen  display  will  also  need  to  work  with  battery 
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 power.  Working  with  battery  power  means  a  higher  resolution  can’t  be  chosen  because  of 
 the limited power supply from the battery. 

 Displays  are  also  expensive,  so  cost  is  a  major  consideration  in  the  choice.  Also  in 
 consideration  is  picking  a  display  that  works  more  easily  with  the  video  receiver  than 
 others.  The  video  receiver  gives  a  video  out  pin  to  be  used  as  video  input  for  an  RCA 
 cable  monitor.  Leveraging  the  exact  output  from  the  video  receiver  would  be  best  so  there 
 isn’t  energy  wasted  on  conversions.  The  displays  considered  for  this  choice  will  be 
 evaluated below. 

 3.1.8.1.  Lychee 7” Digital HD Car TFT LCD Color Screen Display 

 This  $40  600p  monitor  surpasses  the  minimum  requirements  for  the  display 
 needed.  The  600p  resolution  surpasses  the  480p  requirement  agreed  upon.  The  display 
 also  is  the  largest  out  of  the  three  options  considered,  at  7  inches  diagonally. 
 Unfortunately,  it  is  one  of  the  more  expensive  options  being  evaluated.  It  comes  with  a 
 remote  control  that  allows  you  to  flip  the  image  if  necessary,  but  this  feature  doesn’t  help 
 for  this  use  case.  It  also  cannot  be  ignored  that  a  higher  resolution  will  consume  more 
 power,  so  the  ideal  situation  would  be  to  pick  a  display  that  is  close  to,  or  exactly,  480p 
 resolution. 

 3.1.8.2.  Laipi Camera Monitor, 12V 5” Car TFT LCD Display 

 This  $23  800x480  pixel  monitor  meets  the  minimum  requirement  of  640x480 
 pixels.  This  display  comes  in  the  same  5  inch  size  as  the  GreenYi  display  but  for  less  cost 
 than  the  GreenYi  display  does.  It  requires  12  volts  which  it  has  in  common  with  the  other 
 display.  One  concern  with  this  Laipi  display  is  that  it  has  2  reviews  on  Amazon,  one  good 
 one bad. The other concern is the lack of documentation on the product page. 

 3.1.8.3.  GreenYi-08 TFT LCD Color Screen 

 This  $40  800x480  pixel  monitor  has  the  exact  same  specifications  as  the  Laipi 
 display.  This  display  has  a  5  inch  screen  size,  required  Voltage  of  12V,  and  can  take  in  the 
 same  video  formats  as  the  other  2  displays.  This  display  also  has  188  reviews  with  a  4 
 star  rating  on  Amazon  compared  to  the  2  reviews  and  3  star  rating  the  Laipi  camera  has. 
 The  amount  of  successful  reviews  on  the  product  matters  because  there  is  not  enough 
 time or money to test all of the options. 

 3.1.8.4.  Comparison 

 Display Name  Screen 
 Size 

 Resolution  Required 
 voltage 

 Video 
 format(s) 

 Cost 

 Lychee  7"  Digital 
 LCD Display 

 7 in  1024 x 600  12V  PAL, NTSC  $40 

 Table 9.a: Comparison of Display Options 
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 Display Name  Screen 

 Size 
 Resolution  Required 

 voltage 
 Video 
 format(s) 

 Cost 

 Laipi Camera 
 Monitor 

 5 in  800 x 480  12V  PAL, NTSC  $23 

 GreenYi-08 TFT 
 LCD 

 5 in  800 x 480  12V  PAL, NTSC  $26 

 Laipi Camera 
 Monitor 

 5 in  800 x 480  12V  PAL, NTSC  $23 

 Table 9.b: Comparison of Display Options Continued 

 Based  on  the  comparison,  it  was  determined  that  the  GreenYi  LCD  monitor  is  the  best 
 monitor  for  the  Rover  Control  Station.  The  Laipi  5  inch  display  would  be  too  much  of  a 
 risk  considering  the  bad  reviews.  The  Laipi  display  raises  some  red  flags  because  the 
 price  of  the  display  independent  of  the  housing  seems  to  be  more  than  the  cost  of  the 
 Laipi  display.  The  GreenYi  display  is  closer  to  the  price  of  the  cost  of  a  800x480  pixel 
 display  and  has  better  reviews,  so  it  seems  this  choice  has  a  higher  likelihood  of  working. 
 The  Lychee  7  inch  would  be  a  great  option,  but  displays  draw  more  power  based  on  the 
 amount  of  pixels  they  contain.  Even  if  the  Lychee  display  has  approximately  60%  more 
 pixels  than  the  GreenYi  LCD  monitor,  it  still  consumes  marginally  more  power  which  is 
 detrimental because of the battery power supply. 

 3.1.9.  Radio Frequency Transceiver 

 A  radio  frequency  (RF)  transceiver  is  the  combination  of  a  transmitter  and 
 receiver.  It  allows  for  two-way  communication  or  singular  use  as  either  a  transmitter  or 
 receiver.  For  this  project  RF  communication  will  be  used  to  control  the  rover,  so  only 
 one-way communication is necessary. 

 The  radio  frequency  (RF)  transmitter  will  be  used  to  send  data  from  the  controller  to  the 
 RF  receiver  located  on  the  rover.  The  main  flight  computer  will  be  transmitting  telemetry 
 in  70cm  and  ultra-high  frequency  bands  (420  MHz  -  450  MHz  and  1  GHz  -  2  GHz).  The 
 rover must avoid using 420 MHz - 450 MHz. 

 The  maximum  altitude  (apogee)  of  the  Arcturus  rocket  is  expected  to  be  3200  meters  and 
 the  tentative  simulated  longitudinal  distance  that  will  be  traveled  is  roughly  1.61  km.  This 
 will  depend  on  the  wind  speed,  wind  direction,  rocket  launch  direction  and  rocket  angle 
 of  attack.  These  variables  cannot  be  fully  estimated  until  the  second  Arcturus  Rocket 
 Design  team  finalizes  design  plans.  Then  OpenRocket  will  be  used  to  simulate  the  rocket 
 and  payload  trajectory  to  provide  an  accurate  and  final  estimate  for  longitudinal  distance. 
 Until then, The assumption is that the larger the range, the better. 

 The  range  of  radio  frequency  is  affected  by  frequency,  antenna  and  cable  selection,  and 
 antenna  height.  Lower  frequencies  help  radio  waves  reach  further  than  higher 
 frequencies.  In  free  space,  a  900  MHz  radio  will  transmit  more  than  half  as  far  as  a  2.4 
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 GHz  radio  with  the  same  modulation  and  output  power  because  a  smaller  frequency 
 means  the  wavelength  is  longer.  Longer  wavelengths  also  require  a  larger  antenna.  Some 
 cases  require  the  use  of  a  higher  frequency  like  2.4  GHz.  These  cases  include  the  need  for 
 a smaller antenna and more bandwidth. 

 For  this  project,  a  large  range  is  required  and  all  components  are  constricted  by  size,  so 
 the  best  fit  would  be  a  transmitter  with  a  very  high  frequency  like  2  GHz.  All  proposed 
 options will be evaluated below. 

 3.1.9.1.  SX1276 LoRa Transceiver 

 This  $19.50  transceiver  uses  a  default  working  frequency  of  170  MHz.  In  open 
 and  clear  air  using  a  2m  antenna  with  gain  5dBi,  it  can  reach  up  to  8km  in  range.  The 
 data  rate  for  this  transceiver  can  be  set  from  0.3  -  9.6  kbps  and  has  a  receiving  sensitivity 
 of  -147  dBm.  The  main  communication  interface  is  UART  with  a  baud  rate  ranging  from 
 1200  to  115200.  When  used  as  a  transmitter,  the  module  will  draw  a  minimum  of  630  mA 
 current  with  a  power  supply  of  3.3V.  As  a  receiver,  the  module  will  draw  a  minimum  of 
 21 mA current with a power supply of 3.3V. 

 3.1.9.2.  SX1278 LoRa RF Transceiver 

 This  $27  transceiver  uses  a  working  frequency  of  915  MHz.  Similarly  to  the 
 SX1276  module  above,  the  range  of  this  transceiver  is  8km  under  the  same  testing 
 conditions  and  antenna  parameters.  The  data  rate  for  this  transceiver  can  be  set  from  0.3  - 
 19.2  kbps  and  has  a  receiving  sensitivity  of  -147  dBm.  The  main  communication 
 interface  is  UART  with  a  baud  rate  ranging  from  1200  to  115200.  When  used  as  a 
 transmitter,  the  module  will  draw  a  minimum  of  560  mA  current  with  a  power  supply  of 
 3.3V.  As  a  receiver,  the  module  will  draw  a  minimum  of  20  mA  current  with  a  power 
 supply of 3.3V. 

 3.1.9.3.  SX1262 LoRa RF Transceiver 

 This  $13.25  transceiver  uses  a  default  working  frequency  of  868  MHz.  In  open 
 and  clear  air  using  a  2.5m  antenna  with  gain  5dBi,  it  can  reach  up  to  10km  in  range.  The 
 data  rate  for  this  transceiver  can  be  set  from  0.3  -  62.5  kbps  and  has  a  receiving 
 sensitivity  of  -148  dBm.  The  main  communication  interface  is  UART.  When  used  as  a 
 transmitter,  the  module  will  typically  draw  43mA  current  with  a  power  supply  of  5.0  V. 
 As  a  receiver,  the  module  will  draw  a  typical  amount  of  17  mA  current  with  a  power 
 supply of 5.0 V. 

 3.1.9.4.  Comparison of Parts 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 
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 Name  Frequency  Max Data Rate  Range  Cost 

 SX1276  170 MHz  9.6 kbps  8km  $19.50 

 SX1278  915 MHz  19.2 kbps  8km  $26.99 

 SX1262  868 MHz  62.5 kbps  10km  $13.25 
 Table 10: Comparison of Radio Frequency Transceiver Options 

 There  is  still  more  research  to  be  done  to  finalize  the  choice  for  this  part.  Antenna  choices 
 will  impact  the  choice  of  which  RF  transceiver  to  use  as  well  as  additional  input  from  the 
 Arcturus Rocket Team on maximum range required. 

 The  RF  transceiver  that  has  been  chosen  is  the  REYAX  RYLR896  SX1276.  It  has  a 
 UART  Interface  and  operates  at  868/915  MHz  frequency.  This  module  was  designed  to 
 include  a  PCB  integrated  antenna.  It  can  operate  to  a  maximum  range  of  8km  using  the 
 LoRa  long  range  modem  which  provides  ultra-long  range  spread  spectrum 
 communication  while  minimising  current  consumption.  Following  is  an  image  of  the 
 chosen transceiver component. 

 3.1.10.  Video Transmission Methods 

 The  RC  rover’s  main  requirements  are  to  be  able  to  be  controlled  through  Radio 
 Frequency,  and  to  send  a  live  video  feed  to  the  control  station  from  the  rover.  Video 
 transmission  is  one  of  the  most  difficult  tasks  to  implement  in  this  project.  Since  this 
 rover  is  meant  to  operate  in  desert-like  terrain  with  no  communication  towers  nearby, 
 internet  and  bluetooth  cannot  transmit  the  video.  The  first  thought  for  video  transmission 
 was  to  use  the  same  RF  transceivers  used  for  radio  control  and  transmit  video  through 
 one of the channels available through the module. 

 The  goal  for  video  transmission  through  RF  is  to  capture  the  data  perceived  by  the 
 camera,  encode  the  data,  transmit  the  encoded  data  through  RF,  receive  the  signal  at  the 
 control  station  side,  decode  the  data  and  display  it  on  the  control  station  screen. 
 Assuming  the  minimum  resolution  requirement  of  640  x  480  pixels  and  assuming  a 
 single  frame  per  second,  the  data  rate  would  be  2.5Mbps.  The  maximum  data  rate  of  the 
 RF  module  is  around  62.6  kbps  and  will  not  be  able  to  transmit  video  data  even  for  a 
 single frame per second. 

 To  overcome  this  obstacle  methods  on  how  to  compress  the  video  data  to  a  size  that  can 
 be  transmitted  over  RF  were  researched.  There  are  chips  available  that  can  compress 
 video  using  H.264  video  format.  H.264,  also  known  as  MPEG-4  is  a  commonly  used 
 compressor  and  decompressor  (codec)  technology  that  is  used  in  .mp4,  .mov,  and  .f4v 
 container  formats.  It  is  also  used  for  recording  and  distributing  video.  The  H.264  project 
 was  implemented  to  create  a  standard  that  could  provide  good  video  quality  at  much 
 smaller  bit  rates  than  previous  without  making  the  design  so  complex  that  it  would  be 
 impractical. 
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 Multiple  video  codec  chips,  including  the  VoIP-X-4K  board  created  by  System-On-Chip 
 Technologies  were  found.  Unfortunately,  these  chips  cost  over  $3000.  While  it  would  be 
 useful  to  this  project  the  cost  is  too  much  to  justify  the  need  when  there  are  other  methods 
 to  video  transmission  available.  A  video  compressor  chip  manufactured  by  Analog 
 Devices  called  ADV212  which  is  much  cheaper  at  $40  was  also  found.  The  issue  with 
 this chip is that it requires the use of a multi-layered PCB. 

 Searching  for  more  video  compression  methods,  it  was  found  that  it  could  be 
 accomplished  by  using  a  more  powerful  microcontroller.  Using  an  FPGA 
 (Field-Programmable  Gate  Array)  chip,  a  program  to  encode  and  decode  video  data  to 
 compress  it  could  be  written.  This  method  seems  simple,  but  is  a  large  project  in  itself 
 and would not be doable in the time given to complete this project. 

 Another  method  found  for  video  compression  was  to  use  a  RISC-V  (Reduced  Instruction 
 Set  Chip)  processor.  RISC-V  is  an  instruction  set  architecture  developed  at  UC  Berkeley 
 and  is  completely  open  source.  The  issue  with  using  a  RISC-V  processor  was  that  the 
 chip  only  came  in  breakout  boards  and  a  standalone  chip  could  not  be  obtained.  Even 
 then,  the  chip  would  have  required  multi-layered  PCBs  for  soldering.  The  team  opted  not 
 to  get  the  RISC-V  breakout  boards  because  to  allow  the  team  to  meet  the  requirement  for 
 significant PCB design. 

 Finally,  researching  FPV  (Flying  First  Person  View)  systems  commonly  used  for  drones 
 showed  what  kind  of  hardware  they  use  for  video  transmission.  It  was  found  that  there 
 are  transmitters  and  receivers  specifically  designed  for  wireless  video  transmission.  In  an 
 FPV  system,  the  video  data  obtained  by  the  onboard  camera  is  also  transmitted  over  radio 
 to  the  video  receiver  to  be  displayed  on  the  screen.  Commonly,  a  VTx  (Video 
 Transmitter)  chip  is  obtained  and  set  up  with  a  camera,  antenna,  and  power  supply  to  be 
 connected  to  the  rover  or  drone,  and  a  pre-built  video  receiver  is  used.  It  was  identified 
 what  VTx  (Video  Transmitter)  chip  would  work  best  for  the  project  and  that  information 
 allowed the part research in the following section to continue. 

 3.1.11.  Video Transmitter and Receiver 

 The  video  transmitter  and  receiver  are  two  separate  parts  that  will  work  in  tandem 
 to  send  a  video  signal  from  the  rover  to  the  Rover  Control  Station.  The  biggest 
 constraints  for  these  parts  are  their  compatibility  with  each  other,  the  range  they  can 
 support, and the data transmission rate. 

 To  confirm  compatibility  between  a  video  transmitter  and  receiver  it  was  necessary  to 
 check  the  frequency  ranges  and  check  if  they  matched.  Fortunately  there  are  a  multitude 
 of  5.8Ghz  receivers  and  transmitters  and  most  of  them  have  ranges  that  work  with  each 
 other. 

 The  range  the  video  transmitters  and  receivers  need  to  work  at  a  range  of  approximately 
 1.61km.  Typically  transmitters  and  receivers  for  a  5.8GHz  signal  are  not  used  for  longer 
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 distances  than  500  meters,  but  with  the  proper  antenna  it  is  possible  to  get  extra  range  out 
 of  the  same  transmitter.  The  antenna  chosen  is  a  Cloverleaf  antenna  which  allows  for  a 
 circular  polarization  so  the  signal  is  spread  in  all  directions.  There  might  be  issues  with 
 the  video  if  line  of  sight  is  lost  for  too  long,  but  it  was  determined  that  this  will  not  be  a 
 detrimental issue. 

 The  last  important  metric  for  the  video  transmitter  is  the  data  transmission  rate.  To  move 
 forward  with  a  transmitter  receiver  combo,  the  data  rate  needs  to  support  the  requirement 
 of  480p  video.  For  making  sure  of  the  proper  data  rate,  the  component  that  matters  is  the 
 frequency  of  the  transmitter.  From  extensive  research  it  seems  there  are  too  many  factors 
 to  calculate  whether  the  5.8GHz  can  support  the  video  requirements.  However,  there  is 
 extensive  footage  of  drones  using  the  5.8GHz  frequency  for  video  quality  higher  than  the 
 minimum  requirements.  With  this  information  it  was  concluded  that  any  5.8GHz  video 
 transmitter  should  work  for  this  use  case.  The  transmitter  and  receivers  that  were 
 evaluated for this part selection are shown below. 

 3.1.11.1.  Boscam FPV 5.8G Audio Video Transmitter Module 

 This  5.8GHz  transmitter  module  comes  at  a  relatively  cheap  $19.99.  The 
 transmitter  power  is  200mW  so  it  is  better  for  longer  range  transmission  than  other 
 models.  This  transmitter  is  capable  of  transmitting  amongst  8  different  channels,  which 
 seems  to  be  the  minimum  for  a  5.8GHz  transmitter.  The  transmitter  module  does  not 
 come  with  an  antenna,  but  the  Cloverleaf  antenna  that  was  chosen  is  a  more  unique 
 antenna  that  transmitters  and  receivers  do  not  typically  come  with.  This  module  is  also 
 compatible with the entire selection of cameras evaluated in section 3.1.8. 

 3.1.11.2.  RX5808 Receiving Module FPV 5.8G Audio Video 

 This  $19.99  5.8GHz  receiving  module  comes  with  support  for  8  channels. 
 Conveniently  it  is  the  same  8  channels  that  the  transmitter  module  supports.  The  video 
 output  from  this  chip  is  composite  video  which  makes  it  easy  to  find  a  monitor  to  work 
 with  it.  The  receiver  here  has  a  pin  for  an  antenna  which  is  going  to  be  used  for  the 
 Cloverleaf antenna (for more details visit section 3.1.15). 

 3.1.11.3.  TS832 48Ch 5.8G FPV Transmitter 600mw 

 This  $18.88  video  transmitter  comes  in  a  form  factor  with  a  pre-installed  antenna, 
 a  screen  to  show  the  current  channel,  a  connector  for  camera  input  and  a  connector  for 
 power  all  built  in.  The  transmitter  boasts  a  5km  range  for  its  AV  transmission  which  is 
 well  within  the  required  specifications.  At  a  lower  price  than  the  boscam  module,  and 
 with  the  prebuilt  features  that  will  save  valuable  money  and  allow  the  team  to  commit 
 more time to other aspects of the project, this is a good value part. 

 3.1.11.4.  Wolfwhoop WR832 5.8GHz 40CH Wireless FPV Receiver 

 This  receiver  unit  is  designed  to  work  with  any  5.8GHz  transmitter  that  shares  a 
 channel  with  this  receiver.  It  comes  in  a  package  with  a  screen  and  channel  selector  to 
 edit  this  channel.  It  has  a  DC  power  in  plug  and  a  pair  of  AV  out  RCA  connectors  that 
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 will  easily  connect  to  the  screen  being  used  for  this  project.  It  also  has  an  included 
 antenna  all  for  the  price  of  $16.66.  This  part  provides  extreme  cost  and  time  efficiency 
 over the RX5805 module. 

 3.1.11.5.  Parts Choice 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are listed as the final choice that was made. 

 Name  Frequency  Channels  Dimensions  Power 
 Usage 

 Cost 

 Boscam  FPV 
 5.8G  Video 
 Transmitter 

 5.8 GHz  8  28 x 23 x 3 mm  3.5V 
 200mA 

 $19.99 

 RX5808  FPV 
 5.8G  Video 
 Receiver 

 5.8 GHz  8  28 x 23 x 3 mm  3.5V 
 200mA 

 $19.99 

 TS832  48Ch 
 5.8G  FPV 
 Transmitter 

 5.8 GHz  48  54 x 32 x 10 mm  7  -  16V 
 220mA 

 $18.99 

 WR832 
 5.8GHz  FPV 
 Receiver 

 5.8 GHz  40  80 x 65 x 15 mm  12V 
 200mA 

 $16.66 

 Table 11: Video Tx and Rx Parts Selection 

 The  four  transmitters  and  receivers  listed  in  this  section  all  share  the  same  theoretical 
 range  and  share  the  same  transmission/reception  frequency.  The  main  drive  behind  the 
 decision  for  this  pair  of  parts  was  cost.  With  the  TS832  and  the  WR832  both  coming  in  at 
 a  lower  price  than  the  other  pair  of  parts  while  providing  more  channels  and  being  set  up 
 for  immediate  and  convenient  use  with  the  design  of  the  system  these  are  the  best  options 
 and will be used. 

 The  size  differences  between  the  options  however  must  be  addressed  and  were 
 considered  in  the  choice.  The  receiver  chosen  is  much  larger  than  the  other  option,  but 
 this  is  acceptable  due  to  the  fact  that  the  control  station  that  this  receiver  will  be  a  part  of 
 does  not  have  a  size  limitation.  The  rover  however  does  have  a  size  limitation  and  the 
 transmitter  chosen  is  marginally  larger  than  the  other  option.  This  was  found  to  be  within 
 specification  for  multiple  reasons.  First,  the  total  PCB  size  needed  to  implement  the 
 unchosen  option  would  be  very  similar  to  the  size  of  the  chosen  Tx  unit.  Second,  the 
 rover  can  still  accommodate  this  size  of  transmitter,  and  therefore  the  benefits  that  this 
 transmitter presents makes the increased use of space acceptable. 
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 3.1.12.  Encoder/Decoder 

 An  encoder  is  a  device  that  converts  information  from  one  form  to  another.  It  is 
 mainly  used  to  compress  the  information  needing  to  be  transmitted  so  that  transmission 
 speed  is  decreased.  The  decoder  is  located  on  the  other  end  of  the  transmission.  After  a 
 receiver  gathers  the  encoded  information  sent  from  the  transmitter,  the  decoder  will 
 convert this input into a different output form. 

 Here,  the  encoder  will  be  located  in  the  remote  control  and  will  convert  the  information 
 from  the  control  switches  into  a  form  easily  transmitted  through  the  RF  transmission 
 system.  Then  the  decoder  located  on  the  rover  will  decode  the  information  from  the  RF 
 receiver  into  a  form  understood  by  the  motor  drivers.  An  encoder  and  decoder  will  also 
 be  used  to  transmit  and  display  the  video  data  captured  by  the  rover.  All  encoder  and 
 decoders  in  this  system  are  not  free  standing  and  are  part  of  the  transmitters,  receivers, 
 and  transceivers  used  for  this  system.  Currently,  the  RF  transceiver  chips  selected  do  not 
 require the encoding or decoding of data. 

 3.1.13.  Analog Joystick 

 The  joystick  will  be  used  to  control  the  RC  rover  from  the  control  station.  The 
 goal  is  to  get  the  rover  to  move  in  all  four  directions.  A  single  2-axis  analog  joystick  that 
 will  allow  the  rover  to  move  forward  and  backward  by  pushing  the  joystick  in  the 
 positive  or  negative  direction  of  the  y-axis  will  be  used.  Pushing  the  joystick  along  the 
 x-axis  in  the  positive  (right)  direction  will  make  the  rover  turn  in  place  to  the  right  and 
 moving  the  joystick  to  the  left  will  turn  the  rover  to  the  left.  There  is  no  requirement  for 
 the robot to be able to rotate and move at the same time. 

 The  2  axis  analog  joystick  works  as  the  combination  of  2  potentiometers  which  represent 
 the  X  and  Y  axis.  It  works  by  reading  the  voltage  values  through  the  potentiometer  and 
 sends  analog  values  that  represent  these  voltage  values.  the  end  of  values  change  as  the 
 joystick  shaft  is  manipulated.  This  data  must  be  able  to  be  transmitted  through  the 
 transmitter  module  used  in  this  project.  Normally  an  encoder  would  be  used  between  the 
 analog  joystick  and  transmitter  module  to  convert  the  analog  joystick’s  data  into  a  format 
 transmittable over the transmitter module. 

 3.1.13.1.  Adafruit Analog 2-axis Thumb Joystick 

 One  possible  method  of  controlling  the  rover  is  through  an  analog  joystick.  This 
 can  be  programmed  to  be  sensitive  to  the  amount  the  joystick  is  pushed  forward  or 
 backward to move faster or slower. 

 3.1.13.2.  Adafruit Push-Button 

 Another  possible  method  of  controlling  the  rover  is  through  four  push  buttons  to 
 replicate  a  gaming  controller.  Each  button  will  represent  a  direction.  The  top  and  bottom 
 buttons  will  be  for  moving  forward  or  backward.  The  left  and  right  button  will  work  to 
 turn  left  or  right.  It  can  be  possible  to  program  the  buttons  to  turn  and  move  at  the  same 
 time if necessary. 
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 3.1.13.3.  Comparison 

 Due  to  the  more  precise  control  provided  by  an  analog  joystick,  and  the  fact  that 
 members  of  the  team  already  possess  an  analog  joystick  unit  for  testing,  the  analog 
 joystick  will  be  the  best  method  of  control  for  the  rover.  The  following  is  an  image  of  the 
 analog joystick chosen for this project. 

 3.1.14.  Antenna 

 An  antenna  is  used  to  capture  radio  waves.  Typically  it  is  just  a  long  wire  that  is 
 placed  such  that  it  is  exposed  to  RF  waves.  The  waves  create  a  small  alternating  current 
 in the wire that captures the signal. 

 Due  to  the  long  distance  between  the  control  station  and  the  rover,  an  antenna  is  required 
 to  make  sure  the  RF  transmission  is  received.  The  RF  transceiver  modules  that  were 
 researched  include  the  antenna  size  and  gain  used  when  testing  the  module’s  transmission 
 range.  Ideally,  an  antenna  that  matches  the  test  condition  specs  will  be  found  and  used. 
 The RF transceiver module also specifies the type of antenna that is compatible. 

 The  test  conditions  for  the  RF  transceiver  modules  show  that  an  antenna  with  a  gain  of 
 5dBi  and  height  of  2  -  2.5  m  was  used.  Two  of  the  modules  use  an  SMA-K  antenna  while 
 one uses an IPEX or stamp hole antenna. 

 A  Pagoda  antenna  will  be  used  for  the  video  transmitter  and  receiver.  This  antenna  has  a 
 radiation  pattern  similar  to  a  dipole  antenna  which  can  transmit  and  receive  from  all 
 directions  (Flite  Test)[31].  The  RF  transmitter  and  receiver  come  with  a  coiled  wire 
 antenna. 

 3.1.15.  CLASS Microcontroller 

 The  MCU  used  on  the  capsule  PCB  has  multiple  responsibilities  that  influence  the 
 choice  for  the  part.  The  capsule  PCB  MCU  polls  data  from  the  sensors,  and  is  responsible 
 for  keeping  the  electromagnet  holding  the  rover  in  place  active  while  descending,  and 
 responsible  for  releasing  this  magnet  and  opening  the  capsule  door  once  landed.  With 
 these  responsibilities  in  mind,  the  choices  for  the  microcontroller  were  based  on: 
 available  GPIO  and  I2C  pins.  With  the  parts  chosen,  there  is  a  maximum  of  one  I2C,  one 
 GPIO pin needed for the capsule electronics. 

 3.1.15.1.  Texas Instruments MSP430FR6989 

 The  MSP430  line  of  microcontrollers  presents  many  benefits  as  a  choice  for  this 
 system.  While  it  may  have  a  higher  price  than  the  other  components,  the  team  already 
 possesses  a  familiarity  with  the  operation  of  the  MSP430FR6989  and  own  breakout 
 boards  for  this  MCU  that  would  be  used  for  prototyping  at  no  extra  total  cost.  The  other 
 two  options  however  are  unfamiliar  to  the  members  of  the  team  and  breakout  boards 
 would  need  to  be  purchased  for  prototyping.  This  processor  has  more  than  enough  pins 
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 for  what  the  project  needs  and  having  two  I2C  lines  allows  easier  setup  compared  to  the 
 one line of the other devices. 

 3.1.15.2.  Texas Instruments MSP430FR6928 

 The  MSP430FR6928  is  of  the  same  family  of  TI  microcontrollers  as  the 
 MSP430FR6989  mentioned  above.  It  maintains  a  higher  price  than  the  other  two 
 microcontrollers  listed,  similar  to  the  FR6989.  With  this  microcontroller  being  part  of  the 
 same  family  as  the  team  is  familiar  with,  the  only  changes  to  code  needed  would  be 
 GPIO pin numbers. 

 This  board  comes  in  a  smaller  52  GPIO  pin  format,  but  still  meets  the  needs  of  the 
 project.  At  the  time  of  choosing  microcontrollers  the  MSP430FR6989  was  in  short 
 supply,  so  the  team  had  to  look  for  alternatives  with  similar  programming  schema.  With 
 the  chip  shortage  this  MSP430FR6928  was  the  board  most  similar  to  the  FR6989  that 
 was  available.  With  no  drastic  programming  changes,  an  abundance  of  availability,  and  a 
 slightly cheaper price this became the microcontroller of choice. 

 3.1.15.3.  Atmel ATmega328 - TQFP 

 The  ATmega328  is  a  more  cost  effective  option  than  the  MSP430,  but  it  is  inferior 
 to  the  MC9S08PB8  and  is  easily  outweighed  by  the  cost  difference.  The  ATmega328 
 would  be  a  suitable  MCU  for  this  system,  as  it  has  all  of  the  necessary  components,  but  in 
 comparison  to  the  MC9S08PB8,  where  more  in  almost  every  category  can  be  had  for  less 
 money,  it  loses  its  ground  in  the  comparison.  The  only  benefit  it  has  is  it’s  gpio  count,  but 
 since  not  all  of  the  GPIO  pins  would  be  utilized  on  either  device  the  other  options  wins 
 over this device. 

 3.1.15.4.  NXP Semiconductors MC9S08PB8MTG 

 The  MC9S08PB8  is  a  very  cost  effective  MCU  with  a  large  amount  of  I/O  for  the 
 price  and  would  be  well  suited  to  use  for  the  capsule  PCB.  At  twenty  percent  of  the  cost 
 of  the  MSP430,  this  MCU  shows  much  promise  with  the  main  two  hardware  downsides 
 being  a  single  I2C  line  and  effectively  half  the  speed  of  the  MSP430.  Both  of  these  are  of 
 low  concern  due  to  the  low  number  of  components  this  MCU  could  be  responsible  for 
 and the properties of I2C. 

 3.1.15.5.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 
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 MCU  Speed  ADCs  I2Cs  PWM  GPIO  Cost 

 MSP430FR6989  16-bit, 16 MHz  12, 12-bit  2  19  63  $7.08 

 MSP430FR6928  16-bit, 16 MHz  12, 12-bit  2  5  52  $7.04 

 ATmega328 - TQFP  8-bit, 20 MHz  8, 10-bit  1  2  23  $3.00 

 MC9S08PB8MTG  8-bit, 20 MHz  12, 12-bit  1  8  18  $2.05 
 Table 12: Comparison of Capsule System Microcontroller Options 

 While  the  MC9S08  is  a  contender,  the  lack  of  familiarity  with  the  part  adds  another 
 variable  to  the  system  design  that  the  team  members  wish  to  avoid  and  it  was  excluded 
 from  this  choice.  The  main  decision  between  the  ATmega328  and  the  MSP430  is  the  cost 
 since  both  meet  the  requirements  needed  to  manage  the  CLASS  system.  The 
 MSP430FR6928  was  ultimately  the  best  choice  for  the  capsule  PCB  due  to  its  more  than 
 suitable I/O, and the time that it saved the group in PCB design and programming. 

 3.1.16.  Rover Microcontroller 

 The  MCU  used  on  the  rover  PCB  has  multiple  responsibilities  that  influence  the 
 choice  for  the  part.  The  main  PCB  MCU  polls  data  from  the  wireless  transmitter,  polls 
 and  processes  data  from  the  integrated  sensors  over  I2C,  and  sends  signals  to  control  the 
 motors on the rover. 

 With  these  responsibilities  in  mind,  the  choices  for  the  microcontroller  were  based  on: 
 available  GPIO  pins,  processor  speed,  available  I2C  pins,  and  the  availability  of  PWM 
 compatible  pins.  With  the  parts  chosen,  there  are  2  I2C  devices,  8-12  GPIO  pins  needed, 
 and 2 PWM capable pins needed on the rover PCB. 

 The  MCUs  that  were  considered  for  the  rover  are  exactly  the  same  as  those  considered 
 for  the  capsule.  They  are  not  individually  listed  again  to  avoid  redundancy  but  the 
 comparison  table  below  is  shown  again  in  the  same  form  as  the  previous  MCU 
 comparison table for the convenience of the reader. 

 3.1.16.1.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 34 



 Group 21 
 EEL 4915 

 04/25/22 
 MCU  Speed  ADCs  I2Cs  PWM  GPIO  Cost 

 MSP430FR6989  16-bit, 16 MHz  12, 12-bit  2  19  63  $7.08 

 MSP430FR6928  16-bit, 16 MHz  12, 12-bit  2  5  52  $7.04 

 ATmega328 - TQFP  8-bit, 20 MHz  8, 10-bit  1  2  23  $3.00 

 MC9S08PB8MTG  8-bit, 20 MHz  12, 12-bit  1  8  18  $8.14 
 Table 13: Comparison of Rover Microcontroller Options 

 The  ATmega328  has  been  essentially  disqualified  from  selection  due  to  its  complete 
 disadvantage  to  the  MC9S08PB8.  The  main  decision  is  between  the  ladder  and  the 
 MSP430.  The  MSP430FR6928  was  ultimately  the  best  choice  for  the  rover  PCB  due  to 
 its  high  compute  speed  that  is  useful  in  having  fast  system  response  times  enabling 
 quicker choices and potentially a higher success rate for the rover mission. 

 3.1.17.  Rover Control Station Microcontroller 

 Initially  the  idea  was  to  find  a  transceiver  compatible  with  a  laptop  so  the  signal 
 could  be  sent  and  received  there,  but  the  team  concluded  it  would  not  be  a  fully 
 encompassing  solution  for  the  rover.  It  was  concluded  that  it  is  not  fair  to  assume  the 
 parties  using  this  system  will  have  other  devices  on  hand  they  can  use  with  the  rover.  So 
 it was decided that a microcontroller would be used for the Rover Control Station (RCS). 

 Once  again  the  same  microcontrollers  were  considered  for  the  duties  of  the  RCS.  It  has  to 
 read  analog  joystick  data,  and  transmit  the  data  to  the  rover.  This  requires  one  ADC  pin, 
 and  a  pair  of  UART  pins.  The  MCU  options  considered  are  in  the  table  below  and  are  not 
 described because they are repeats of the previous choices. 

 3.1.17.1.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 MCU  Speed  ADCs  I2Cs  PWM  GPIO  Cost 

 MSP430FR6989  16-bit, 16 MHz  12, 12-bit  2  19  63  $7.08 

 MSP430FR6928  16-bit, 16 MHz  12, 12-bit  2  5  52  $7.04 

 ATmega328 - TQFP  8-bit, 20 MHz  8, 10-bit  1  2  23  $3.00 

 MC9S08PB8MTG  8-bit, 20 MHz  12, 12-bit  1  8  18  $8.14 
 Table 14: Comparison of RCS Microcontroller options 
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 Based  on  the  evaluated  options,  the  MSP430FR6928  was  used  for  the  Rover  Control 
 Station.  Although  the  other  microcontrollers  are  more  than  capable  of  accomplishing  the 
 task,  they  would  have  required  significantly  more  design  and  programming  work  that  can 
 be directed to other areas due to the team's unfamiliarity with the MCUs. 

 3.1.18.  Rover Batteries 

 The  rover  uses  rechargeable  battery  power  supplies  to  reduce  waste,  recurring 
 costs,  and  allow  it  to  have  independent  operation  of  an  external  power  source.  The 
 criteria  for  battery  selection  were  battery  dimensions,  battery  capacity,  weight,  and  price. 
 The  battery  types  considered  were  lithium  batteries  due  to  their  popularity  in  electronics, 
 their ability to be recharged, and their electronics friendly voltages. 

 The  rover  is  expected  to  use  roughly  150mA  max  in  its  3.3V  systems  and  1550mA  in  its 
 12V  systems.  This  means  the  batteries  must  be  suitable  for  at  least  this  much  current 
 draw  at  any  time  to  avoid  overheating  or  damage.  Two  separate  batteries  are  used  in  this 
 system,  a  3.7V  for  the  3.3V  parts,  and  a  11.1V  for  the  12V  parts.  This  choice  was  made 
 because  a  3.7V  battery  that  could  handle  the  resulting  current  draw  from  boosting  it  to 
 12V could not be found. 

 These  max  current  draw  numbers  were  used  to  calculate  the  size  of  the  batteries  needed. 
 For  safety,  a  3.7V  battery  size  was  calculated  to  allow  the  rover  to  sit  powered  on  for  12 
 hours. The equation to determine the 3.7V battery size follows: 

 150  𝑚𝐴 *     12  ℎ𝑟    =  1800  𝑚𝐴ℎ    
 Equation 6: Minimum 3.7V Rover Battery Capacity 

 For  the  11.1V  battery  size,  the  idle  draw  is  250mA,  the  average  draw  is  650mA,  and  the 
 max  draw  is1550mA  when  the  motors  are  stalled.  The  battery  size  was  calculated  to 
 allow  the  rover  to  sit  idle  for  2  hours  and  run  at  average  power  for  3  hours.  The  equation 
 to determine the 11.1V battery size follows: 

 250  𝑚𝐴    *     2  ℎ𝑟    +     650  𝑚𝐴    *     3  ℎ𝑟    =     2200  𝑚𝐴    
 Equation 7: Minimum 11.1V Rover Battery Capacity 

 It  was  decided  that  all  battery  options  should  be  under  200g,  and  less  than  120mm  x 
 80mm x 30mm. The batteries that were explored are listed below. 

 3.1.18.1.  3.7V Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 
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 Name  Capacity  Voltage  Standard/Max 

 Discharge Rate 
 Dimensions  Weight  Cost 

 MIKROE- 
 1120 

 2000mAh  3.7 V  1000/2000 mA  63.5  x  44.2 
 x 7.0 

 78.5g  $12.50 

 MIKROE- 
 4474 

 3000mAh  3.7 V  1500/3000 mA  63.0  x  57.0 
 x 8.1mm 

 90g  $14.50 

 Table 15: 3.7V Rover Battery Comparison 

 The  two  types  of  batteries  explored  were  the  typical  electronics  single-cell  flat  lithium 
 polymer  battery  that  provides  high  capacities  in  small  and  light  form  factors  at  3.7V. 
 These  were  chosen  because  they  are  rechargeable,  low  profile  to  easily  fit  against  the 
 rover frame, and easy to find. 

 The  two  options  found  were  the  only  ones  that  were  found  on  both  mouser  and  digikey 
 that  suit  the  discharge  rate  and  size  requirements  listed  above  which  is  the  reason  they 
 have  marginally  more  capacity  than  needed.  Due  to  its  higher  standard  discharge  rate  (the 
 rate  that  is  the  safest  for  long  term  continuous  current  draw)  and  price  that  is  $10  less 
 than  that  of  the  competitor,  the  MIKROE-4475  LiPo  battery  was  the  obvious  choice  to 
 power the rover electronics. 

 3.1.18.2.  11.1V Comparison 

 Name  Capacity  Voltage  Standard/Max 
 Discharge Rate 

 Dimensions  Weight  Cost 

 YOWOO 
 2200mAh 
 LiPo 
 Battery 

 2200mAh  11.1 V  11000 mA  105  x  34  x 
 24mm 

 168g  $23.99 

 Ovonic  3s 
 Lipo 
 Battery 

 2200mAh  11.1 V  11000 mA  105  x  33  x 
 14mm 

 176g  $22.20 

 Table 16: 11.1V Rover Battery Comparison 

 The  two  types  of  batteries  explored  were  the  typical  RC  application  multi-cell  lithium 
 polymer  batteries  that  provide  high  capacities  and  high  discharge  rates.  These  were 
 chosen because they are rechargeable, and easy to find. 

 The  two  options  found  suit  the  discharge  rate  and  size  requirements  listed  above  which  is 
 the  reason  they  have  marginally  more  capacity  than  needed.  Due  to  the  lower  price,  the 
 Ovonic 3s lipo battery was the obvious choice to power the rover electronics. 
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 3.1.19.  Capsule System Battery 

 This  system  uses  a  LiPo  Battery  for  the  same  reason  as  the  previous.  The  capsule 
 is  expected  to  use  roughly  200mA  max  with  all  subsystems  at  full  power.  This  means  the 
 battery  must  be  suitable  for  at  least  this  much  current  draw  at  any  time  to  avoid 
 overheating.  This  system  uses  one  3.7V  battery  buck-boosted  to  3.3V  and  boosted  to 
 12V. 

 This  max  current  draw  number  can  also  be  used  to  calculate  the  size  of  the  battery 
 needed.  In  this  system  there  is  one  electromagnet  powered  off  from  the  moment  the 
 system  is  powered  on  until  the  rover  is  ready  to  leave  the  capsule.  When  it  is  ready  to 
 leave this electromagnet gains power unlocks to allow the rover to leave. 

 For  safety,  a  battery  size  was  calculated  to  allow  the  board  to  run  for  an  extremely 
 conservative  7  hours  and  to  have  the  electromagnet  be  activated  for  3  hours  total  during 
 the duration of the mission. The calculation to determine the battery size follows: 

 50mA * 7hr + 200mA *  3hr = 950mAh 
 Equation 8: Minimum Capsule Battery Capacity 

 The batteries that were explored are listed below. 

 3.1.19.1.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Name  Capacity  Voltage  Standard/Max 
 Discharge Rate 

 Dimensions  Weight  Cost 

 MIKROE- 
 698 

 1000mAh  3.7 V  500/1000 mA  53.0  x  35.0 
 x 5.9mm 

 23g  $8.90 

 MIKROE- 
 4473 

 1500mAh  3.7 V  750/1500 mA  63.0  x  39.5 
 x 6.1mm 

 23g  $10.90 

 Table 17: Capsule Battery Comparison 

 The  1500mAh  battery  was  considered  due  to  its  standard  discharge  rate  that  exceeds  the 
 max  discharge  of  the  capsule  system,  but  it  ultimately  is  not  necessary.  The  1000mAh 
 battery  was  chosen  for  this  system  since  the  maximum  current  draw  is  within 
 specification  for  this  battery  and  it  has  ample  capacity  to  power  the  system  for  the  target 
 amount of time. 

 3.1.20.  Rover Control Station Batteries 

 The  system  uses  LiPo  Batteries  for  the  same  reason  as  the  others.  This  PCB  is 
 expected  to  draw  roughly  150mA  at  3.3V  max  with  all  subsystems  at  full  power.  The 
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 video  transmission  system  draws  500mA  at  12V.  This  means  the  battery  must  be  suitable 
 for at least this much current draw at any time to avoid overheating. 

 This  max  current  draw  number  can  also  be  used  to  calculate  the  size  of  the  battery 
 needed.  In  this  system  the  main  power  consumers  are  an  LED  screen  and  its  driver,  a 
 radio  transceiver,  a  video  transmitter,  and  an  MCU.  A  3.7V  battery  powers  the  PCB,  and 
 a 11.1V battery powers the receiver and screen. 

 For  safety,  the  3.7V  size  was  calculated  to  allow  the  entire  system  to  run  for  an  extremely 
 conservative  12  hours.  The  batteries  that  were  explored  are  listed  and  compared  in  the 
 following table. The calculation to determine the battery size follows: 

 150  𝑚𝐴    *  12     ℎ𝑟    =  1800  𝑚𝐴ℎ    
 Equation 9: Minimum 3.7V PCB Battery Capacity 

 For  safety,  the  11.1V  size  was  calculated  to  allow  the  entire  system  to  run  for  an 
 extremely  conservative  6  hours.  The  batteries  that  were  explored  are  listed  and  compared 
 in the following table. The calculation to determine the battery size follows: 

 500  𝑚𝐴    *  6     ℎ𝑟    =  3000  𝑚𝐴ℎ    
 Equation 10: Minimum 11.1V Video System Battery Capacity 

 3.1.20.1.  3.7V Comparison 

 At  the  time  that  the  decision  to  use  two  batteries  for  this  system  was  made,  a 
 6000mAh  MIKROE-4475  battery  was  already  in  the  team’s  possession.  Since  there  are 
 no  space  constraints  on  the  controller  system,  this  battery  was  chosen  for  use  to  prevent 
 rebuying a battery. 

 3.1.20.2.  11.1V Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Name  Capacity  Voltage  Standard/Max 
 Discharge 
 Rate 

 Dimensions  Cost 

 TalentCell 
 Rechargeable 
 12V 6000mAh 

 6000mAh  11.1 V  3/3A  145  x  85  x 
 28mm 

 $39.99 

 TalentCell 
 Rechargeable 
 12V 3000mAh 

 3000mAh  11.1 V  3/3A  105  x  65  x 
 25mm 

 $28.99 

 Table 18: Video Display and Remote Controller System Battery Comparison 
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 Both  batteries  considered  in  the  system  met  the  requirements  for  maximum  discharge 
 current  and  expected  required  battery  life.  The  remote  control  system  does  not  have  space 
 constraints,  but  it  was  not  economical  to  buy  a  larger  battery  than  necessary,  so  the 
 3000mAh battery was chosen. 

 3.1.21.  Software Selections 

 This  section  covers  the  software  that  was  chosen  for  use  in  this  project  and  the 
 reasons  for  each  choice.  It  covers  two  programming  softwares,  and  three  electronic 
 circuit design softwares. 

 3.1.21.1.  Texas Instruments Code Composer Studio 

 Texas  Instruments  Code  Composer  Studio  is  a  free  embedded  systems  IDE 
 designed  for  use  with  the  embedded  C  language.  This  IDE  was  chosen  for  a  few  reasons: 
 familiarity,  compatibility  with  the  MSP430s  used,  and  the  ease  of  programming  provided 
 by using this solution. 

 Code  Composer  Studio  is  the  standard  IDE  used  at  UCF  for  all  embedded  systems 
 classes,  this  means  that  the  three  ECE  team  members  are  very  familiar  with  the  use  of 
 this  IDE.  Choosing  a  software  with  which  one  is  familiar  is  always  ideal  to  allow  large 
 savings  in  time.  This  time  savings  allowed  team  members  to  jump  straight  into 
 development  giving  them  more  time  to  commit  to  development,  and  producing  better 
 results. 

 Code  Composer  Studio  can  be  used  with  a  multitude  of  CPUs  but  it  directly  supports  the 
 MSP430  due  to  both  the  software  and  hardware  being  created  by  Texas  Instruments. 
 Since the team is using three MSP430 chips this also made this IDE an obvious choice. 

 Finally,  Code  Composer  Studio  (CCS)  -  in  combination  with  the  MSP430  launchpad  that 
 the  three  ECE  members  already  own  -  makes  the  programming  of  an  MSP430  MCU 
 extremely  easy.  As  long  as  3  pins  are  wired  to  the  MCU  -  reset,  spi-bi-wire,  and  power, 
 the  MSP430  launchpad  can  be  wired  up  to  the  developed  MSP430  device  for 
 programming.  This  means  all  that  is  needed  to  program  the  developed  MSP430  boards  is 
 a  computer  with  CCS,  usb  cable,  the  launchpad,  and  the  development  board.  No 
 proprietary programming pin interfaces are needed, which saves board space as a bonus. 

 3.1.21.2.  Texas Instruments WEBENCH Power Designer 

 Texas  Instruments  created  a  free,  online  software  called  WEBENCH  Power 
 Designer  for  use  by  anyone  creating  embedded  systems  applications.  This  software  is 
 very  powerful  and  allows  users  to  create  voltage  regulation  circuits  with  only  a  few 
 inputs.  The  user  gives  the  range  of  input  voltages,  the  desired  output  voltage  and  max 
 output  current,  and  then  they  are  supplied  with  many  options  to  choose  from  that  show 
 cost,  efficiency,  topology,  board  space,  and  other  deciding  factors.  This  allows  the  user  to 
 make  an  informed  decision  regarding  which  option  they  want  to  favor  in  their  designs  to 
 save money, space, or lost power. 

 40 



 Group 21 
 EEL 4915 

 04/25/22 

 This  software  was  chosen  mainly  due  to  the  guaranteed  performance  it  provides  as  well 
 as  the  large  amount  of  time  it  saves  a  designer.  This  software  was  used  to  design  all  of  the 
 voltage  regulators  used  in  this  project  that  are  discussed  in  chapter  5  of  this  document. 
 The  time  this  software  saves  allows  the  team  members  to  dedicate  more  time  to  the  rest 
 of the circuit designs in this project that contain mission-critical sensors and operations. 

 3.1.21.3.  AutoDesk EAGLE 

 AutoDesk  EAGLE  is  a  CAD  software  that  is  used  for  PCB  design.  It  provides  the 
 ability  to  create  schematics  and  full  PCB  layouts,  and  provides  these  services  free  of  cost 
 as  long  as  a  design  is  simple  enough  (2-layer  PCB).  This  software  was  chosen  over  other 
 software for a few reasons: familiarity, and ease of use. 

 Besides  being  an  industry  standard  software,  EAGLE  is  also  UCFs  standard  PCB  CAD 
 software  taught  in  UCF  classes.  This  means  that  all  of  the  ECE  team  members  have  used 
 and  are  familiar  with  this  software,  and  its  uses.  This  once  again,  allows  for  the  learning 
 curve  of  new  software  to  be  skipped,  and  development  to  be  started  immediately, 
 allowing the team to create better designs. 

 EAGLE  also  provides  many  benefits  that  online  or  simpler  PCB  CAD  software  does  not 
 provide.  It  is  supported  by  UltraLibrarian  -  which  is  discussed  in  the  following  section  - 
 to  make  creating  new  designs  with  parts  directly  chosen  from  suppliers  a  very  easy  and 
 painless  process.  It  also  has  an  excellent  time-saving  feature  that  allows  a  developer  to 
 directly  select  -  from  parts  suppliers  -  the  parts  that  were  used  in  a  design  inside  of 
 EAGLEs  interface,  and  add  those  items  to  a  bill  of  materials.  This  can  save  hours  of  work 
 scouring  parts  supplier  inventory  for  the  parts  used  in  a  design,  and  provide  assurance 
 that the right parts are being selected. 

 3.1.21.4.  SOLIDWORKS 

 SOLIDWORKS  is  a  3D  modeling  CAD  software  used  to  create  engineering 
 designs  and  models.  This  program  is  free  for  UCF  students  to  use  and  was  used  by  the 
 team's  mechanical  engineer.  This  program  was  chosen  due  to  the  familiarity  of  the 
 program to the team and due to its features. 

 SOLIDWORKS,  like  many  of  the  softwares  spoken  of  thus  far,  is  a  standard  at  UCF  as 
 well  as  in  the  industry,  and  therefore  is  very  familiar  to  the  team.  Once  again  this 
 familiarity  led  to  large  time  savings  in  the  lack  of  a  learning  curve,  and  increased  design 
 quality. 

 SOLIDWORKS  also  has  the  ability  to  perform  simulations  on  generated  designs.  Both 
 the  capsule  and  rover  CAD  models  were  created  via  SOLIDWORKS  and  this  allowed 
 multiple  force  simulations  to  be  run  on  both  models.  This  provides  insight  into  the  quality 
 of  the  designs,  and  allows  the  function  of  the  designs  to  be  evaluated  without 
 manufacturing. This saves large amounts of sponsor money and team member time. 
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 3.1.21.5.  UltraLibrian 

 The  last  software  used  is  UltraLibrarian.  This  is  an  online  and  free  software  that 
 allows  users  to  search  specific  electrical  components  and  download  pin  layouts, 
 footprints,  and  3D  models  for  their  electronic  designs.  These  designs  are  supported  for 
 export  in  many  CAD  softwares,  but  especially  EAGLE,  and  the  software  was  used  for 
 every non-trivial circuit component used in the designs of this project. 

 This  software  saves  users  hours  of  time  that  would  be  spent  reading  datasheets  and 
 creating  their  own  custom  components  in  their  CAD  software.  This  time  savings  is 
 invaluable  with  the  extreme  speed  of  this  project  and  the  limited  time  provided  for 
 development. 

 3.2.  Final Parts Selection 
 All  of  the  parts  chosen  in  section  3.2  are  listed  below  for  convenience  and  ease  of 

 viewing.  The  expected  number  of  each  part  can  be  seen  in  chapter  8  which  covers  the 
 costs  of  the  systems.  Both  estimated  and  true  values  of  the  number  of  parts  that  were 
 ordered can be found there. 

 3.2.1.  Table of Parts 

 This  section  orders  all  of  the  chosen  parts  in  a  table  by  the  order  of  their 
 appearance  in  the  document.  It  includes  the  name  of  the  part  and  what  function  it  fills  as 
 well as its cost. 

 Part  Name  Cost 

 Motor and Motor Driver  DFRobot FIT0441  $19.90 each 

 Coupling Mechanism  MATEE Metal Electric Cabinet Lock  $30.06 each 

 Altimeter  TE Connectivity MS560702BA03-50  $6.94 each 

 Accelerometer  Analog Devices ADXL343  $3.42 each 

 IC Load Switch  Vishay SI1869DH-T1-E3  $0.48 each 

 Camera  Wolfwhoop FC21 FPV Camera 2.8mm  $11 each 

 Video Display  5” TFT LCD Screen  $26 each 

 Table 19.a: Collection of all Parts Selected 
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 Part  Name  Cost 

 Radio Frequency 
 Transceiver 

 REYAX RYLR896 
 SX1276 

 $19.50 each 

 Video Transmitter & 
 Receiver Combo 

 AKK TS832+RC832 
 5.8GHz Video 
 Transmitter/Receiver 

 $30 each 

 Analog Joystick  Adafruit Analog 2-axis 
 Thumb Joystick 

 Already Owned 

 MCUs  MSP430FR6928 IPM  $7.08 each 

 Rover Battery 3.7V  MIKROE-4474  $14.50 each 

 Rover Battery 11.1V  Ovonic 3S Lipo Battery 
 50C 2200mAh 

 $22.20 each 

 Capsule Battery  MIKROE-698  $8.90 each 

 RCS Battery 3.7V  MIKROE-4475  LiPo 
 6000mAh 

 $21.90 each 

 RCS Battery 11.1V  TalentCell  Rechargeable 
 12V 3000mAh 

 $28.99 each 

 Table 19.b: Collection of all Parts Selected Continued 

 3.2.2.  Images of Parts 

 This  section  presents  images  of  all  of  the  non-trivial  parts  used  in  this  system.  All 
 parts  that  are  surface  mounted  connectors  or  batteries  are  not  shown  due  to  their  simple 
 nature.  Also  excluded  are  the  chosen  IC  circuit  board  parts  due  to  their  inconsequential 
 size  in  the  scope  of  the  system  design.  All  parts  shown  below  are  presented  in  the  order 
 of  their  appearance  in  this  document  from  left  to  right  and  top  to  bottom,  labeled  in  order 
 from 4.a - 4.h. 
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 Figure 4.a: Selected Motor (Digikey)[8]  Figure 4.b: Selected Joystick 
 (Mouser)[16] 

 Figure 4.c: Selected Coupling Mechanism 
 (Amazon)[10] 

 Figure 4.d: Selected Video Camera 
 (Amazon)[11] 

 Figure 4.e: Selected RCS Display 
 (Amazon)[12] 

 Figure 4.f: Selected Radio Transceiver 
 (Amazon)[13] 

 Figure 4.g: Selected Video Transmitter 
 (Amazon)[14] 

 Figure 4.h: Selected RCS Receiver 
 (Amazon)[15] 
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 4.  Constraints and Standards 

 This  chapter  discusses  the  many  constraints  and  standards  the  remote  controlled 
 rover  and  deployment  system  is  subject  to.  The  majority  of  the  constraints  are  created 
 from  the  FAR  competition  rules,  and  the  rocket  design  provided  by  the  FAR  rocket  senior 
 design  teams.  This  system  and  its  components  are  all  reliant  on  the  standards  that  support 
 their  function  which  must  be  considered  and  respected.  First  the  constraints  will  be 
 explained, and then the standards will finish this chapter. 

 4.1.  Constraints 
 This  section  will  cover  any  constraints  that  the  system  was  designed  around  and 

 abides  by.  Constraints  that  fit  into  the  categories  of  engineering  constraints, 
 environmental  constraints,  manufacturing  constraints,  ethical  constraints,  and  safety 
 constraints were considered and will be explored in the following subsections. 

 4.1.1.  Engineering Constraints 

 Engineering  constraints  were  derived  from  the  team's  requirements,  the  operating 
 environment  of  the  project,  the  FAR  competition  rules,  and  the  FAR  rocket  team.  All 
 considered engineering constraints are shown in the following table. 

 Constraint 
 Number 

 Constraint Description 

 1  Payload mass must be at least 1 kg or greater 

 2  Payload  capsule  and  payload  must  be  able  to  handle  impact  speed  of  3 
 m/s 

 3  The  payload  must  be  able  to  traverse  desert  train  including  sand  and 
 rocks 

 4  The  radio  band  of  420  MHz  -  450  MHz  is  reserved  for  the  rocket 
 avionics 

 5  Payload  capsule  and  payload  must  be  able  to  withstand  up  to  8  g  when 
 the drogue parachute deploys and during launch acceleration 

 6  The  payload  capsule  and  payload  must  withstand  the  heat,  pressure, 
 and  force  of  the  ejection  charges  used  for  deployment  of  the  payload 
 capsule 

 7  The  payload,  sled,  and  capsule  assembly  must  weigh  less  than  or  equal 
 to 4.31 kg 

 Table 20.a: Engineering Constraints Table 
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 Constraint 
 Number 

 Constraint Description 

 8  Payload  sled  must  take  up  no  more  than  1.27  cm  on  either  side  of  the 
 payload 

 9  Payload  and  capsule  assembly  cannot  be  more  than  12.7  cm  in 
 diameter 

 10  The length of the sled and capsule cannot be more than 40.64 cm 

 11  The  payload  must  be  unaffected  by  operation  in  the  radio  frequency 
 ranges of 420 MHz - 450 MHz and 1 GHz - 2 GHz 

 12  The  payload  capsule  deployment  system  must  be  reusable,  and  no 
 parts should be destroyed or wasted during operation 
 Table 20.b: Engineering Constraints Table Continued 

 4.1.2.  Environmental Constraints 

 The  protection  of  the  environment  and  the  characteristics  and  quality  of  the 
 operating  environment  have  been  considered  as  constraints,  and  respected  in  this  project. 
 This  section  will  explain  the  need  for  both  the  consideration  of  the  waste  and  litter 
 produced  by  the  operation  of  this  design  as  well  as  the  constraints  the  makeup  of  the 
 environment places on the system and how these constraints are addressed. 

 4.1.2.1.  Waste and Litter Constraints 

 To  prevent  unnecessary  contribution  to  the  waste  created  from  launching  a  rocket, 
 it  was  decided  that  all  parts  of  the  deployment  system,  and  rover  mission  that  this  team  is 
 in  control  of  would  be  waste  free.  The  main  target  of  the  waste  reduction  was  opting  for 
 rechargeable  batteries,  a  capsule  door  system  that  uses  solenoids  instead  of  detonation 
 charges, and avoiding the implementation of any one time use technologies. 

 Managing  litter  can  be  challenging  during  a  rocket  launch  with  explosives  and  other 
 destructive  techniques  in  use  that  can  separate  parts  of  a  design  unintentionally  causing 
 litter  in  the  process.  This  side  effect  has  been  acknowledged  and  avoided  in  the  design  of 
 this  project.  All  items  designed  for  deployment  and  the  rover  mission  were  harvested 
 after use and shall be ready for reuse without waste. 

 4.1.2.2.  Expected Environment Constraints 

 The  FAR  rocket  competition  takes  place  in  a  desert  which  presents  multiple 
 challenging  environmental  constraints  that  have  been  considered  in  the  design  and 
 implementation  of  this  project.  The  number  one  issue  that  quickly  presents  itself  is  the 
 terrain  of  the  operating  environment.  It  was  expected  that  sand,  rocks,  boulders,  and 
 varying  slopes  typical  of  the  Mojave  desert  were  to  be  encountered  by  the  rover  while  in 
 operation, and by the capsule on landing. 
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 The  first  choice  made  to  work  with  this  constraint  was  adopting  differential  steering  and 
 an  off-road  type  wheel  design  instead  of  a  rack  and  pinion  setup  as  discussed  in  section 
 3.1.1.  Considerations  were  also  made  to  the  structural  integrity  of  the  capsule  and  the 
 rover  chassis  to  accommodate  the  rough  terrain  and  the  challenges  that  could  be 
 experienced during landing. 

 4.1.3.  Manufacturing Constraints 

 Manufacturing  constraints  can  be  created  by  resource  availability,  manufacturing 
 price,  and  design  size  and  complexity.  When  designing  for  manufacturing  all  of  these 
 factors  must  be  considered.  This  section  will  explore  constraints  that  the  project  team  has 
 identified and imposed on the project and how they were addressed. 

 4.1.3.1.  Rover Manufacturing 

 In  the  rover  manufacturing  process,  a  metal  sheet  was  chosen  as  the  main 
 structural  material.  In  order  to  create  the  rover  chassis,  a  metal  sheet  was  cut,  bent, 
 welded,  riveted,  and  drilled  using  multiple  powered  hand  tools.  As  such  this  team 
 followed  OSHA  (Occupational  Safety  and  Health  Administration)  PPE  guidelines  for  the 
 hands  and  face.  When  manufacturing  metal  by  use  of  power  tools  and  welding,  high 
 temperature  sparks,  debris,  and  hazardous  vapors  are  commonplace.  Face  and  eye  shields 
 were  worn  at  all  appropriate  times  when  operating  power  tools.  Heat  resistant  gloves, 
 welding  visors,  and  appropriate  full  length  clothing  was  worn  during  welding  activities. 
 Respirators  were  used  when  sanding  down  materials  or  during  other  activities  that  created 
 fine particles and all work was done in a well ventilated area. 

 4.1.3.2.  Silicon Shortage Effects 

 With  the  occurrence  of  COVID-19  and  limited  production  and  manufacturing  of 
 silicon  products  as  a  result,  the  effects  of  the  silicon  shortage  have  been  felt  by  every 
 member  of  the  chain  since  early  2020.  This  shortage  affects  consumer  electronics 
 availability,  pricing,  and  technology  advancements  as  well  as  the  ability  for  all 
 manufacturers of silicon products to produce enough to suit the market. 

 This  shortage  placed  limitations  on  this  project  in  a  handful  of  ways.  The  increased  lead 
 times  for  many  IC  components  and  non-linear  circuit  components  have  led  to  large 
 numbers  of  out  of  stock  components  which  greatly  limited  the  search  space  for  parts 
 selection.  Parts  were  still  sourced  to  suit  the  needs  of  the  project  but  greater  effort  was 
 used  since  the  search  space  was  greatly  widened  and  many  popular  components  were  out 
 of stock until the middle of 2022. 

 Another  effect  is  increased  prices  of  silicon  components.  It  has  been  noted  that  over  the 
 last  year  silicon  has  risen  in  price  more  than  ever  before.  The  average  electronic 
 component  is  stated  to  have  risen  in  price  by  15%  with  some  components  having  risen  up 
 to  40%  (z2data)[19].  This  effect  is  present  in  the  final  cost  of  this  project,  as  the  allotted 
 $500  budget  was  exceeded  and  the  remaining  expense  was  covered  out  of  pocket  by  the 
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 team.  As  such,  cost  saving  measures  were  taken  wherever  possible  in  an  effort  to  reduce 
 the amount this project went over budget. 

 4.1.4.  Ethical Constraints 

 Ethical  decision  making  must  be  employed  when  designing  any  product  that  will 
 be  used  by  the  public  or  in  public.  The  team  explored  the  ethical  considerations  that 
 impact  the  design  of  this  system  and  came  to  a  few  conclusions.  It  was  decided  that  due 
 to  the  nature  of  this  project  that  would  only  be  operated  by  the  team  members  and  not 
 available to the public the team could design with regard to their own safety only. 

 With  this  knowledge  the  team  decided  to  forgo  any  considerations  regarding  the  direct 
 impact  on  humans  that  this  project  may  have  since  there  was  no  consumer  use  of  the 
 project.  However,  the  team  still  maintained  the  ethical  considerations  regarding  the 
 environment listed in section 4.1.2 which has an impact on all life on earth. 

 4.1.5.  Safety Constraints 

 When  operating  rocketry,  safety  is  of  high  concern  due  to  the  volatility  that  a 
 poorly  designed  rocket  can  have.  While  this  team  is  not  responsible  for  the  rocket  in  this 
 project,  considerations  were  made  to  avoid  causing  any  interference  with  the  rocket  that 
 would cause it to be a danger to others. 

 At  any  launch  of  the  rocket  -  and  therefore  the  payload  -  that  this  project  entails,  safety 
 precautions  were  taken  to  guarantee  safe  distances  from  the  launch  location  are  in  place. 
 However,  this  team  ensured  through  coordination  with  the  rocket  teams  that  the  design 
 presented  in  this  paper  would  not  be  a  danger  to  the  operation  of  the  rocket  in  any  way. 
 The  main  interferences  considered  were:  interference  with  the  rocket  electronics, 
 interference with the rocket communication systems, and dangers to the rocket structure. 

 The  first  two  interferences  are  managed  by  the  frequency  operation  constraints  listed  in 
 section  4.1.1,  and  by  maintaining  separate  electrical  systems  for  the  rocket  and  payload. 
 However,  due  to  the  payload's  use  of  LiPo  batteries,  which  can  be  volatile,  considerations 
 were  made  to  determine  if  this  could  be  detrimental  to  the  rocket.  It  was  determined 
 through  discussions  with  the  rocket  team,  that  even  during  the  use  of  the  explosive 
 deployment  charges,  the  batteries  were  not  placed  at  risk,  and  therefore  did  not  endanger 
 the integrity of the rocket and safe operation was maintained. 

 4.2.  Standards 
 This  section  will  consider  all  of  the  standards  that  influence  the  project  and  the 

 design  of  the  system.  Standards  will  be  gathered  from  the  categorization  of  the  parts  and 
 technologies  that  have  been  selected  to  implement  this  project.  These  standards  will  be 
 reviewed in the following subsections. 
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 4.2.1.  Code of Federal Regulations - Title 14 

 This  section  addresses  the  standards  listed  in  Title  14—Aeronautics  and  Space 
 from  the  Code  of  Federal  Regulations  related  to  the  use  of  instruments  in  aeronautics  and 
 space  that  the  group  found  relevant  to  this  project.  While  many  of  the  standards 
 addressed  in  this  federal  regulations  document  are  for  commercial  spaceflight,  they  are  a 
 few  useful  considerations  for  the  scope  of  this  project.  The  standards  contained  in  this 
 document that were found to be relevant will be listed and explained below. 

 4.2.1.1.  § 29.1303 Flight and Navigation Instruments 

 The  document  lists  the  required  flight  and  navigational  instruments  to  be  an 
 airspeed  indicator,  a  sensitive  altimeter,  a  direction  indicator,  a  clock  for  hours,  minutes, 
 and  seconds,  an  air  temperature  sensor,  and  a  gyroscopic  rate  of  turn  indicator  for  pilot 
 viewing. 

 This  document  lists  these  instruments  for  aircraft  that  are  human  piloted  allowing  the 
 team  to  disregard  the  requirement  for  an  airspeed  indicator,  clock,  gyroscopic  rate  of  turn 
 indicator,  and  direction  indicator  (Federal  Aviation  Administration,  821)[20].  Since  the 
 capsule  is  unmanned,  the  project  did  not  require  these  pilot  serving  instruments.  The 
 capsule  did  however  contain  a  pressure  altimeter  that  is  capable  of  also  measuring 
 temperature,  as  well  as  an  accelerometer  capable  of  measuring  acceleration,  tilt,  velocity, 
 and  direction  of  descent  for  the  capsule.  These  instruments  are  continuously  monitored 
 by  the  rover’s  microcontroller  while  it  is  in  descent  to  determine  when  the  capsule  is  on 
 the ground and the rover is ready for deployment. 

 The  requirement  of  a  sensitive  altimeter  is  not  well  defined  in  the  document,  however  the 
 altimeter  chosen  for  this  project  was  picked  with  respect  to  the  sensitivity  needed  for  the 
 capsule’s  safe  operation.  With  an  accuracy  of  +/-  10cm,  the  altimeter  used  in  this  project 
 is  sufficient  for  detecting  the  movement  and  height  of  the  capsule  between  deployment 
 and landing. 

 4.2.1.2.  § 29.1325 Static Pressure and Pressure Altimeter Systems 

 This  standard  requires  that  “each  instrument  with  static  air  case  connections  must 
 be  vented  to  the  outside  atmosphere  through  an  appropriate  piping  system,  [and]  each 
 vent  must  be  located  where  its  orifices  are  least  affected  by  airflow  variation,  moisture,  or 
 foreign matter” which was met in the design (Federal Aviation Administration, 826)[20]. 

 Considerations  were  made  for  having  a  non-sealed  capsule  in  the  design  to  allow  an 
 accurate  reading  from  the  altimeter.  The  rocket  itself  may  or  may  not  be  pressurized,  but 
 since  the  altitude  of  the  capsule  is  only  of  importance  after  deployment  from  the  rocket, 
 there is no impactful interest in the rocket’s pressurization for meeting this standard. 

 4.2.2.  ASTM F811 

 The  ASTM  F811  Standard  Practice  for  Accelerometer  Use  in  Vehicles  for  Tire 
 Testing  is  aimed  at  the  use  of  accelerometers  in  tire  testing,  which  was  not  done  for  this 
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 project,  but  it  does  provide  useful  information  about  expectations  of  accelerometer 
 mounting, placement, and testing that was studied for this project. 

 This  standard  requires  that  for  accurate  measurement,  an  accelerometer  must  be  firmly 
 attached  to  the  chassis  of  the  vehicle  or  stabilized  to  the  earth,  mounted  near  the  center  of 
 gravity  of  the  vehicle,  and  must  be  mounted  with  +/-  2  degrees  of  the  vehicle  axis 
 (ASTM F811, 2)[21]. 

 All  of  these  requirements  listed  are  expected  to  be  followed  while  opting  for  the  solid 
 mounted  option  for  the  first  requirement.  These  requirements  can  be  met  by  solid 
 mounting  the  circuit  board  to  the  rover  chassis  with  the  accelerometer  placed  towards  the 
 center  of  mass  of  the  fully  assembled  rover.  Following  this  procedure  should  verify  the 
 requirements of this standard and give more accurate readings as the standard implies. 

 4.2.3.  ASTM F3153 

 The  ASTM  F3153  Standard  Specification  for  Verification  of  Avionics  Systems 
 document  provides  a  solution  for  developing  and  performing  system  testing  for  avionics 
 systems  that  was  followed  for  the  testing  of  the  avionics  sensors  and  other  operations  in 
 this  system.  An  abbreviated  version  of  the  specified  procedure  is  as  follows  (ASTM 
 F3153, 1 - 2)[22]: 

 1.  Document every function to be tested in the system. 
 2.  Create  a  description  of  the  function,  including  the  explanation  for  its  intended  use, 

 and its operating parameters and limitations. 
 3.  For  every  function  to  be  tested,  create  pass/fail  criteria  and  create  feasible 

 scenarios to test the pass/fail criteria. 
 4.  Run the tests and verify the accuracy of the expected behavior. 
 5.  Document  pass/fail  outcome  and  scenarios  that  caused  the  outcome,  and  fix  the 

 issue if it exists (or the issue can be deferred for a future update with reasoning). 
 6.  Perform  regression  testing  with  every  change  of  the  system  that  could  affect  the 

 functions. 
 7.  Create  a  verification  document  that  tracks  the  name  of  the  system,  revision 

 indicators,  functions  that  have  been  verified  and  by  what  means,  and  the  date  of 
 verification. 

 The  test  procedures  defined  for  the  avionics  systems  specifically  and  other 
 electromechanical  systems  are  evaluated  using  this  methodology  to  ensure  proper 
 function is occurring with registered and tracked results. 

 4.2.4.  FCC 03-110A1 

 The  FCC  03-110  Part  15  Specification  document  outlines  the  acceptable  uses  for 
 the  5GHz  frequency  band.  In  the  document  it  states  that  the  5.725-5.825  GHz  band  is 
 allowed  for  individual  use  if  operating  in  a  total  of  300  MHz  of  spectrum(FCC  parts  2 
 and  15)[23].  The  video  transmitter  and  receiver  are  the  only  parts  operating  in  the 
 5.8GHz  band  so  these  are  the  parts  subject  to  these  FCC  regulations.  The  video 
 transmitter complies with these regulations. 
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 In  the  same  FCC  Part  15  document,  it  specifies  that  devices  operating  within  the 
 5.47-5.725  GHz  band  cannot  have  a  higher  transmit  power  than  250  mW(FCC  parts  2 
 and  15)[23].  Although  stated  as  5.8  GHz  receivers,  many  of  the  FPV  drones  can  operate 
 at  a  slightly  lower  frequency  band  which  falls  within  the  aforementioned  range.  When 
 using  the  transmitter  for  the  rover,  the  group  double  checked  to  make  sure  the  transmitter 
 is compliant with FCC regulation. 

 4.2.5.  Programming Language Standards 

 This  section  will  cover  any  resources  used  to  standardize  any  code  produced 
 during  this  project.  Standardized  code  ensures  code  uniformity  and  the  ability  for 
 multiple  members  to  work  on  the  same  code  without  readability  and  formatting  issues. 
 Failing  to  follow  an  agreed  upon  coding  standard  can  lead  to  large  issues  in  product 
 development, and this was used to prevent this issue. 

 4.2.5.1.  Embedded C 

 For  any  microcontrollers  used  for  this  project,  embedded  C,  or  embedded  C  based 
 languages  were  used  to  program  the  functionality  the  microcontroller  implements.  To 
 create  efficient,  clean,  powerful  code,  the  UCF  EEL4742C  lab  manual  was  used.  This 
 work  is  presented  online  by  UCF  and  is  written  by  UCF  faculty.  This  manual  presents 
 simple  conventions  and  detailed  code  examples  for  creating  clean  and  efficient  embedded 
 C and it was utilized for such purposes. 

 4.2.6.  Display Standards 

 This  section  will  cover  the  display  standards  being  used  for  the  display  of  the 
 wirelessly  transmitted  rover  video.  It  will  cover  the  standards  related  to  the  screen  being 
 used, the encoding/decoding being used, and the transmission medium/ports in use. 

 4.2.6.1.  Resolution 

 For  the  rover  livestream  many  different  resolutions  were  considered.  Each 
 resolution  had  to  be  manually  evaluated  based  on  existing  footage  on  the  internet.  What 
 was  found  is  that  the  most  effective  resolution  would  be  480p  for  the  livestream.  1080p 
 was  the  first  option  evaluated,  but  it  couldn’t  be  reasoned  because  the  amount  of  power, 
 the  cost  of  the  camera,  and  the  cost  of  the  display  increased  drastically  with  this  premium 
 resolution.  It  couldn’t  be  reasoned  that  using  a  higher  resolution  would  provide  a  useful 
 amount  of  more  visual  information  than  480p  could  grant  us.  720p  resolution  was 
 similarly  eliminated  from  the  list  because  the  price  of  a  display  with  enough  pixels  to 
 display  720p  would  be  more  expensive  than  could  be  reasoned.  All  that  was  left  were 
 480p  and  below,  with  resolutions  below  480p  not  giving  good  enough  quality  and  cost 
 reduction.  30  frames  per  second  would  take  slightly  more  power  to  display  on  a  480p 
 screen,  but  the  difference  was  found  to  be  insignificant.  Therefore  the  best  option  was 
 480p. 
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 4.2.6.2.  Video Encoding and Decoding 

 For  video  encoding  and  decoding,  the  two  common  formats  that  video 
 transmitters and receivers use are NTSC and PAL. 

 NTSC  is  the  format  used  by  older  TVs  in  the  U.S.  before  HDMI  started  being  used  as  the 
 most  popular  format.  NTSC  stands  for  National  Television  System  Committee  who 
 introduced  this  format  to  all  of  North  America  and  some  parts  of  South  America.  NTSC 
 video  is  a  composite  video  format  because  luminance  and  chrominance  were  transmitted 
 in one signal. NTSC was used most commonly for transmitting 480p video. 

 On  the  other  hand  PAL  was  the  format  used  by  most  of  the  rest  of  the  globe  as  the 
 primary  analog  television  encoding  system.  PAL  stands  for  Phase  Alternating  Line  which 
 describes  the  way  the  color  information  in  the  signal  is  reversed  at  each  line.  While  PAL 
 does transfer a higher resolution, there can be issues if there are phase errors. 

 The  transmitters  and  receivers  evaluated  function  with  either  one  of  these  video  formats. 
 The  choice  was  made  to  use  the  NTSC  format,  but  the  difference  is  anticipated  to  be 
 insignificant  in  the  quality  of  the  livestream.  PAL  could  have  been  used  but  the  video 
 quality can immensely degrade if there is a phase error. 

 4.2.6.3.  RCA Phono Display Connection 

 An  RCA  (Radio  Corporation  of  America)  phono  display  is  a  connection 
 commonly  used  for  Composite  Audio  Video  connection.  This  connector  is  important 
 because  the  input  to  the  display  is  a  composite  video  connection.  The  camera  being  used 
 does  not  have  any  audio  so  the  only  connection  being  used  will  be  the  composite  video. 
 This  RCA  Phono  Display  connector  will  allow  the  connection  to  any  of  the  displays 
 evaluated because they all support RCA connections. 

 4.2.7.  Electronic Communication and Control Standards 

 This  section  of  standards  will  list  and  explain  the  communication  and  control 
 standards  being  used  to  control  the  electronics  and  electromechanical  systems  used  in  this 
 project.  It  will  explain  the  use  of  the  standard  in  the  project  and  how  the  technology 
 works. 

 4.2.7.1.  I2C or TWI 

 Phillips  Inter-Integrated  Circuit  (I2C)  is  a  synchronous  serial  communication 
 protocol  that  allows  multiple  devices  to  communicate  with  each  other  when  organized  by 
 a  controller.  Two  Wire  Interface  (TWI)  is  the  non-standardized  version  of  this 
 communication  protocol  that  is  also  commonly  used  in  circuits.  From  this  point  forward, 
 since  TWI  may  be  used  in  this  project,  TWI  and  I2C  will  both  be  referred  to  as  I2C  for 
 the  reader's  convenience  and  for  clarity.  I2C  uses  two  wires  for  connections:  serial  data 
 (SDA) and serial clock (SCL). 
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 Between  two  devices,  the  controller  provides  the  clock  via  the  SCL  wire  and  sends  data 
 over  the  SDA  wire  which  the  peripheral  device  reads  to  know  if  it  needs  to  send  data  or 
 accept  data  (read  or  write).  Multiple  peripheral  devices  can  also  be  set  up  in  I2C  due  to 
 the  devices  having  addresses.  As  long  as  the  addresses  are  not  the  same,  any  amount  of 
 I2C  devices  may  share  the  same  wires.  The  devices  all  share  the  same  SCL  and  SDA 
 lines  and  use  the  data  sent  from  the  controller  to  check  if  the  target  address  matches  theirs 
 to  know  if  they  are  being  chosen  for  communication.  I2C  also  has  the  benefit  of  being 
 able  to  have  multiple  controller  chips  at  once,  but  they  must  take  turns  using  the  wires 
 and  this  must  be  planned  by  the  programmer  since  they  cannot  communicate  directly 
 over I2C. 

 I2C  was  used  in  the  system  to  facilitate  data  capture  from  the  altimeter  and  accelerometer 
 on  the  rover  and  in  the  CLASS  system  for  use  in  determining  when  the  rover/capsule  has 
 landed. 

 4.2.7.2.  PWM 

 Pulse  width  modulation  (PWM)  is  a  type  of  electric  signal  modulation  that  is 
 often  used  to  have  variable  control  over  the  intensity  of  devices  that  are  being  controlled 
 by  this  signal.  PWM  uses  the  concept  of  duty  cycle  to  set  a  frequency  and  duration  of  the 
 modulation that can control a connected device. 

 The  duty  cycle  of  a  PWM  signal  is  the  amount  of  time  in  a  period  that  the  signal  is  on  i.e. 
 30%  duty  cycle  means  the  signal  is  high  for  30%  of  the  period  and  low  for  the  other  70%. 
 However  this  does  not  entail  leaving  the  signal  low  for  multiple  seconds  and  turning  it 
 high  for  a  proportionate  amount  of  time.  Instead  this  period  of  on/off  is  one  clock  cycle  of 
 the driving signal. 

 PWM  is  often  used  to  control  the  speed  of  DC  motors,  the  brightness  of  LEDs,  control 
 servos,  or  generating  audio.  In  this  system  it  will  be  used  to  drive  the  four  brushless  DC 
 motors  of  the  rover  to  control  both  speed  and  direction  as  signals  are  sent  from  the 
 joystick on the controller PCB system. 

 4.2.7.3.  UART* 

 A  Universal  Asynchronous  Receiver/Transmitter  (UART)  is  a  device  that  uses 
 two  wires  and  no  clock  to  allow  serial  communication  in  both  directions  between  itself 
 and  the  other  UART  device  it  is  connected  to.  These  devices  use  two  pins,  Tx  and  Rx,  to 
 transmit  and  receive  data  respectively.  The  devices  transmit  with  start  and  stop  bits  to 
 replace  the  need  for  a  clock  to  drive  their  communication.  The  devices  are  able  to 
 communicate  when  they  both  share  the  same  transmission  rate  -  baud  rate  -  configuration, 
 which is usually set at 9600 baud. 

 UART  will  be  used  in  this  system  to  transmit  remote  control  data  over  wireless  radio 
 signals.  The  radio  frequency  transceivers  chosen  in  the  parts  selection  use  UART  to 
 receive  the  data  to  be  sent  and  to  pass  on  the  data  they  received.  Both  transceivers  will  be 
 connected to microcontrollers that will give and take the data via UART. 
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 *UARTs  do  not  fit  under  communication  protocols  or  control  standards  but  are  being 
 included  in  this  section  as  a  recognized  common  hardware  standard  that  uses  a  special 
 form of electronic communication unlike the other protocols. 

 4.2.8.  Connection/Interface Standards 

 This  section  will  cover  the  standard  connectors  that  were  used  on  the  system 
 PCBs  and  components.  The  connection  standards  listed  below  are  common  to  many 
 embedded  systems  electrical  designs  and  should  be  understood  and  evaluated  before  their 
 use is determined in a production circuit. 

 4.2.8.1.  JST 

 Japan  Solderless  Terminal  (JST)  is  a  standard  electrical  connector  developed  for 
 use  in  circuit  boards.  They  are  used  to  interface  multiple  electrical  components  to  the 
 same  system.  They  were  used  in  this  project,  for  the  motor  connections,  battery 
 connections, and other general power connections. 

 JST  headers  come  in  multiple  forms  with  varying  pin  spacing,  structure,  and 
 voltage/current  limits.  These  connectors  are  useful  due  to  their  solderless  nature  and  the 
 fact  that  they  provide  a  sturdy  connection  that  is  much  more  reliable  than  the  insecurity 
 of  putting  a  solderless  female  jumper  connection  on  a  male  pin  header  that  is  soldered  to 
 a PCB. The used JST pin layouts were 1x2, 1x5, and 1x6 formats. 

 4.2.8.2.  Standard Pin Headers 

 Standard  pin  headers  were  used  on  the  PCB  to  provide  connections  for  such 
 things  as  programming  the  microcontrollers  and  connecting  external  components.  Since 
 components  for  video  and  radio  transmission  are  cheaper  to  buy  than  design,  they  are 
 external  components  and  must  be  connected  to  the  board  via  wire.  This  was  done  using 
 standard  pin  header  holes  and  soldered  JST  connections.  They  were  also  used  specifically 
 for  the  programming  of  PCBs  with  an  MSP430  chip  that  uses  spi-bi-wire  powered  by  an 
 MSP430 breakout board for easy programming. 

 4.2.9.  ASTM E2854/E2854M 

 This  standard  is  titled  Standard  Test  Method  for  Evaluating  Response  Robot 
 Radio  Communication  Line-of-Sight  Range  .  It  supplies  information  regarding  deriving 
 and  completing  testing  criteria  for  radio  controlled  robots  which  directly  suits  the  goals  of 
 this  project  (ASTM  F2854/E2854M-21)[24].  The  standard  defines  intensive  testing 
 criteria  to  determine  if  at  certain  operation  distances  the  robot  is  still  effective  in  its 
 responsiveness  and  control  accuracy.  The  document  gives  a  full  outline  of  the  testing 
 criteria.  The  team  intends  to  follow  this  criteria  either  with  their  own  testing  methodology 
 derived  from  this  standard  or  exactly  the  one  listed  in  this  standard.  This  criteria  can  be 
 seen in chapter 6 where test procedures are outlined. 
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 5.  Design 

 This  chapter  will  cover  the  details  of  the  design  of  each  major  subsystem  in  this 
 project.  In  order  these  subsystems  are:  the  rover  chassis,  capsule  structure,  power 
 systems,  rover  propulsion  and  auto-start,  CLASS  system,  video  transmission,  video 
 display,  remote  control,  radio  transmission,  and  rover  RC  movement.  Each  subsection 
 will  explain  the  design  approach  and  give  an  explanation  and  view  (if  applicable)  of  the 
 design that was finalized in this project. 

 5.1.  Rover Chassis Design 
 This  section  will  cover  the  considerations  and  choices  made  when  designing  the 

 frame/chassis  of  the  rover.  This  encompasses  the  3D  CAD  design  as  well  as  the  material 
 choices  and  structure  considerations.  This  section  will  approach  this  by  first  describing 
 the  approach  to  material  selection,  then  explaining  the  design  decisions  for  the  structure 
 of the rover chassis. 

 5.1.1.  Overview 

 The  material  composition  of  the  rover  chassis  is  a  very  important  design 
 consideration  as  the  rover  must  be  able  to  withstand  shock  and  vibrations  of  varying 
 frequencies  throughout  its  mission.  The  material  must  be  strong  and  rigid  yet  flexible 
 enough  to  successfully  transmit  vibrations  without  causing  damage  to  the  rover  chassis 
 itself  or  the  electronics  stored  on  board.  The  rover  must  be  made  out  of  sheet  metal  to 
 minimize  the  size  of  the  rover  while  maintaining  the  desired  mechanical  properties.  Metal 
 is  also  desirable  due  to  the  access  this  group  has  to  metal  working  tools.  This  material 
 selection  will  keep  the  costs  of  manufacturing  as  low  as  possible.  The  chassis  will  hold 
 the  motors  and  all  of  the  electronics  that  allow  the  rover  to  operate,  and  it  therefore  must 
 also accommodate and provide protections for these components. 

 5.1.2.  Material Design Approach 

 Materials  will  be  judged  based  on  their  tensile  strength,  toughness,  Young’s 
 Modulus, density, and other factors such as cost and accessibility. 

 Impact  toughness*  measures  a  material’s  ability  to  absorb  energy  and  deform  plastically 
 rather  than  fracture  when  a  sudden  load  is  applied.  Tensile  strength  measures  the 
 maximum  pulling  stress  a  material  can  withstand  before  fracture  and  is  a  common  metric 
 when  comparing  the  general  strengths  of  materials  under  numerous  loading  conditions. 
 Young’s  Modulus,  also  known  as  the  modulus  of  elasticity,  gives  insight  into  how  a 
 material  behaves  when  undergoing  elastic  deformation.  More  specifically,  Young’s 
 Modulus  measures  the  stress  experienced  by  the  material  per  unit  of  strain  (micrometer 
 per  meter).  The  materials  considered  will  be  compared  with  these  considerations  in  the 
 table in 5.1.2.4. All mechanical properties obtained from matweb.com. 

 *Izod impact strength 

 55 



 Group 21 
 EEL 4915 

 04/25/22 
 5.1.2.1.  Aluminum 2024-T3 Sheet 

 2024  aluminum  is  a  very  light  aluminum  alloy  and  temper  that  is  commonly  used 
 in  the  aerospace  industry.  Its  use  in  the  aerospace  industry,  more  specifically  as  a 
 structural  material  for  airplanes,  is  due  to  its  very  light  weight  and  high  strength.  This 
 material  is  prone  to  deformation  in  sheet  form  due  to  its  low  impact  toughness  and 
 modulus  of  elasticity.  Aluminum  sheet  is  approximately  3  times  more  expensive  than 
 common steel sheet metals (metalbulletin.com). 

 5.1.2.2.  AISI 1060 Steel Sheet 

 1060  steel  sheets  are  commonly  found  in  hardware  stores.  This  variety  of  steel  is 
 weldable,  malleable  in  sheet  form,  and  can  easily  be  manipulated  using  power  tools.  1060 
 steel  features  a  very  high  tensile  strength  and  is  moderately  impact  resistant.  Steel  is  a 
 dense material and would moderately impact the overall weight of the payload. 

 5.1.2.3.  AISI 1030 Steel Sheet 

 1030  steel  is  a  less  common  steel  that  is  harder  to  source.  This  steel  features  a 
 high  tensile  strength  and  very  high  impact  resistance.  It  has  a  high  modulus  of  elasticity 
 and  is  therefore  resistant  to  plastic  deformation.  This  steel  is  quite  dense  and  would 
 moderately impact the overall weight of the payload. 

 5.1.2.4.  Comparison 

 In  the  table  below,  all  options  researched  and  considered  for  this  part  of  the 
 system are compared for the final choice to be made. 

 Material:  Yield  Tensile 
 Strength 
 (MPa): 

 Impact 
 Strength 
 (J): 

 Young’s 
 Modulus 
 (GPa): 

 Density 
 (kg/m^3) 

 Aluminum 
 2024-T3 Sheet 

 290  11.3  73.1  2780 

 AISI  1060  Steel 
 Sheet 

 485  18  206  7850 

 AISI  1030  Steel 
 Sheet 

 345  75  206  7850 

 Table 21: Comparison of Rover Chassis Material 

 After  comparing  the  above  three  material  options,  this  group  decided  to  implement  AISI 
 1060  steel  sheet  into  the  rover  chassis  design.  This  decision  was  mainly  associated  with 
 the  cheap  cost  of  this  material  as  well  as  its  high  accessibility  as  it  could  be  found  and 
 purchased  directly  in  most  hardware  stores.  1060  steel  also  has  a  very  high  strength  and 
 modulus  of  elasticity.  These  were  very  important  properties  to  consider  as  the  rover  was 
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 exposed  to  the  forces  associated  with  takeoff  of  the  rocket  and  subsequent  landing  and 
 needed  to  not  plastically  deform  as  a  result.  Aluminum  was  not  considered  further  as  it  is 
 a  more  expensive  option  and  more  likely  to  plastically  deform  following  an  impact.  AISI 
 1030 steel was not considered further due to its lack of accessibility. 

 5.1.3.  Structural Design Approach 

 The  rover  chassis  shall  be  made  to  fit  securely  inside  the  payload  capsule 
 throughout  the  flight  and  subsequent  descent  and  landing  of  the  payload  assembly.  There 
 shall  be  enough  clearance  to  allow  for  the  rover  to  drive  forward  and  exit  the  capsule 
 after  landing.  This  clearance  must  also  allow  for  the  capsule  locking  mechanism  which  is 
 to  be  placed  on  the  upper  inside  surface  of  the  capsule.  The  bottom  area  of  the  rover 
 chassis  must  be  large  enough  to  accommodate  four  housings  that  will  be  used  to  secure 
 and  mount  the  motors.  Furthermore,  the  main  body  of  the  rover  responsible  for  holding 
 and  securing  the  on-board  electronics  and  communication  equipment  must  be  sufficiently 
 large  enough  to  hold  the  largest  item.  The  rover  chassis  must  feature  an  extruded  cut  on 
 the  front  face  of  the  chassis  that  will  act  as  a  mounting  surface  for  the  video  camera.  This 
 extruded  cut  must  have  a  passthrough  for  wires  to  be  sent  through.  The  chassis  frame 
 itself must be rigid yet flexible while having ample room to access the electronics bay. 

 The  chassis  dimensions  are  bound  by  the  dimensions  of  the  payload  capsule.  These 
 constraints  are  as  follows:  The  chassis  may  be  no  more  than  250  mm  long  to  account  for 
 the  space  taken  up  by  electromagnetic  coupler.  The  chassis  cannot  be  more  than  130  mm 
 wide  in  order  to  fit  inside  the  capsule  with  at  least  5  mm  clearance  on  each  side.  The 
 rover  chassis  must  be  less  than  90  mm  tall  from  the  bottom  of  the  wheel  to  the  top  center 
 point.  The  electronics  bay  of  the  rover  must  be  at  least  as  large  as  the  battery  which  is  the 
 largest  component.  This  means  the  electronics  bay  must  be  at  minimum  100mm  x  67  mm 
 in  area.  The  next  section  will  provide  a  CAD  model  of  the  rover  chassis  based  off  of 
 these dimensional criteria. 

 5.1.4.  CAD Model 

 This  section  provides  a  view  of  the  rover  CAD  model  used  to  design  the  structure 
 of  the  rover  and  plan  the  sizing  of  other  system  parts.  This  model  will  help  the  reader 
 visualize the design aspects previously discussed. 
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 Figure 5: Rover Chassis SolidWorks Model with Dimensions in Millimeters 

 In  the  above  SolidWorks  model,  the  rover  chassis  design  can  be  seen  with  a  simulated 
 motor  and  tank  tread  assembly  attached.  The  rover  is  220  mm  long,  80  mm  wide,  and 
 approximately  70  mm  tall.  The  electronics  bay  is  approximately  218  mm  long  by  78  mm 
 wide. Also shown is the cutout for the camera on the front face of the rover. 

 5.2.  Capsule Structure Design 
 This  section  will  go  over  the  design  considerations  behind  the  capsule  structure  design 
 and  shall  justify  all  major  design  decisions.  This  includes  all  relevant  calculations, 
 figures,  and  CAD  modeling.  Dimensional  requirements  will  also  be  covered  as  well  as 
 the  actual  dimensions  of  the  final  draft  of  the  capsule  design.  This  section  will  first  begin 
 by  covering  potential  capsule  structural  materials  and  the  selection  of  a  material  to  be 
 used in the final product. 

 5.2.1.  Capsule Materials 

 The  selected  material  for  the  capsule  must  be  very  light  to  keep  the  overall 
 payload  mass  down.  This  is  of  key  importance  for  the  overall  performance  of  the  rocket. 
 The  selected  material  must  also  be  durable  and  impact  resistant.  The  capsule  should  not 
 significantly  deform  during  the  landing  event  or  key  features  may  be  compromised  and 
 put  the  mission  in  jeopardy.  Having  a  durable  material  is  also  important  for  other  events 
 leading  up  to  launch  such  as  testing  and  alterations  that  may  need  to  be  made  after  the 
 initial  manufacture  of  the  capsule.  Advantages  for  certain  materials  beyond  material 
 properties  must  also  be  examined.  Workability  and  ease  of  use  must  also  be  considered 
 when  looking  for  a  material.  Furthermore  small  holes  and  cutaways  must  be  made  in  this 
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 material  in  order  to  manufacture  the  capsule  as  designed.  One  material  that  has  the  ability 
 to  satisfy  all  of  these  parameters  and  more  is  aluminum.  Aluminum  is  a  very  light, 
 inexpensive,  and  in  the  right  form  a  very  workable  material.  Aluminum  is  a  commonly 
 used  material  for  the  construction  of  airplanes  which  is  a  comparable  application  to  this 
 project.  Other  useful  properties  of  aluminum  include  a  high  rate  of  thermal  conductivity, 
 ductility,  strength,  and  toughness  (Kloeckner  Metals  Corporation)[25].  In  sheet  form, 
 aluminum  is  very  flexible  and  can  be  manipulated  with  ease  if  provided  the  correct 
 equipment.  The  performance  of  aluminum  as  a  building  material  varies  with  the  type  of 
 aluminum alloy and treating methods used in its creation. 

 Aluminum  has  seven  different  alloys  each  with  characteristic  properties,  three  of  which 
 will  be  discussed  as  potential  material  selections  for  the  payload  capsule.  2000  Series 
 aluminum  is  a  copper-aluminum  alloy  commonly  used  for  aircraft  (All  Metals 
 Fabrication)[26].  5000  Series  aluminum  is  an  aluminum-magnesium  alloy  that  is  known 
 for  its  high  tensile  strength  and  ability  to  manipulate  (All  Metals  Fabrication)[26]. 
 Finally,  7000  Series  aluminum  has  a  very  high  strength  and  is  used  in  aerospace 
 applications  as  well  (All  Metals  Fabrication)[26].  Mechanical  properties  do  not  only 
 differ  between  the  alloy  series  but  also  with  the  temper  of  each  alloy  within  a  series.  For 
 example,  aluminum  2024-T3  has  a  different  ultimate  tensile  strength  compared  to 
 aluminum  2024-T5  (MatWeb)[27].  In  this  section,  one  aluminum  variety  from  each  series 
 will be compared by their mechanical, chemical, and manufacturing properties. 

 In  addition  to  aluminum,  steel  will  also  be  considered  due  to  its  cost,  availability,  robust 
 mechanical properties, as well as its workability. 

 5.2.1.1.  2024 Aluminum Sheet 

 Aluminum  2024  is  an  aluminum  alloy  primarily  consisting  of  aluminum  and 
 copper.  This  aluminum  alloy,  like  other  alloys  in  the  2000  series,  offers  high  strength  and 
 good  machining  performance.  Aluminum  2024  has  excellent  performance  over  a  wide 
 range  of  temperatures.  This  alloy  is  commonly  available  in  sheet  form  and  could  easily 
 be machined and worked for this application. 

 5.2.1.2.  5083 Aluminum Sheet 

 Aluminum  5083  is  an  aluminum-magnesium  alloy  and  is  commonly  used  in  the 
 automotive  and  shipbuilding  industries  for  its  high  strength  and  lightweight  nature.  It  is 
 also known for its corrosion resistance and weldability. 

 5.2.1.3.  AISI 1060 Steel Sheet 

 This  steel  sheet  is  commonly  found  in  hardware  stores  and  is  very  inexpensive.  It 
 has  a  very  high  strength,  modulus  of  elasticity,  impact  resistance,  but  also  a  high  density. 
 This steel is weldable and easy to work with using power tools. 
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 5.2.1.4.  Comparison 

 The  table  below  compares  the  mechanical  properties  of  the  above  alloys.  The 
 modulus  of  elasticity  and  ultimate  tensile  strength  are  compared  as  well  as  the  elongation 
 at  break  percentage  which  is  the  percentage  of  elongation  the  material  experienced  during 
 a  tensile  test  before  the  material  failed.  Elongation  at  break  gives  insight  to  the  ductility 
 of  the  material.  Machinability  is  a  metric  based  on  the  cutting  speed  of  a  tool  when 
 machining  a  given  material.  This  time  is  compared  to  materials  of  similar  makeup  or,  in 
 this case, other aluminum alloys. All values obtained through matweb.com. 

 Material  Modulus  of 
 Elasticity 
 (GPa) 

 Yield 
 Tensile 
 Strength 
 (MPa) 

 Izod  Impact 
 Strength (J): 

 Density 

 Aluminum 2024-T3  73.1  290  11.3  2780 

 Aluminum 5083-O  71.0  145  NO DATA  2660 

 5.2.1.5.  AISI  1060 

 Steel Sheet 

 205  485  18  7850 

 Table 22: Comparison of Payload Capsule Material 

 According  to  the  above  table,  Aluminum  5083-O  holds  no  advantages  over  the  other  two 
 materials  besides  being  significantly  less  dense  than  steel.  1060  steel  has  a  much  higher 
 tensile  strength  and  modulus  of  elasticity  than  either  of  the  aluminum  options.  Similar  to 
 the  rover,  1060  steel  is  much  more  readily  available  and  is  significantly  cheaper  than 
 aluminum.  In  addition  to  this,  1060  steel  has  impressive  mechanical  properties  and  is  able 
 to  withstand  greater  forces.  Therefore,  despite  the  increase  in  weight  this  decision 
 resulted  in  for  the  project,  this  group  decided  to  use  1060  steel  as  the  working  material 
 for both the capsule and the rover. 

 5.2.2.  Capsule Structure and Expected Operation 

 The  payload  capsule  is  to  be  designed  to  contain  the  rover  throughout  flight  and 
 landing.  It  is  to  be  a  semi-cylindrical  shape  with  a  slanted  end  to  aid  in  landing.  Key 
 features  in  the  payload  capsule  design  include  an  eyelet  anchor  point  to  attach  to  a 
 parachute,  side  rails  on  the  exterior  of  the  capsule,  an  overall  geometry  that  will  ensure 
 the  capsule  lands  upright,  an  electromagnetic  coupler,  a  door,  and  finally  the  CLASS 
 feature  for  landing  procedures.  The  overall  dimensions  of  the  capsule  must  not  exceed  the 
 inner  diameter  of  the  rocket  body  (15.24  cm)  and  the  length  of  the  rocket’s  payload  bay 
 (40.64  cm).  Additionally,  the  side  rails  must  not  take  up  more  than  1.27  cm  on  either  side 
 of the payload capsule. 

 Once  the  rocket  has  reached  its  apogee,  the  payload  parachute  will  be  ejected  and  create  a 
 drag  force  which  will  extract  the  capsule  from  the  rocket’s  body.  This  deployment 
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 process  will  be  aided  by  the  inclusion  of  rails  on  the  outside  of  the  payload  capsule.  The 
 parachute  is  to  be  attached  to  an  eyelet  anchoring  point  at  the  rear  of  the  capsule.  As  these 
 events  are  taking  place,  the  rover  will  be  held  in  place  within  the  payload  capsule  by  an 
 electromagnetic  coupling  device.  The  capsule  will  then  descend  toward  the  ground  with 
 the  capsule  oriented  at  an  angle  less  than  90  degrees  with  respect  to  the  horizon.  When 
 the  capsule  makes  contact  with  the  ground  at  the  end  of  its  descent,  the  slanted  geometry 
 of  the  capsule  entry  point  coupled  with  the  negative  angle  of  attack  will  guide  the  capsule 
 to  come  to  a  complete  rest  in  its  intended  upright  position.  To  further  increase  stability 
 during  landing,  fixed  landing  gear  will  grab  hold  of  the  ground  and  support  the  weight  of 
 the  payload.  At  this  time  the  capsule’s  onboard  control  system,  CLASS,  detects  that  the 
 capsule  has  come  to  a  rest  and  will  automatically  initiate  landing  protocol.  The 
 electromagnetic  coupler  then  switches  off  and  decouples  from  the  rover  inside,  and  the 
 solenoid  locking  mechanism  which  keeps  the  capsule’s  door  closed  retracts  and  allows 
 the  door  to  open.  Once  these  events  have  taken  place  the  capsule  will  have  served  its 
 purpose and the rover will exit and begin its mission. 

 The  payload  capsule’s  exterior  railings  are  intended  to  keep  the  capsule  secured  during 
 flight  by  mating  with  a  complimentary  track  mounted  on  the  inner  surface  of  the  rocket's 
 body.  This  rail  and  track  system  also  ensures  a  smooth  operation  when  the  capsule 
 separates with the rocket. 

 The  parachute  anchoring  point  is  an  eyelet  designed  as  an  attachment  point  for  the 
 parachute.  The  location  of  this  eyelet  is  the  key  component  in  producing  an  angle  of 
 attack  suitable  for  a  stable  landing.  Once  the  object  has  reached  terminal  velocity,  and 
 neglecting  shocks  due  to  changing  air  pressure  or  wind  gusts,  the  object  will  find  itself 
 oriented  so  that  the  forces  and  moments  which  occur  due  to  buoyancy,  drag,  and  the 
 weight  of  the  object  are  balanced  in  dynamic  equilibrium.  In  short,  the  eyelet,  which  acts 
 as  a  hinge  support  with  the  force  being  the  drag  force  exerted  by  the  parachute,  will  find 
 itself  oriented  directly  above  the  center  of  mass  of  the  payload.  If  the  eyelet  and  support 
 is  placed  off  center  from  the  center  of  mass  during  normal  horizontal  orientation,  the 
 force  balancing  will  result  in  the  capsule  having  an  angle  of  attack  during  its  descent. 
 Having  an  angle  of  attack  when  landing  is  important  as  it  can  be  used  to  control  the  side 
 the  payload  lands  on.  Figure  6  and  the  subsequent  calculation  provides  a  visual  depiction 
 of  the  balanced  forces  and  how  the  angle  of  attack  can  be  found.  Note,  the  drag  force 
 generated  by  the  capsule  itself  is  insignificant  compared  to  the  attached  parachute  and  is 
 therefore neglected. 
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 Figure 6: Force Diagram for Descending Capsule* ** 

 *Not to Scale 
 **Center of mass location relative to eyelet derived using SolidWorks simulation. 

 To  find  θ,  the  angle  of  the  capsule  and  the  vertical  datum,  and  subsequently  the  angle  of 
 attack (AoA), take: 

 θ =  𝑡𝑎  𝑛 − 1 ( 30  𝑚𝑚  /120  𝑚𝑚 ) =  14 .  04     𝑑𝑒𝑔𝑟𝑒𝑒𝑠 
 𝐴𝑜𝐴    =     90 −  14 .  04 =  75 .  96     𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

 Equation 11: Angle of Attack of the Descending Capsule 

 Thus  the  expected  angle  of  attack  is  approximately  76  degrees  for  the  given  center  of 
 mass location. 

 The  secondary  feature  intended  to  ensure  upright  landing  is  the  slanted  end  of  the  capsule 
 opposite  the  end  that  attaches  to  the  parachute.  This  feature  aids  the  landing  process  by 
 guiding  the  capsule  toward  its  fixed  landing  gear  after  making  contact  with  the  ground. 
 This  design  works  in  tandem  with  the  capsule  landing  at  an  angle.  After  the  slanted  end 
 contacts  the  ground  capsule  will  fall  directly  onto  the  landing  gear  which  will  dig  into  the 
 soil, providing even further stability. 

 The  components  of  the  CLASS  (explained  in  section  5.5)  are  also  contained  inside  of  the 
 capsule.  The  CLASS  is  composed  of  a  PCB  and  battery  pack  located  underneath  the 
 bottom exterior of the capsule. 
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 5.2.3.  CAD Model 

 This  section  will  show  and  explain  three  different  views  of  the  capsule  CAD 
 model.  These  three  model  views  will  show  the  main  features  of  the  capsule  to  help  with 
 the  understanding  of  the  referenced  design  choices.  The  first  is  the  rear  and  top  of  the 
 capsule below. 

 Figure 7: Capsule SolidWorks Model with Dimensions in Millimeters 

 The  above  SolidWorks  model  shows  the  finalized  design  for  the  payload  capsule..  The 
 maximum  width  of  this  model  is  13.55  cm  which  is  less  than  the  maximum  inner 
 diameter  of  the  rocket.  This  maximum  width  does  not  include  the  width  of  the  payload 
 sled  and  railings  which  comprised  the  rest  of  the  clearance  between  the  inside  of  the 
 rocket  and  the  payload  capsule.  Also  seen  in  the  above  CAD  model  is  the  slanted  end  of 
 the  capsule  designed  to  tip  the  capsule  toward  the  landing  gear  (also  shown  at  the  bottom 
 of the model). Near the opening of the capsule brackets for the capsule door are shown. 

 The  next  figure  shows  the  inside  of  the  capsule  where  the  lock  will  be  mounted  using  the 
 holes on the back wall, and where the rover will reside. 

 63 



 Group 21 
 EEL 4915 

 04/25/22 

 Figure 8: Inside View of Capsule SolidWorks Model 

 Figure  9  shows  the  offset  location  for  the  parachute  eyelet.  As  discussed  above,  this 
 offset  helps  generate  an  angle  of  attack  that  will  be  integral  to  upright  landings.  The 
 concentric  ring  design  is  useful  for  distributing  tensile  forces  to  the  main  cylindrical  body 
 of  the  capsule  when  descending  via  parachute.  Seen  in  the  center  of  the  innermost  ring  is 
 the eyelet which acts as an attachment point for the parachute. 

 Figure 9: Side View of the Capsule SolidWorks Model 

 5.3.  Power Systems Design 
 This  section  will  explain  the  approach  to  the  design  of  the  power  systems  of  the 

 project.  The  rover,  the  capsule,  and  the  radio  control  station  all  have  individual  power 
 sources  and  require  their  own  designs.  The  way  that  the  challenges  presented  in  these 
 power  systems  were  solved  will  be  shown  in  this  section  along  with  a  description  of  the 
 final design, and schematics. 

 5.3.1.  Overview 

 The  need  for  12V  high  current  output  batteries  for  the  motors  and  video 
 transmission  and  reception,  while  still  having  low  voltage  3.3V  parts  caused  two  batteries 
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 to  be  used  in  this  system.  Only  one  battery  type,  the  3.7V,  needed  to  be  regulated  to 
 supply 3.3V to the respective parts and 12V to the electromagnetic coupler. 

 5.3.2.  Voltage Regulation Design Approach 

 Voltage  regulation  is  a  common  design  process  for  all  embedded  system  designs 
 and  many  other  electronics.  It  is  often  the  case  that  the  input  voltage  is  a  standard  voltage 
 value,  but  is  not  used  by  all  or  any  of  the  circuit  components,  and  thus  regulation  is 
 needed.  Thankfully,  voltage  regulation  design  for  this  project  was  made  to  be  much  easier 
 by the use of Texas Instruments’ WEBENCH power designer software. 

 This  approach  was  chosen  for  a  few  reasons.  The  ease  of  design  allowed  more  attention 
 to  be  directed  towards  other  mission  critical  parts  of  this  project.  The  reliability  of  the 
 software  provides  designs  that  can  be  trusted.  The  software’s  ability  to  provide  links  to  all 
 of  the  parts  used  in  the  design  provide  even  further  time  savings  and  reliability  that  is 
 invaluable to the system. 

 Both  voltage  boosting  and  voltage  reducing  circuits  were  needed  for  the  design  of  this 
 system.  With  parts  operating  in  the  3.3V  to  12V  range,  and  with  all  power  supplies  being 
 3.7V,  regulators  are  essential  to  the  function  of  the  system.  The  designs  presented  by  TI’s 
 solution  were  evaluated  and  compared  in  the  following  subsections  for  each  target  output 
 voltage.  The  considerations  for  the  designs  were  efficiency,  footprint,  number  of  parts, 
 and IC cost as well as estimated BOM cost. 

 All  designs  in  the  following  section  use  the  criteria  of  a  supply  voltage  ranging  from  3.0  - 
 4.2V  which  is  the  standard  operating  range  for  3.7V  LiPo  batteries,  and  the  batteries  used 
 in  this  system.  Each  design  has  its  own  current  considerations,  and  to  reduce  system 
 complexity,  the  circuit  that  requires  the  highest  current  draw  at  each  voltage  sets  the 
 criteria  for  max  current  output  since  this  cannot  damage  circuits  which  do  not  draw  this 
 much current, but the regulators need to handle the current drawn from them. 

 The  designs  used  the  balanced  design  criteria  inside  of  WEBENCH,  and  the  most 
 efficient,  smallest  area,  and  lowest  cost  designs  are  compared.  The  decision  was  made 
 based  on  the  most  valuable  design  that  retains  efficiency  >  90%.  All  designs  are 
 compared in the tables in the following sections. 

 5.3.2.1.  3.3V Buck-Boost Circuit 

 The  highest  current  draw  from  this  3.3V  circuit  is  the  remote  control  circuit 
 expected  to  use  a  maximum  of  150mA.  This  circuit  was  designed  for  a  minimum  1A 
 output  for  safety.  This  circuit  needs  a  buck-boost  topology  due  to  the  fact  that  the 
 batteries  minimum  and  maximum  voltage  are  below  and  above  the  needed  output  voltage 
 respectively. 
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 Regulator  Efficiency  Footprint  BOM 

 Count 
 IC Cost  BOM  Cost 

 (estimated) 

 TPS63024Y 
 FFR 

 94.4%  102mm  2  7  $0.84  $1.42 

 TPS630250 
 YFFR 

 95.3%  102mm  2  7  $0.78  $1.60 

 TPS63810Y 
 FFR 

 92.4%  52mm  2  5  $1.08  $1.81 

 Table 23: Comparison of 3.3V Buck-Boost Circuits 

 All  other  things  being  equal,  option  two  seems  to  be  the  best  choice  for  this  voltage 
 regulator  circuit.  This  circuit  provides  the  second  lowest  cost  and  a  relatively  average 
 footprint  in  comparison  to  the  other  two  options.  With  an  efficiency  of  1.1%  greater  than 
 the  second  highest  performing  circuit,  and  with  the  same  required  footprint  than  the  lower 
 efficiency  option,  this  is  the  best  option.  The  TPS630250YFFR  circuit  as  designed  by 
 TI’s WEBENCH was used for all 3.3V regulator circuits. 

 5.3.2.2.  12V Boost Circuit 

 This  circuit  was  designed  as  a  3.3V  to  12V  boost.  The  highest  total  current  drawn 
 from  this  12V  circuit  is  needed  to  power  the  coupler.  The  current  seen  through  this  circuit 
 is up to 400mA, so the circuit was designed for 1.75A max. 

 Regulator  Efficiency  Footprint  BOM 
 Count 

 IC Cost  BOM  Cost 
 (estimated) 

 TPS61288  96.2%  302mm  2  13  $1.48  $2.81 

 TPS611781  95.3%  409mm  2  20  $1.74  $4.71 

 LM5156HQ 
 PWPRQ1 

 93.7%  568mm  2  18  $0.92  $3.35 

 Table 24: Comparison of 12V Boost Circuits 

 While  the  first  option  has  the  second  lowest  cost,  and  footprint,  and  the  highest  efficiency 
 of  all  of  the  generated  options,  and  the  second  presents  a  good  choice,  the  third  must  be 
 chosen.  Ideally,  the  first  option  would  be  the  best  due  to  its  high  efficiency  and  lack  of 
 downsides.  However,  the  third  option  must  be  chosen  since  both  of  the  first  two  options 
 are  unavailable  for  purchase  due  to  the  chip  shortage.  This  makes  the  LM51561DSSR 
 regulator  circuit  designed  by  TI’s  WEBENCH  the  best  choice  for  all  12V  circuit 
 implementations. 
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 5.3.3.  Battery Charging Design Approach 

 Charging  Li-Po  batteries  has  become  quite  simple  with  the  use  of  battery  charging 
 ICs.  A  circuit  could  have  been  designed  for  charging  the  3.7V  batteries,  but  it  was 
 cheaper  to  buy  a  circuit  for  charging  single  cell  3.7V  batteries.  For  the  11.1V  batteries, 
 the  talentcell  came  with  a  charger  and  the  ovonic  battery  has  a  recommended  charger  that 
 could not be easily designed by this team and was outside of the scope of this project. 

 5.3.4.  Schematics 

 This  section  shows  the  schematics  used  for  the  voltage  regulators  in  the  following 
 two  figures.  These  voltage  regulator  schematics  were  designed  by  Texas  Instruments  but 
 the  designs  shown  are  screenshots  from  the  team’s  work  environment  and  the  team’s 
 direct implementation of Texas Instrument’s design. 

 Figure 10: 3.3V Buck-Boost Regulator Design (Courtesy Texas Instruments)[28] 

 The  3.3V  circuit  takes  the  input  of  the  battery  voltage  and  outputs  3.3V  for  the  sensors 
 and  MCUs  on  the  boards.  To  the  left  of  the  circuit  is  the  connection  for  the  two  pole,  two 
 throw  switch  that  blocks  the  battery  connection  to  the  entire  circuit  with  output 
 VINSWOUT that connects to the 3.3V. 
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 Figure 11: 12V Boost Regulator Design (Courtesy Texas Instruments)[28] 

 The  12V  also  uses  the  battery  as  its  input  to  allow  3.3  -  12V  boosting.  It  connects  to  the 
 same  switch  that  the  3.3V  circuit  uses.  The  battery  connects  to  the  board  using  a  2-pin 
 JST connector. 

 5.4.  Rover Propulsion and Auto-Start Design 
 In  order  to  complete  its  mission,  the  payload  must  be  able  to  propel  itself  in 

 response  to  radio  control.  Generally,  this  can  be  accomplished  by  a  system  of  motors, 
 wheels,  and  a  method  of  steering.  This  section  will  cover  the  design  of  the  movement 
 system  of  the  rover,  and  explain  its  auto-start  system  that  was  briefly  mentioned  in  the 
 power system section. 

 5.4.1.  Overview 

 For  a  land  propulsion  method  to  be  chosen  for  this  mission,  the  system  must  be 
 able  to  navigate  sandy  and  rocky  conditions  commonly  found  in  a  desert  without  getting 
 stuck  or  damaged.  The  chosen  wheel  configuration  must  be  able  to  adequately  balance 
 and  support  the  weight  of  the  rover  over  the  previously  described  terrain  as  well.  The 
 propulsion  systems  also  have  to  be  robust  and  not  prone  to  malfunction.  Additionally,  the 
 system  must  be  simple  to  steer  and  easily  respond  to  vehicle  control  inputs.  Steering 
 mechanisms  must  be  simple  in  order  to  reduce  the  size  and  complexity  of  the  vehicle  in 
 the  interest  of  saving  weight.  The  traditional  wheel  and  continuous  track  configurations 
 will be compared along with different steering methods based on these criteria. 

 5.4.2.  Propulsion Design Approach 

 When  designing  the  propulsion  system,  two  different  configurations  were 
 considered.  The  first  option  is  a  traditional  wheel  and  tire  system,  where  four  separate 
 treaded  tires  spin  to  move  the  vehicle  forward  or  backward.  The  second  option  is  the 
 continuous  track  configuration  which  features  two  or  more  wheels  bound  by  a  track.  The 
 track  moves  as  the  wheels  rotate  which  propels  the  vehicle  in  the  direction  of  the  track’s 
 motion.  Each  of  these  configurations  may  be  controlled  or  steered  via  several  different 
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 methods.  Numerous  steering  methods  exist  to  control  the  direction  of  the  traditional 
 wheel  and  tire  vehicles  by  either  changing  the  angle  the  tires  make  with  respect  to  the 
 body,  otherwise  known  as  rack  and  pinion  steering,  or  by  utilizing  a  differential  power 
 input,  or  differential  steering.  In  order  to  reduce  mechanical  complexity  and  save  weight, 
 two  relatively  simple  methods  will  be  proposed  and  compared.  The  goal  is  to  select  the 
 most  appropriate  propulsion  and  steering  methods  in  order  to  ensure  successful 
 completion of the mission. The options considered are listed below. 

 5.4.2.1.  Traditional Wheel 

 The  traditional  wheel  configuration  is  versatile  as  it  can  operate  by  powering  only 
 two  wheels.  Two  wheel  drive  performs  poorly  in  sand  and  gravel  as  the  two  unpowered 
 wheels  can  become  stuck  easily.  This  contrasts  with  the  four  wheel  drive  option  which 
 performs  better  in  such  conditions  as  it  has  more  tractive  force.  However,  due  to  the 
 nature  of  the  vehicle  only  having  four  smaller  points  of  contact  with  the  ground  under 
 this  configuration,  becoming  stuck  in  sand  or  other  terrain  hazards  is  still  possible.  To 
 limit  this  possibility,  large  tires  with  aggressive  or  advanced  tread  designs  must  be 
 implemented.  Traditional  wheels  and  tires  are  well  suited  at  maintaining  stability  and 
 control at most speeds on favorable terrain. 

 5.4.2.2.  Continuous Track 

 This  traction  system  is  characterized  by  its  use  of  drive  wheels  that  work  together 
 on  either  side  of  the  vehicle  to  turn  a  large,  continuous  track  which  propels  the  vehicle 
 forward.  This  system  performs  exceptionally  well  at  traversing  the  rocky  and  sandy 
 terrain  typically  found  in  a  desert.  This  is  due  to  how  the  large  tracks  that  span  the  length 
 of  the  vehicle  distribute  weight  over  a  wider  area.  The  larger  tracks  also  increase  the  area 
 in  which  the  treads  can  transmit  force  to  the  ground.  All  of  these  attributes  allow 
 continuously  tracked  vehicles  to  perform  well  in  challenging  and  unpredictable  terrain. 
 Additionally,  because  of  the  larger  area  of  support,  such  vehicles  are  sturdy  and  resistant 
 to  tipping  over.  The  track  itself  is  thin  and  light  to  allow  for  constant  deformation  when  in 
 motion.  These  systems  typically  are  harder  to  control  at  high  speeds  unlike  the  traditional 
 wheel  configuration.  This  is  due  to  the  fact  that  continuous  tracked  vehicles  can  only  be 
 steered by differential power input, or differential steering. 

 5.4.2.3.  Rack and Pinion 

 A  simple  rack  and  pinion  steering  system  uses  a  circular  gear,  the  pinion,  to  drive 
 a  linear  gear,  the  rack,  left  and  right  in  order  to  change  the  direction  of  the  attached 
 wheels.  Such  a  system  is  incompatible  with  the  continuous  track  wheel  system  due  to  the 
 nature  of  two  wheels  on  either  side  being  connected  by  a  single  track.  Therefore  this 
 steering  system  can  only  be  used  with  the  traditional  wheel  setup.  This  system  is 
 mechanically very simple and reliably reorients vehicles at all speeds. 

 5.4.2.4.  Differential Steering 

 This  method  of  steering  is  simple  as  it  only  involves  manipulating  power  inputs  to 
 either  side  of  the  vehicle.  Differential  steering  also  involves  as  little  moving  parts  as 
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 possible  as  it  works  by  directly  inputting  torque  from  the  motors  directly  into  each  wheel. 
 Turning  left  or  right  works  by  rotating  the  wheels  on  one  side  of  the  vehicle  in  the 
 opposite  direction  of  the  other  side.  Due  to  this,  the  vehicle  cannot  move  forward  and 
 turn at the same time as the rack and pinion steering is able to do. 

 5.4.2.5.  Conclusion 

 The  decision  was  made  to  utilize  differential  steering  in  the  design  of  the  rover  for 
 this  mission.  The  chief  advantage  to  this  style  of  steering  is  its  simplicity.  This  steering 
 option  uses  few  moving  parts  which,  if  utilized,  would  add  to  the  overall  weight  of  the 
 payload  and  also  possibly  be  subject  to  mechanical  failure  as  well.  A  secondary 
 advantage  of  this  configuration  is  ease  of  control  for  the  user  in  command  of  the  rover. 
 Simple  power  inputs  can  be  made  to  control  the  rover  and  spin  it  in  place  to  record  its 
 surroundings.  As  for  the  wheel  setup,  the  decision  was  made  to  use  a  traditional  wheel  as 
 this  option  is  less  mechanically  complex  compared  to  the  continuous  track  option.  The 
 wheels  were  made  to  feature  an  aggressive  treading  that  easily  gains  traction  on  sandy, 
 loose surfaces. 

 5.4.3.  Rover Auto-Start Description and Expected Operation 

 Everytime  the  rover’s  main  power  switch  is  turned  on,  the  microcontroller  on  the 
 rovery  PC  sets  the  PWM  for  the  motors  to  zero  to  cause  the  rover  motors  to  be  unmoving. 
 This  initial  behavior  remains  at  all  times  until  a  series  of  events  happens  that  verify  the 
 rover’s landing as follows. 

 The  first  event  in  the  series  is  the  detection  of  flight  criteria.  This  is  triggered  when  a 
 vertical  acceleration  greater  than  4g  is  detected  by  the  accelerometer.  The  measurement 
 of  4g  of  vertical  acceleration  is  a  force  that  is  highly  unlikely  to  be  experienced  by  the 
 rover  until  the  rocket  has  taken  off.  If  the  rocket  fails  to  produce  this  acceleration,  this 
 event  is  triggered  when  the  rocket  drogue  shoot  deploys  which  is  expected  to  cause  8g  of 
 force. 

 The  second  event  is  the  detection  of  horizontal  orientation  from  the  accelerometer.  This  is 
 done  by  reading  the  z-axis  of  the  accelerometer  to  determine  when  it  reaches  a  near 
 gravity  value.  It  being  at  this  value  means  the  rover  and  capsule  are  horizontal  relative  to 
 the earth. This triggers the third event. 

 The  third  event  is  the  verification  of  landing.  A  timer  starts  that  verifies  that  the 
 horizontal  orientation  is  maintained  for  5  seconds  before  the  rover  can  try  to  leave  the 
 capsule.  This  timer  runs  and  monitors  the  measurement  presented  in  event  two  to  verify 
 no  change  has  happened.  This  timing  action  is  needed  because  there  is  another  event  in 
 the  mission  lifetime  where  flat  orientation  has  a  chance  to  be  detected.  This  event  is  at  the 
 rocket apogee when the rocket has flattened out. 

 Once  all  of  these  events  have  been  triggered  in  this  order,  the  rover  motors  drive  forward 
 to  propel  the  rover  out  of  the  capsule.  The  operators  then  pilot  the  rover  using  the  systems 
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 discussed  in  sections  5.8  -  5.10  after  the  capsule  has  released  the  rover  as  described  in  the 
 next section. 

 5.4.4.  Landing Detection Logic Illustration 

 The  following  figure  is  a  general  finite  state  diagram  that  covers  the  landing 
 detection  system  employed  for  the  rover  auto-start  system  and  the  CLASS.  This  logic  is 
 used  in  the  code.  The  electrical  schematic  that  shows  the  sensors  and  connections  used  to 
 realize  the  hardware  for  this  design  is  shown  in  section  5.5.4  to  reduce  redundancy.  The 
 design  shown  there  is  used  the  same  way  for  the  rover  landing  detection  system.  In  the 
 same  vein,  this  logic  shown  below  for  landing  detection  represents  the  same  logic  that  is 
 used in the CLASS system and is only shown here to prevent redundancy. 

 Figure 12: Landing Detection System State Diagram 

 5.5.  CLASS Design 
 This  section  will  cover  the  Capsule  Landing  Automated  Sequence  System 

 purpose,  design  process,  intended  function  and  schematic.  Due  to  the  shared 
 characteristics  with  the  rover  auto-start  system  as  previously  mentioned,  that  system  will 
 be continuously referenced and substitutes in each section will be explained. 

 5.5.1.  Overview 

 This  system  was  designed  to  provide  a  safe  environment  for  the  rover  that 
 physically  joins  the  rover  to  the  capsule  until  the  capsule  has  landed  and  it  is  safe  for  the 
 rover  to  exit.  The  Capsule  Landing  Automated  Sequence  System  has  the  responsibility  of 
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 maintaining  capsule  and  rover  security  during  flight  time,  tracking  the  real-time  descent 
 conditions, and managing the safe release of the rover so that it may complete its mission. 

 5.5.2.  Design Approach 

 This  system  was  designed  with  the  sole  purpose  of  providing  a  secure 
 environment  for  the  rover  until  the  capsule  has  landed  and  the  rover  can  safely  begin  its 
 mission.  The  two  most  important  aspects  of  this  design  were  keeping  the  rover  safe 
 during flight and approaching the design with failsafe operation in mind. 

 5.5.2.1.  Rover Security 

 One  lock  was  chosen  to  ensure  the  rover  has  a  secure  environment.  The  rover  lock 
 -  as  seen  in  section  3.1.4  -  was  then  chosen  to  be  an  electromagnetic  coupling  device. 
 This  device  was  chosen  for  multiple  reasons,  but  it  had  the  added  benefit  of  holding  shut 
 when it is not powered which saves battery. 

 5.5.2.2.  Failsafe Operation 

 The  automated  function  of  this  system  must  have  confidence  in  its  decisions  and 
 be  designed  in  a  way  that  prohibits  failure.  Almost  entirely  similar  to  the  way  the  rover 
 auto-start  functionality  works,  the  CLASS  uses  a  sensor  mounted  to  the  capsule  PCB  to 
 determine  when  it  is  safe  to  release  the  rover  for  its  mission.  The  accelerometer  sensor 
 works  in  combination  with  a  MCU  controlled  load  switch  to  toggle  the  operation  of  the 
 capsule  lock  when  necessary.  The  duplicated  requirement  for  this  sensor  system  is 
 explained in the following section. 

 5.5.2.3.  Duplicate System Reasoning 

 After  reading  this  previous  section  on  the  CLASS  design,  it  is  reasonable  to 
 wonder  why  the  rover  and  capsule  both  have  the  same  sensor  configuration  to  detect 
 landing  when  one  of  the  systems  is  already  detecting  this  event.  There  are  a  few  reasons 
 for this choice. 

 The  first  reason  for  this  copied  system  is  that  the  rover  could  not  have  any  electrical 
 connection  to  the  capsule.  This  is  due  to  the  fact  that  a  hard-wired  communication  line 
 could  not  be  set  up  that  would  prove  to  be  stable  for  the  duration  of  the  flight  as  well  as 
 be  easily  separable  when  the  rover  must  leave  the  capsule.  This  issue  initially  led  the 
 team  to  consider  establishing  a  radio  signal  between  the  two  PCBs  (rover  and  capsule), 
 but this led to the second issue. 

 Allowing  the  capsule  to  have  its  own  radio  transceiver  like  those  used  to  allow  the  RCS 
 and  rover  to  communicate  not  only  takes  up  a  marginal  amount  of  space  but  could  add 
 unnecessary  interference  complications  to  the  communication  between  the  RCS  and 
 rover.  With  the  transceiver  measuring  at  42.5  x  18.36  x  5.5  mm,  it  would  take  up  more 
 space  alone  than  the  PCB  to  which  it  was  attached.  It  also  carries  the  price  of  $19.50 
 compared to the total cost of $3.42 for an accelerometer implementation. 
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 The  final  issue  with  using  a  connection  to  transmit  the  already  calculated  event  data  is  it 
 adds  another  point  of  failure  to  the  system.  If  the  connection  between  the  rover  and 
 capsule  failed  the  capsule  would  never  release  the  rover,  resulting  in  system  failure. 
 Contrarily,  if  the  capsule  has  its  own  sensor  it  can  make  an  independent  decision  based  on 
 the  same  code  that  was  used  for  the  rover  allowing  the  two  systems  to  be  individual  but 
 working synchronously. 

 5.5.3.  Design Description and Expected Operation 

 This  section  functions  in  a  way  almost  completely  similar  to  that  of  the  rover 
 auto-start  system  explained  in  section  5.4.3.  The  moment  the  capsule  PCB  is  powered, 
 the  microcontroller  cuts  power  to  the  electromagnet  via  the  load  switch.  This  behavior 
 remains  until  the  landing  criteria  has  been  met  and  the  diagram  of  this  logic  can  be  seen 
 in section 5.4.4. 

 This  system  requires  the  same  criteria  to  verify  landing  and  allow  the  capsule  locks  to 
 open  and  the  rover  to  leave.  The  same  series  of  events  that  are  described  in  detail  in  5.4.3 
 are  used  in  this  system.  To  recap,  the  events  are:  acknowledgement  of  the  criteria  that  the 
 rocket  has  launched,  the  detection  that  the  payload  is  still  by  measurement  of  both  an 
 altimeter  and  accelerometer,  and  the  verification  that  the  capsule  remains  still  for  5 
 seconds after this event. 

 After  these  three  events  are  met,  it  can  be  safely  assumed  that  the  capsule  containing  the 
 payload  has  experienced  touchdown,  and  the  payload  can  safely  exit.  This  is  handled  by 
 the  microcontroller  on  board  of  the  capsule  PCB.  The  microcontroller  is  connected  to  a 
 load switch that provides the link to power for the electromagnetic rover lock. 

 It  first  sends  a  signal  to  disconnect  the  electromagnet  from  power  and  keep  it 
 disconnected  for  the  remaining  mission.  This  leaves  the  rover  disconnected,  and  control 
 is  transferred  to  the  RCS  operator  to  control  the  rover  after  it  has  left  the  capsule,  and 
 they  help  it  complete  its  mission  with  its  live  video  transmission  discussed  in  the  next 
 section. 

 5.5.4.  Schematic 

 This  section  will  show  the  schematic  for  the  CLASS  system  MCU,  sensors,  and 
 load  switch  connections  that  power  the  function  of  this  design.  The  first  image  shows  the 
 sensors  used  to  detect  the  landing  of  the  capsule.  This  is  also  very  similar  to  the 
 configuration used on the rover sans the same MCU choice. 
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 Figure 13: Landing Detection System Sensors Schematic 

 Both  sensors  on  the  right  are  connected  to  the  MCU  on  the  left  via  I2C.  They  are  on 
 different  I2C  lines  entirely  to  allow  both  sensors  to  be  read  with  less  I2C  addressing 
 management  on  the  MCU’s  part.  The  top  sensor  is  the  accelerometer  and  the  bottom 
 sensor  is  the  altimeter  for  the  system.  This  system  is  duplicated  for  the  rover  and  its 
 respective MCU. 

 Figure 14: Capsule Door and Rover Lock Control Schematic 

 In  the  above  schematic,  the  load  switch  that  takes  the  12V  input  is  shown  on  the  left,  and 
 2-pin  JST  connector  is  shown  on  the  right.  It  should  be  noted  that  the  JST  connectors  that 
 give  power  to  lock  take  input  from  the  load  switch..  The  switch  enable  is  connected  to  the 
 MCU shown in the CLASS sensors schematic at MCU pin 18. 

 5.6.  Video Transmission System Design 
 This  section  will  cover  design  considerations  and  expectations  for  the  video 

 transmission system. 
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 5.6.1.  Overview 

 The  Video  Transmission  System  needs  to  ultimately  be  able  to  transmit  a  signal 
 that  can  support  the  rover  video  specifications.  The  requirements  placed  on  the  video  by 
 the  group  were:  480p  resolution  and  30  frames  per  second.  As  long  as  the  Video 
 Transmission System can support these requirements, it was considered a viable option. 

 5.6.2.  Design Approach 

 When  initially  looking  at  which  components  to  choose  for  the  video  transmission 
 system,  several  different  factors  needed  to  be  considered.  The  factors  important  to 
 transmission  were  the:  camera  module,  transmitter  frequency,  transmitter  signal  format, 
 and  video  output  format.  When  deciding  on  components,  pricing  was  the  determining 
 factor  in  the  selection.  Since  the  resolution  requirement  was  the  most  flexible,  it  was  the 
 price  that  drove  the  resolution  requirement  and  in  turn  the  component  selection.  Prices 
 vary  drastically  depending  on  the  target  resolution  and  frame  rate.  It  was  simple  to  find 
 cheap  cameras  that  support  the  highest  current  resolutions,  but  these  options  weren’t 
 viable  because  of  the  transmitters,  receivers,  and  displays  necessary  to  support  it.  For 
 example,  it  was  simple  to  find  a  camera,  transmitter,  receiver  combination  for  4k 
 resolution,  but  a  4k  display  was  well  beyond  the  budget  allotted.  It  would  be  irrational  to 
 transmit  a  higher  fidelity  video  signal  than  can  even  be  displayed.  Also  the  rover  and 
 RCS  are  working  on  battery  power  so  it  wouldn’t  make  sense  to  consume  more  power  for 
 no  significant  gain  in  visual  information.  With  higher  resolution  displays  being  the  most 
 expensive  aspect  of  the  livestream  process,  all  of  the  Video  Transmission  System 
 components were chosen according to the display. 

 5.6.2.1.  Camera Module 

 The  camera  module  is  ultimately  what  drives  the  quality  of  the  video,  but  in  this 
 situation  all  that  was  needed  is  a  camera  that  could  capture  the  amount  of  pixels  the 
 display  has.  Fortunately  it  was  simple  to  find  cameras  with  enough  pixels  to  exceed  the 
 resolution  of  the  display.  It  was  more  difficult  to  find  cameras  with  resolutions  below  the 
 chosen display’s resolution. 

 Equally  important  to  the  resolution  is  the  format  which  the  camera  outputs.  Most  cameras 
 today  take  and  output  them  in  a  digital  format,  but  most  FPV  drones  take  advantage  of 
 analog  video  output.  Similarly  the  FPV  video  transmitters  and  receivers  typically  take  in 
 analog  input  and  give  analog  output.  For  the  most  part,  considering  which  camera  to  use 
 was simple, pair an FPV camera with FPV transmitters and receivers. 

 Another  consideration  for  the  camera  was  the  field  of  view  it  allowed  for.  While 
 resolution  was  not  a  large  consideration  for  the  RCS,  visual  information  was.  Being  able 
 to  see  a  wider  field  of  view  definitely  allows  the  rover  operator  to  make  more  informed 
 decisions  about  navigation.  When  choosing  a  camera,  field  of  view  was  another  one  of 
 the major considerations that drove the camera choice. 
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 5.6.2.2.  Transmission Frequency 

 When  it  came  to  finding  a  compatible  video  transmitter,  one  of  the  most  important 
 considerations  was  guaranteeing  the  transmitter  could  transmit  video  at  the  desired 
 quality.  The  biggest  concern  was  whether  the  transmission  frequency  chosen  would  be 
 able  to  transmit  signal  at  the  required  quality.  Prior  to  researching  the  frequency 
 necessary  for  video  transmission  it  was  planned  to  use  the  same  transmitter  and  receivers 
 for  the  rc  controls  and  the  video.  However,  video  transmission  was  found  to  require  a 
 higher  frequency  than  rc  transmission  so  the  idea  quickly  fell  apart.  It  was  also  not 
 feasible  because  there  seemed  to  be  no  simple  way  to  transmit  both  sources  of  data  on  the 
 same  signal.  Therefore  the  choice  was  made  to  use  two  separate  pairs  of  transmitters  and 
 receivers. 

 The  most  cumbersome  hurdle  faced  with  the  video  transmission  was  finding  a  transmitter 
 that  could  work  across  the  expected  rover  to  RCS  distance.  Most  commonly  used  for  fpv 
 drones  are  5.8GHz  and  2.4GHz  transmitters  and  receivers.  In  making  the  choice  between 
 the  two  frequencies  the  most  important  factor  was  the  transmitter  being  able  to  keep  a 
 connection.  It  is  known  that  the  lower  the  frequency,  the  better  the  distance  of  the 
 transmission.  It  seemed  that  2.4GHz  was  the  better  option  but  it  seems  there  were  no 
 combination  of  compatible  2.4GHz  transmitters  and  receivers  in  the  United  States.  With 
 this  obstacle,  it  was  decided  to  use  the  5.8GHz  frequency  transmitters  for  the  video 
 transmission. 

 The  two  biggest  concerns  with  the  choice  of  5.8GHz  is  the  shorter  distance  the  signal  can 
 traverse  and  the  inability  of  the  signal  to  penetrate  surfaces.  5.8GHz  transmission  is  often 
 used  for  high  quality  transmission  but  is  known  to  instantly  lose  signal  when  line  of  sight 
 is  lost.  This  might  not  be  a  big  problem  for  FPV  drones  because  they  are  airborne,  but  the 
 issue  does  pertain  to  the  rover.  It  is  expected  there  might  be  some  partial  obscuration 
 which  could  possibly  cut  off  the  video  feed.  Obscuration  is  a  much  larger  issue  with  a 
 land vehicle than it would be with a drone. 

 5.6.2.3.  Transmission Power 

 To  increase  the  transmission  distance  a  transmitter  can  be  given  more  power.  To 
 be  able  to  use  a  5.8GHz  transmitter  for  the  rover,  it  would  only  be  possible  with  a  higher 
 power  transmitter.  As  higher  frequencies  have  diminishing  ranges,  the  only  way  to  meet 
 the  distance  requirement  would  be  to  choose  a  transmitter  rated  for  a  certain  wattage.  If 
 using  a  2.4GHz  signal,  wattage  is  still  an  important  factor  to  consider  but  this  frequency 
 can span longer distances with less power consumption. 

 Also  noted  is  the  antenna  choice  that  gets  paired  with  the  transmitter  and  receiver. 
 Antennas  are  important  because  they  can  give  signal  extra  range  and  prevent  signal  loss 
 when  not  properly  aligned.  There  are  a  wide  variety  of  antenna  choices  with  some  of  the 
 most  common  formats  being  dipole,  circular,  and  helical.  The  most  common  are  dipole 
 antennas  which  allow  for  increased  transmission  distance,  but  lose  signal  when  not 
 aligned  with  each  other.  The  circular  antenna  works  well  to  combat  the  issue  of  signal 
 loss  when  misaligned,  but  costs  more.  Helical  is  different  entirely,  it  allows  for  a  further 
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 range  but  only  if  facing  in  the  direction  of  the  receiver.  The  antenna  that  came  with  the 
 chosen  transmitter  is  a  dipole  antenna  and  the  rover  will  make  use  of  it  to  save  on  the 
 given budget. 

 5.6.2.4.  Transmission format 

 Initially  there  was  a  strong  consideration  between  digital  and  analog  video 
 transmission.  Knowing  that  current  technology  uses  digital  video  transmission  to  achieve 
 higher  quality,  the  digital  signal  format  was  the  first  consideration.  Digital  signal 
 transmission  is  done  by  having  an  analog  to  digital  converter  in  the  camera  module  or  on 
 a  separate  board.  Next  the  signal  is  encoded  to  be  sent  across  to  the  receiver  where  it  is 
 decoded  and  output  to  the  input  of  a  display.  This  process  is  more  power  consuming  than 
 using analog transmission. 

 Analog  transmission  has  a  similar  format  but  the  data  is  not  encoded,  the  transmitter  is 
 only  used  to  send  the  signal  across  the  air.  The  received  signal  is  not  decoded  either  and 
 rather  output  straight  to  the  input  of  the  display.  The  problem  with  analog  signals  are  their 
 susceptibility  to  interference.  Along  a  wire  or  across  the  air,  interference  greatly  impacts 
 the  resulting  video  quality.  As  stated  before,  the  quality  of  the  livestream  is  not  the 
 biggest priority so it is a reduction that can be taken for its simplicity of use. 

 Upon  researching  it  also  looked  as  though  the  digital  video  transmitters  could  be  up  to  3x 
 the  cost  of  an  analog  video  transmitter.  Not  only  that,  the  display  station  would  need  a 
 more  expensive  display  to  take  in  a  digital  signal  for  input.  This  price  hike  for  digital 
 signal  transmission  couldn’t  be  reasoned,  so  the  choice  was  to  use  analog  signal  for  the 
 video transmission. 

 5.6.2.5.  Video Input/Output Format 

 Another  important  consideration  was  the  camera  input  to  the  video  transmitter. 
 Fortunately,  with  the  camera  being  made  for  FPV  drones  compatibility  wasn’t  an  issue. 
 The  cables  for  most  FPV  cameras  all  had  video  outputs  in  the  same  format  that  most  FPV 
 video  transmitters  receive.  The  two  video  outputs  most  common  in  FPV  drones  are 
 NTSC and PAL. 

 The  NTSC  format  is  the  signal  that  most  Televisions  used  before  HDMI  was  invented. 
 NTSC  stands  for  National  Television  System  Committee,  the  organization  that  invented 
 the  standard  in  format  in  1954.  This  format  was  used  for  analog  video  transmission,  most 
 commonly  with  a  display  format  of  480i  30  frames  per  second.  The  “i”  next  to  the 
 resolution  denoted  that  the  lines  on  the  display  were  interlaced  horizontally,  but  the 
 resolution  is  the  same  as  the  480p  resolution  more  commonly  used  today.  This 
 transmission  standard  is  no  longer  used  commercially  for  tv,  as  they  switched  to  digital 
 signal  transmission  for  its  capability  of  higher  resolution  output.  However,  this  analog 
 signal  format  remains  commonly  used  in  FPV  drones  because  of  its  simplicity  to  decode. 
 A  drawback  of  NTSC  would  be  that  the  analog  signal  is  more  susceptible  to  interference 
 than  a  digital  signal,  but  the  trade  off  for  ease  of  decoding  is  very  much  worth  it  in  these 
 scenarios.  In  the  scenario  of  the  rover,  changes  in  the  quality  of  the  livestream  are 
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 important,  but  not  more  important  than  the  drastic  increase  that  would  be  incurred  if 
 digital signal transmission was used. 

 PAL  is  similar  to  NTSC  in  how  it  was  a  common  signal  format  for  television  prior  to 
 digital  signal  transmission.  PAL  stands  for  Phase  Alternating  Line  and  was  used  for  a 
 typical  video  quality  of  576i  at  50Hz.  It  being  another  analog  signal  format,  it  is 
 susceptible  to  the  same  interference  an  NTSC  signal  would  be.  With  the  necessity  of 
 analog  signal  transmission  for  fpv  drones,  this  is  another  readily  available  signal  format 
 on most FPV drone hardware. 

 The  camera  chosen  for  this  rover  outputs  either  NTSC  or  PAL  format.  The  transmitter 
 and  receiver  both  work  with  composite  video  input  and  output  so  either  of  these  formats 
 will serve this project. 

 5.6.3.  Design Description and Expected Operation 

 The  decided  upon  transmitter  and  receiver  are  both  for  5.8GHz  frequencies.  The 
 power  used  by  the  transmitter  is  an  advertised  600mW.  A  sizable  number  of  5.8GHz 
 video  transmitters  had  a  high  power  rating,  seemingly  to  combat  the  short  distances  that 
 the  frequency  can  reach.  Blatantly  advertised  on  the  transmitter  is  the  ability  to  transmit 
 across  5km  which  is  over  3x  as  much  as  the  required  distance  of  1.61km.  The  camera 
 output  is  composite  video  of  which  there  is  a  corresponding  input  for  on  the  video 
 transmitter.  On  the  receiving  end  there  is  a  composite  video  output  cable  which  will  feed 
 directly  into  the  female  AV  cable  on  the  display.  The  display  does  not  have  a  resolution 
 higher than 480p, so NTSC was chosen to not exceed the display pixel count. 

 With  this  design  it  is  expected  to  achieve  the  desired  livestream  quality  of  480p,  30fps. 
 The  components  selected  have  been  successfully  used  for  higher  fidelity  video 
 transmission  at  1080p,  60fps.  Therefore  the  lower  fidelity  specifications  being  used  for 
 this  rover  are  expected  to  be  met  by  this  hardware  which  can  support  much  higher  video 
 fidelity than it is being used for. 

 5.6.3.1.  Analog camera recording 

 The  analog  camera  is  expected  to  operate  by  reading  voltages  from  each  of  its 
 photosites.  After  the  values  are  read  they  are  combined  into  a  waveform,  which  is  the 
 desired  composite  video  signal.  This  signal  is  transmitted  along  the  “video  out”  wire  from 
 the camera and fed to the transmitter to send from the rover to the RCS. 

 5.6.3.2.  Video Transmitter 

 Upon  receiving  the  composite  video  signal  from  the  camera,  the  only  job  of  the 
 transmitter  is  to  send  the  signal  input  to  the  receiver.  To  accomplish  this,  the  signal  is 
 passed through the antenna and out across the air to the receiving antenna. 
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 5.6.3.3.  Video Receiver 

 The  video  receiver  will  take  in  the  received  composite  signal  through  its  own 
 antenna  and  pass  it  through  a  wire  for  video  input  to  the  display.  The  orientation  of  the 
 transmitter  antenna  must  match  the  orientation  of  the  receiver  antenna  or  there  will  be 
 loss  of  signal.  No  video  encoding  was  required  in  this  process  because  the  display  is 
 expecting the analog video signal. 

 5.6.4.  Diagram 

 Below  is  a  diagram  explaining  the  process  of  converting,  sending,  and  displaying 
 visual  information  with  the  rover  video  transmission  system.  Due  to  the  fact  that  no 
 microcontroller  intervention  in  this  system  is  needed,  and  the  system  only  receives  power 
 from it’s respective PCBs, no traditional electronic schematics are included. 

 Figure 15: Video Transmission Diagram 

 This  diagram  shows  the  travel  of  data  through  the  video  transmission  system.  The  solid 
 arrows  between  the  devices  represent  electrical  connections,  and  the  dashed  arrow 
 represents  wireless  communication.  This  diagram  will  be  used  to  connect  the  flow  of  the 
 wireless video capture, transmission, and display devices. 

 5.7.  Video Display System Design 
 This  section  will  outline  the  design  and  expectation  of  the  video  display  system 

 integrated into the RCS. 
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 5.7.1.  Overview 

 The  Video  Display  System  has  the  sole  function  of  displaying  the  live  video 
 signal  being  sent  from  the  rover.  The  system  is  expected  to  display  the  video  signal  well 
 enough that the surrounding area can be easily seen in real time. 

 5.7.2.  Design Approach 

 The  Video  Display  System  needed  to  be  chosen  to  work  with  the  video  signal 
 output  from  the  video  receiver.  The  video  receiver  outputs  an  AV  composite  video  signal, 
 so  the  options  were  to  convert  that  signal  into  another  format  or  find  a  display  that  takes 
 in  composite  video  natively.  The  latter  option  was  chosen  to  not  complicate  the  design, 
 save  the  power  that  would  be  lost  in  conversion,  and  because  there  are  a  variety  of  low 
 cost displays which natively display composite video. 

 The  size  of  the  display  was  the  most  subjective  point  of  the  Video  Display  System.  The 
 display  needed  a  size  big  enough  to  display  the  area  surrounding  the  rover  without  any 
 crucial  video  information  lost.  The  size  of  display  would  be  one  of  the  biggest 
 dimensions  in  the  RCS,  so  the  ideal  display  would  be  a  compact,  medium  size  display. 
 Too  big  of  a  display  would  make  the  RCS  more  heavy  than  desired,  and  draw  more 
 current  from  the  battery.  The  compromise  between  resolution,  screen  size,  and  power 
 draw  is  subjective  because  “informational  enough”  video  quality  from  the  display  can 
 vary  from  person  to  person.  With  no  clear  way  to  quantify  how  much  a  certain  video 
 quality  is  objectively  worth,  an  agreement  was  made  between  group  members  to  get  a 
 lower quality display because of the cost savings. 

 5.7.3.  Design Description and Expected Operation 

 The  final  expectations  agreed  upon  for  the  display  were:  480p  resolution,  30 
 frames  per  second,  5  inch  display.  It  was  determined  these  specifications  would  meet  the 
 requirement  of  “informational  enough”.  The  display  decided  upon  is  a  monitor  display 
 that  comes  with  a  female  composite  video  cable  for  video  input.  This  input  can  be  made 
 to  work  by  connecting  the  male  AV  composite  cable  from  the  video  signal  receiver  to  the 
 female composite AV cable on the display. 

 The  expected  use  for  the  screen  is  for  integration  into  the  RCS.  With  the  RCS  being  a 
 custom  housing  being  created  for  the  display,  the  chosen  display  will  need  to  be  removed 
 from  the  case  it  comes  in.  The  product  description  states  the  monitor  with  the  housing  to 
 be  6  ounces,  so  there  are  no  expected  issues  with  its  weight  contribution  to  the  RCS.  The 
 weight  of  the  RCS  would  be  a  bigger  consideration  if  given  a  larger  budget.  Also,  the 
 wiring  inside  of  the  display  housing  is  not  included  in  the  product  description  so  it  is 
 possible that connections for the display pcb might have to be unsoldered and resoldered. 

 5.8.  Remote Control System Design 
 This  section  will  cover  the  design  of  the  remote  control  system  that  will  be  used 

 to operate the RC Rover from afar. 
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 5.8.1.  Overview 

 The  remote  control  system  will  be  used  to  control  the  RC  Rover  from  the  main 
 control  station.  The  main  components  of  the  system  are  a  two-axis  analog  joystick  and  a 
 radio  frequency  transmitter  module.The  joystick  must  be  compatible  with  the  transmitter 
 and  be  able  to  send  movement  control  signals  accurately.  The  following  passages  will 
 explain  how  the  analog  joystick  will  communicate  with  a  transmitter  module  and  how 
 this connection will be designed and tested. 

 5.8.2.  Design Approach 

 The  remote  control  system  is  used  to  control  the  RC  Rover  from  the  main  control 
 station.  The  goal  is  to  get  the  remote  control  system  to  work  over  a  distance  of  4  km  or 
 more.  It  should  be  able  to  control  the  RC  Rover  to  turn  left  or  right  forward  or 
 backwards.  Based  on  the  design  and  requirements,  it  is  not  necessary  for  the  RC  Rover  to 
 be  able  to  turn  and  move  at  the  same  time.  Remote  control  system  will  contain  only  one 
 two-axis  analog  joystick  that  will  be  connected  to  the  radio  transmission  module  on  the 
 control station side. 

 The  two-axis  analog  joystick  works  as  the  combination  of  2  potentiometers  which 
 represent  the  X  and  Y  axis.  It  works  by  reading  the  voltage  values  through  the 
 potentiometer  and  sends  analog  values  that  represent  these  voltage  values.  the  end  of 
 values  change  as  the  joystick  shaft  is  manipulated.  This  data  must  be  able  to  be 
 transmitted  through  the  transmitter  module  used  in  this  project.  Normally  an  encoder 
 would  be  used  between  the  analog  joystick  and  transmitter  module  to  convert  the  analog 
 joystick’s data into a format transmittable over the transmitter module. 

 The  analog  joystick  consists  of  5  pins  total  labeled  as  GND,  +5V,  VRx,  VRy,  and  SW.  It 
 also  has  the  option  to  be  used  as  a  push  button  if  the  capability  becomes  of  use  for  the 
 remote  control  system.  Only  the  GND,  +5V,  VRx,  and  VRy  pins  will  be  necessary  to 
 control the RC Rover. 

 The  remote  control  system  will  consist  of  the  two  axis  analog  joystick,  the  transmitter 
 module  that  will  be  used,  which  is  the  Reyax  LoRa  transceiver  module.  The  chosen 
 microcontroller  for  the  remote  control  system,  a  video  display  screen,  and  a  video  signal 
 receiver.  The  microcontroller  has  the  capability  to  encode  the  analog  joystick’s  data  then 
 communicate with the LoRa transceiver module to transmit the encoded data. 

 The  program  written  to  connect  the  analog  joystick  to  the  LoRa  transceiver  module  must 
 first  be  able  to  read  the  analog  data  provided  when  moving  the  joystick  shaft.  Based  on 
 the  input  data  from  the  analog  joystick,  the  program  should  be  able  to  classify  the  data  as 
 whether  it  is  to  control  the  RC  Rover  to  move  forward,  backward,  turn  left,  or  turn  right. 
 Based  on  how  much  the  joystick  shaft  is  pushed  in  either  of  the  four  directions  up,  down, 
 left,  right,  the  program  should  interpret  the  reading  as  speed.  When  the  joystick  shaft  is 
 pushed  all  the  way  in  one  direction  the  speed  will  be  faster  compared  to  pushing  the 
 joystick shaft halfway in one of the directions. 
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 At  the  end  of  this  program  that  interprets  the  analog  readings  of  the  analog  joystick,  the 
 data,  all  the  data  interpretations  must  be  compiled  into  one  string.  The  data’s  length  needs 
 to  be  found  as  well  then  the  compiled  data  can  be  sent  using  the  AT  commands  that  the 
 LoRa transceiver module responds to. 

 5.8.3.  Design Description and Expected Operation 

 The  main  operation  required  of  the  remote  control  system  is  to  be  able  to  control 
 the  RC  Rover  to  move  forward,  backward,  turn  left,  or  turn  right.  This  necessary 
 movement  will  be  controlled  by  the  2  axis  analog  joystick  located  on  the  remote  control 
 system.  This  analog  joystick’s  position  needs  to  be  translated  into  electronic  information 
 that  can  be  processed  by  the  microcontroller.  This  is  possible  by  the  analog  joystick’s 
 design consisting of two potentiometers and a gimbal mechanism. 

 The  gimbal  mechanism  is  made  up  of  a  narrow  rod  and  two  rotatable  slotted  shafts.  One 
 shaft  allows  the  rod  to  move  in  the  X  axis  while  the  other  allows  the  rod  to  move  in  the  Y 
 axis.  When  moving  the  joystick  up  and  down  the  Y  axis  shaft  will  be  moved.  When 
 moving  the  joystick  left  and  right  the  X  axis  shaft  will  be  moved.  Moving  the  joystick 
 diagonally will move both slotted shafts. 

 A  potentiometer  is  connected  to  each  joystick  shaft.  The  potentiometer  helps  to  interpret 
 the  joystick’s  position  as  analog  readings.  To  read  the  analog  joystick’s  physical  position 
 when  the  position  is  manipulated,  the  change  in  resistance  by  the  potentiometer  needs  to 
 be  measured.  The  values  can  vary  from  0  to  1023  because  the  joystick’s  resolution  is  10 
 bits.  The  joystick’s  neutral  value  will  read  around  512  for  both  the  X  axis  potentiometer 
 and the Y axis potentiometer. 

 In  order  to  get  the  readings  of  the  analog  data  from  the  joystick  and  determine  the  X  and 
 Y  coordinates  of  the  analog  joystick’s  position,  both  analog  outputs  from  the  analog 
 joystick  need  to  be  connected  to  analog  pins  on  the  final  PCB  design.  To  test  the  analog 
 joystick  an  Arduino  UNO  microcontroller  board  will  be  utilized.  The  Arduino  Uno 
 microcontroller  board  is  based  on  the  ATmega328P  microcontroller.  This  is  the  same 
 microcontroller  that  has  been  chosen  to  be  used  for  the  final  remote  control  station  design 
 and to be used on top of the RC Rover. 

 The  analog  joystick  board  has  a  total  of  5  pins  labeled  as  GND,  +5V,  VRx,  VRy,  and  SW. 
 Out  of  these  five  pins,  only  four  are  necessary  for  the  analog  joystick  to  be  used  as  a 
 remote  control  for  the  RC  Rover.  The  necessary  pins  are  GND,  +5V,  VRx,  VRy.  These 
 pins  represent  ground,  5V  power  supply,  variable  resistance  output  along  the  X  axis,  then 
 variable resistance output along the Y axis. 

 The  VRx  and  VRy  pins  of  the  analog  joystick  module  board  will  be  connected  to  analog 
 pins  A0  and  A1  on  the  Arduino  UNO  microcontroller  board  (Arduino  Project  Hub)[30]. 
 The  +5V  pin  will  be  connected  to  the  5V  terminal  on  the  Arduino  UNO  and  the  GND  pin 
 will be connected to the GND terminal of the Arduino UNO. 
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 To  first  test  that  the  analog  joystick  component  is  working  properly,  a  simple  program  can 
 be  written.  The  program  will  read  the  measurement  from  the  analog  inputs  VRx  and  VRy 
 and  display  the  measured  values  onto  the  computer  screen.  Next  this  first  program  can  be 
 modified  to  classify  different  analog  joystick  measurement  readings  as  moving  up, 
 moving  down,  turning  left,  or  turning  right.  Instead  of  displaying  the  measured  values  of 
 the  analog  joystick,  the  computer  screen  will  display  the  words  forward,  backward,  left, 
 or right depending on how the analog joystick is manipulated. 

 After  the  first  two  programs  show  that  the  analog  joystick  is  working  as  expected  and  that 
 the  program  can  accurately  determine  in  which  direction  the  RC  Rover  should  move  the 
 data  can  be  compiled  to  be  encoded  and  transmitted  through  the  LoRa  transceiver 
 module.  To  test  whether  the  analog  joystick’s  data  gets  correctly  transmitted  through  the 
 RF  signal  transmission  system,  first  the  RF  signal  transmission  system  must  be  designed, 
 built, and tested. This design process is explained in section 5.9. 

 5.8.4.  Schematic 

 The  following  design  schematic  will  show  the  pin  connections  of  the  analog 
 joystick and LoRa transceiver module to the Arduino UNO. 

 Figure 16: Schematic of Joystick Connection to RCS MCU(  Electronic Clinic)[29] 

 This  diagram  shows  how  the  joystick  will  be  connected  to  the  MCU  on  the  RCS.  The 
 joystick  communicates  using  the  MCUs  ADC  pins  for  both  the  x  and  y  direction  of  the 
 joystick. 

 5.9.  Radio Signal Transmission Design 
 In  this  section,  the  design  and  testing  of  data  transmission  over  radio  frequency 

 will be explained. 
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 5.9.1.  Overview 

 Data  transmission  over  RF  (Radio  Frequency)  is  one  of  the  most  important 
 requirements  of  this  project.  The  name  of  the  project  itself  is  RC  (Radio  Controlled) 
 Rover,  showing  that  the  rover  designed  in  this  project  will  be  controlled  through  a  remote 
 control  system  that  will  transfer  the  data  containing  movement  directions  over  RF.  The 
 data  must  also  be  able  to  be  transmitted  over  a  long  distance  from  the  main  control  station 
 area to the landing location of the ejected payload from the rocket, around 2 kilometers. 

 The  RF  transmitter  and  receiver  module  used  will  be  the  LoRa  REYAX  RYLR896 
 transceiver  module.  Transceivers  can  be  used  as  either  transmitters  or  receivers  or  both  at 
 the  same  time.  In  this  project  a  two  way  radio  signal  transmission  system  is  required. 
 This  is  because  while  directional  movement  data  will  be  transmitted  from  the  main 
 control  station  to  the  RC  Rover,  the  RC  Rover  needs  to  send  various  sensor  data  back  to 
 the control station. 

 The  following  sections  will  describe  how  a  two-way  radio  transmission  system  will  be 
 designed and tested to accomplish the requirements and necessities of this project. 

 5.9.2.  Design Approach 

 The  main  requirements  that  need  to  be  met  by  the  RF  signal  transmission  system 
 is  that  it  must  be  a  two-way  connection  and  be  able  to  transfer  data  for  over  2  km  in 
 distance.  The  transceiver  module  that  was  chosen,  LoRa  REYAX  RYLR896,  is  advertised 
 to  feature  the  LoRa  long  range  modem  which  provides  an  ultra-long  range  of 
 communication  over  various  frequencies.  It  should  be  able  to  reach  4  km  transmission 
 range normally but can be programmed or modified to reach a maximum of 15 km range. 

 When  designing  the  RF  signal  transmission  system  the  main  complexity  and  hesitation 
 came  to  choosing  which  RF  transmitter  and  receiver  module  should  be  used  to 
 accomplish  this  task.  The  Rocket  Team  informed  the  group  that  the  rocket  will  be  using 
 two  frequency  ranges  to  accomplish  its  requirements.  The  rocket  would  be  using 
 420MHz  -  450  MHz  and  1  GHz  -  2  GHz.  The  team  was  instructed  to  avoid  using  any 
 components  in  the  420  MHz  -  450  MHz  range  as  this  would  interfere  with  the  rocket’s 
 functionality.  1  GHz  -  2  GHz  was  still  safe  for  the  team  to  use  for  this  RC  Rover.  The 
 RYLR896 transceiver module uses 868 MHz or 915 MHz. 

 The  chosen  RF  transmitter  and  receiver  module  is  actually  considered  a  transceiver, 
 which  means  it  can  be  used  as  either  a  transmitter  or  receiver  or  both  based  on  how  the 
 pins  are  configured.  Two  of  these  transceiver  modules  were  bought  to  use  one  on  the  RC 
 Rover  to  receive  data  on  how  and  where  the  RC  Rover  should  move.  This  movement  data 
 would  be  transmitted  to  the  transceiver  on  the  RC  Rover  by  another  transceiver  that  is 
 located on the remote control system. 

 The  LoRa  transceiver  module  consists  of  a  total  of  6  pins  labeled  as  VDD,  NRST,  RXD, 
 TXD,  NC,  and  GND.  The  VDD  pin  is  used  for  power  supply,  NRST  is  used  for  an 
 active-low  reset,  RXD  works  as  the  UART  data  input  pin,  and  TXD  is  the  UART  data 
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 output  pin.  Finally,  GND  is  the  ground  pin.  This  pin  layout  shows  exactly  how  this 
 module can receive input or give a data output. 

 To  test  the  connection  between  these  two  transceiver  modules,  two  methods  were  found. 
 One  method  used  USB  to  TTL  serial  cable  adapters.  TTL  stands  for  transistor-transistor 
 logic.  TTL  serial  is  a  method  of  serial  communication  where  data  is  transmitted  between 
 the  limits  of  0  and  3.3  or  5  volts  based  on  the  transceiver’s  power  supply.  This  is  also 
 how UART serial communication is performed. 

 The  USB  to  TTL  adapter  would  be  used  to  establish  a  connection  between  the  computer 
 and  the  transceiver  module.  To  connect  the  transceiver  to  the  adapter,  jumper  wires  are 
 utilized.  The  pins  available  on  the  TTL  side  of  the  adapter  are  labeled  as  5V,  VCC,  3V3, 
 TXD,  RXD,  and  GND.  To  connect  the  transceiver  module  to  the  USB  to  TTL  adapter,  the 
 transceiver’s  RXD  pin  is  connected  to  the  adapter’s  TXD  pin  and  the  transceiver’s  TXD 
 pin  will  be  connected  to  the  adapter’s  RXD  pin.  GND  will  be  connected  to  GND,  then 
 VDD is connected to the 3V3 pin as the power supply. 

 Now  to  establish  the  connection  between  the  computer  and  the  transceiver,  any  terminal 
 program  could  be  used.  The  transceiver  module  can  be  programmed  using  “AT” 
 commands.  AT  commands  are  a  group  of  instructions  that  are  used  to  control  a  modem. 
 AT  is  the  abbreviated  form  for  ATtention  and  every  command  line  would  start  with  “AT” 
 or  “at”  which  is  why  it  is  called  AT  commands.  AT  commands  can  be  used  to  test  the 
 communication  with  the  transceiver  module  or  program  the  settings  of  the  transceiver 
 module to use different frequencies. 

 To  establish  a  connection  between  two  transceiver  modules,  they  must  be  able  to  find 
 each  other  by  an  address.  The  addressing  scheme  will  depend  on  the  module  and 
 implementation.  Using  AT  commands,  a  network  id  and  address  for  two  transceiver 
 modules  can  be  sent.  Then  modules  on  the  same  network  will  be  able  to  communicate 
 with each other. 

 To  test  the  connection  between  two  transceiver  modules  using  USB  to  TTL  adapters,  the 
 user  can  simply  connect  both  USB  to  TTL  serial  cable  adapters  to  the  same  computer  and 
 configure  the  pins  to  the  adapter  as  necessary.  Sending  a  message  from  one  transceiver  to 
 the  other  is  as  simple  as  using  the  AT  command  “AT+SEND”  followed  by  the  address  of 
 the  second  module,  the  number  of  bytes  in  the  message,  then  the  message  that  is  needed 
 to be sent. 

 The  issue  with  using  the  USB  to  TTL  serial  adapters  to  test  the  transceiver  modules  is 
 that  it  is  difficult  to  see  how  to  integrate  the  modules  into  the  PCB  layouts  of  the  RC 
 Rover  and  remote  control  system.  This  is  because  testing  the  modules  by  connecting 
 them  directly  to  the  computer  does  not  help  to  see  how  the  modules  can  be  connected  and 
 controlled by microcontrollers separate from the computer. 

 Another  method  to  test  the  RYLR896  transceiver  modules  is  to  use  Arduino  UNO 
 microcontroller  boards.  This  method  will  work  best  for  the  purposes  of  this  project  as  the 
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 Arduino  UNO  microcontroller  board  is  based  on  the  ATmega328P  microcontroller,  which 
 is the chosen component for the radio control system as well as the RC Rover. 

 5.9.3.  Design Description and Expected Operation 

 The  LoRa  REYAX  RYLR896  transceiver  module  is  an  Arduino  component  that 
 can  be  interfaced  with  any  microcontroller  using  UART.  By  using  the  Arduino  UNO  to 
 test  the  RF  signal  transmission  system,  the  final  design  can  easily  be  converted  to  be 
 compatible with the microcontroller on the RC Rover and remote control station. 

 To  first  build  the  RF  signal  transmission  system,  both  LoRa  transceiver  modules  must  be 
 connected  to  an  Arduino  UNO  microcontroller  board.  Arduino  is  based  on  a  5V 
 controller  while  the  REYAX  transceiver  modules  can  only  handle  voltages  from  2.8  to  a 
 maximum  of  3.6V.  The  typical  voltage  for  the  LoRa  transceiver  module  is  3.3V,  so  a 
 converter would need to be used to convert the 5V from the Arduino UNO to 3.3V. 

 Instead  of  using  a  converter,  a  voltage  divider  circuit  can  be  built  to  reduce  the  voltage 
 that  theArduino  UNO  will  send  to  the  LoRa  transceiver  module.  By  connecting  a  4.7k 
 and  10k  resistor  in  series  the  5V  voltage  supply  would  be  reduced  to  3.4V,  which  is  an 
 acceptable  voltage  level  for  the  LoRa  transceiver  modules.  This  voltage  divider  is  not  for 
 the  3.3V  power  supply  for  the  LoRa  transceiver  module,  but  rather  to  control  the 
 operating  voltage  that  the  Arduino  UNO  uses  from  damaging  the  REYAX  transceiver 
 modules. 

 While  prototyping  and  building  this  design  on  a  breadboard,  jumper  wires  will  be  used  to 
 complete  the  connections  necessary.  In  the  final  design  implementation  these  connections 
 will  be  integrated  into  the  final  PCB  layout  of  the  RC  Rover  and  the  remote  control 
 system.  A  wire  from  the  middle  of  the  resistors  should  be  connected  to  the  RXD  pin  on 
 the  LoRa  transceiver  module,  then  from  the  then  of  the  10k  resistor  a  wire  must  be 
 connected  to  the  ground  while  from  the  other  side  of  the  4.7k  resistor  should  be 
 connected to the pin labeled as TX on the Arduino UNO. 

 The  LoRa  transceiver  module  consists  of  six  pins.  These  are  labeled  as  VDD,  NRST, 
 RXD,  TXD,  NC,  and  GND.  The  VDD  pin  is  for  the  power  supply,  NRST  is  used  for 
 active  low  reset  when  necessary,  RXD  is  for  the  UART  data  input  received  by  the 
 module,  and  TXD  is  for  the  UART  output  data  that  the  module  wants  to  transmit  to 
 another module. Finally GND is to ground the LoRa transceiver module. 

 To  complete  the  pin  connections  to  the  Arduino  UNO,  first  the  GND  pin  of  the  LoRa 
 transceiver  module  should  be  connected  to  the  GND  pin  on  the  Arduino  UNO.  To  supply 
 power  to  the  LoRa  transceiver  module  a  wire  must  connect  the  VDD  pin  on  the 
 transceiver  module  to  the  3.3V  power  supply  pin  on  the  Arduino  Uno.  Next  the  TXD  pin 
 of  the  LoRa  transceiver  module  should  be  connected  to  the  RX  pin  of  the  Arduino  UNO. 
 The  RXD  pin  is  already  connected  to  the  TX  pin  of  the  Arduino  UNO  through  the  4.7k 
 resistor. 
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 This  pin  connection  design  between  the  Arduino  UNO  and  LoRa  transceiver  module  was 
 first  designed  to  represent  the  transmitting  side  of  the  RF  signal  transmission  system. 
 Since  the  LoRA  modules  are  transceivers  and  can  transmit  and  receive  data  the 
 connections  remain  the  same  on  the  receiving  side  of  the  RF  signal  transmission  system. 
 So  the  second  LoRa  transceiver  module  can  be  connected  to  the  second  Arduino  UNO 
 and set up using the same steps as above used for the transmitter side. 

 To  first  test  the  connection  between  the  two  LoRa  transceiver  modules,  the  AT  commands 
 can  be  used  to  send  various  messages  from  either  the  transmitter  or  receiver  side.  The 
 USB  to  TTL  serial  cable  adapter  may  still  come  in  use  to  directly  interface  with  the  LoRa 
 transceiver  modules  to  check  that  they  are  on  the  same  network  and  have  unique 
 addresses that can be used to identify each transceiver module. 

 When  programming  the  transmission  of  data  over  the  RF  signal  transmission  system,  an 
 important  line  to  include  is  to  declare  the  baud  rate  for  serial  communication  necessary 
 for  the  timely  communication  between  the  RC  Rover  and  remote  control  system.  REYAX 
 provides  a  LoRa  AT  Command  Guide  which  can  be  applied  for  programming  the  specific 
 REYAX RYLR896 transceiver module that is used in this project. 

 The  LoRa  AT  Command  Guide  explains  how  to  use  AT  commands  and  the  sequence  in 
 which  they  should  be  used  from  setting  up  characteristics  of  the  LoRa  transceiver 
 modules  like  the  address,  network  id,  frequency  for  transmission,  and  other  RF  wireless 
 parameters. 

 After  configuring  the  settings  for  the  LoRa  transceiver  modules  and  testing  simple  data 
 transmission  works  through  AT  commands,  the  analog  joystick  can  be  interfaced  with 
 one  of  the  LoRa  transceiver  modules  and  Arduino  UNO  set  ups  to  test  whether  the  analog 
 joystick  position  is  transmitted  correctly.  Following  the  testing  of  the  analog  joystick  in 
 section  5.8,  similar  steps  can  be  taken  to  test  the  analog  joystick  along  with  data 
 transmission over the RF signal transmission system. 

 First  the  raw  coordinate  data  can  be  transmitted  over  the  RF  signal  transmission  system. 
 The  coordinates  of  an  idle  analog  joystick  would  read  around  (512,  512)  representing  the 
 X  and  Y  axis  as  the  positional  data  along  each  axis  ranges  from  0  to  1023.  Similar  to  the 
 program  written  to  test  the  analog  joystick,  two  programs  would  need  to  be  written  to 
 configure the transmission of the analog joystick’s positional data. 

 On  the  side  where  the  analog  joystick  is  connected  to  the  Arduino  UNO  and  LoRa 
 transceiver  module,  the  program  must  first  be  able  to  read  the  positional  data  from  the 
 analog  joystick.  This  process  is  explained  in  section  5.8.  After  the  analog  joystick’s 
 positional  data  is  read,  the  program  must  encode  this  data  to  be  transmitted  over  the  LoRa 
 transceiver  module.  This  is  simply  done  through  the  AT  commands  provided  in  the  LoRa 
 AT  Command  Guide.  The  positional  data  can  be  sent  through  serial  communication  using 
 the  command  AT+SEND,  followed  by  the  number  of  bytes,  then  the  data  that  needs  to  be 
 transmitted. 
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 On  the  receiving  end  which  consists  of  only  the  LoRa  transceiver  module  and  the 
 Arduino  UNO,  a  program  needs  to  be  written  to  interpret  the  data  received  by  the  LoRa 
 transceiver  module.  Since  the  data  is  transmitted  in  the  form  of  a  string,  a  variable  can  be 
 declared  in  the  form  of  a  string  labeled  as  Incoming.  After  identifying  the  variables 
 necessary  to  receive  the  transmitted  data,  a  loop  can  be  created  to  identify  whether  the 
 variable  contains  data,  display  the  data,  then  clear  the  data  from  the  variable  to  make  it 
 available  for  the  next  transmission.  This  is  just  a  possible  method  for  reading  the  data 
 transmitted  from  the  analog  joystick  through  the  LoRa  transceiver  module.  A  more 
 convenient  or  correct  method  of  reading  and  decoding  the  data  received  may  be 
 developed during the testing stage. 

 After  testing  and  determining  that  the  analog  joystick’s  data  is  transmitted  through  the  RF 
 signal  transmission  system,  testing  can  begin  to  configure  the  LoRa  transceiver  modules 
 to  set  up  a  two-way  transmission  system.  In  the  final  stage,  this  will  allow  the  RC  Rover 
 to  send  various  sensory  information  to  the  control  station  in  addition  to  receiving  the 
 analog  joystick  data  from  the  remote  control  system  telling  the  RC  Rover  how  and  where 
 to move. 

 To  test  a  two-way  connection,  one  of  the  sensors  can  be  connected  to  the  LoRa 
 transceiver  module  and  Arduino  UNO  setup  without  the  analog  joystick.  The  programs 
 written  to  perform  the  data  transmission  of  the  analog  joystick  can  be  modified  to  create  a 
 loop  where  both  sides  will  check  if  there  is  received  data,  read  it,  then  send  data  to  the 
 other LoRa transceiver module. 

 To  avoid  accidentally  damaging  the  sensors,  a  two-way  transmission  system  can  be 
 designed  using  LEDs.  Along  with  the  pin  connections  of  the  LoRa  transceiver  module  to 
 the  Arduino  UNO,  an  LED  light  should  be  connected  to  the  Arduino  UNO  board.  The 
 anode  of  the  LED  light  should  be  connected  to  a  digital  pin  on  the  Arduino  UNO,  then 
 the  cathode  of  the  LED  should  be  connected  to  ground.  This  should  be  done  on  both 
 LoRa transceiver modules and Arduino UNO setups. 

 Next  a  program  should  be  written  using  the  AT  commands.  Both  sides  will  contain 
 similar  programs.  After  declaring  the  baud  rate  and  completing  the  setup  of  the  LoRa 
 transceiver  module’s  characteristics,  a  loop  should  be  created  to  determine  when  data  is 
 being  received  and  when  data  is  being  transmitted.  Simply,  either  side  of  the  RF  signal 
 transmission  system  will  send  a  transmission  using  AT  commands  saying  “AT+SEND  = 
 0,  8,  Testing!”,  turn  the  LED  on  for  0.01  seconds,  turn  the  LED  off  then  start  a  timer  at 
 the  end  of  the  transmission.  At  the  beginning  of  the  loop,  a  timer  will  start  counting,  then 
 a  variable  will  determine  if  the  time  passed  from  the  beginning  of  the  loop  starting  is 
 larger  than  the  time  of  the  final  transmission  plus  the  blink  of  the  LED  light.  If  this  is 
 true, the loop will begin again. 

 In  the  receiving  section  of  the  program,  the  code  will  have  an  empty  variable  waiting  to 
 be  filled  by  the  data  transmitted  from  the  other  LoRa  transceiver  module  set  up.  When  the 
 program  determines  that  there  has  been  data  received,  the  statement  received  will  be 
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 displayed,  then  the  LED  on  the  setup  which  received  the  transmission  will  blink  for  0.01 
 seconds. 

 To  make  this  testing  of  the  two-way  RF  signal  transmission  system  easier  and  more 
 noticeable  that  the  connection  works  both  ways,  two  LED  lights  can  be  used  at  each 
 LoRa  transceiver  module  and  Arduino  UNO  setup.  A  flashing  red  LED  will  mean  data  is 
 being transmitted, and a flashing green LED will represent data being received. 

 After  this  two-way  system  is  determined  to  be  working,  the  sensor  boards  that  will  be 
 used  on  the  RC  Rover  can  be  connected  to  the  Arduino  UNO  to  modify  the  program  to  fit 
 the  type  of  data  that  needs  to  be  transmitted  from  the  sensors.  The  other  side  of  the  RF 
 transmission  system  will  still  contain  the  analog  joystick  to  begin  interfacing  all  the  final 
 components together. 

 5.9.4.  Schematic 

 The  following  schematic  is  just  a  placeholder  for  the  final  schematic  design  that 
 will  be  implemented  for  the  RF  signal  transmission  system.  This  image  shows  how  the 
 transmitter will be connected to the arduino via UART. 

 Figure 17: Schematic for the Connection of the Lora Module to the Arduino (  Electronic 
 Clinic)[29] 

 The  radio  transceiver  being  used  as  a  transmitter  in  this  diagram  is  connected  to  the  MCU 
 in  the  RCS  via  UART.  This  will  allow  the  MCU  to  send  the  data  that  will  be  transmitted 
 to the transceiver. 

 5.10.  Rover RC Movement Design 
 This  section  will  describe  the  design  process  for  the  rover  response  to  the  remote 

 control  signals  sent  from  the  RCS.  It  will  include  the  design  responsibilities,  approach, 
 and  a  description  of  the  design’s  function  and  logic.  This  section  will  not  include  a 
 schematic  due  to  the  design  that  the  motors  mount  to  the  board  via  JST  connectors  that 
 bridge the motors to the MCU. Therefore showing a schematic would be redundant. 
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 5.10.1.  Overview 

 The  rover  is  required  to  move  a  minimum  of  3.05m  (10ft)  after  the  capsule  has 
 landed  via  remote  control.  As  stated  prior,  the  rover  is  piloted  from  the  observation 
 location  at  the  launch  site  via  radio  transmission  using  a  2-axis  joystick.  The  rover 
 receives  the  signals  sent  from  the  RCS  and  processes  them  to  be  used  to  control  the  speed 
 and direction of its motors. 

 5.10.2.  Design Approach 

 As  discussed  in  prior  sections  the  rover  is  using  a  2-axis  joystick  controller  and  4 
 motors  driving  a  set  of  wheels  to  control  and  power  its  locomotion.  The  radio  control 
 signals  are  received  via  the  lora  module  previously  covered.  This  module  provides  an 
 output via UART for the rover microcontroller to process. 

 The  microcontroller  is  responsible  for  polling  the  data  from  this  transceiver  and 
 converting  its  data  to  a  usable  signal  for  the  motor  control.  The  MCU  polls  the 
 transceiver  and  receives  the  direction  data  sent  by  the  RCS.  This  data  is  then  used  to 
 control the direction of the four rover motors connected to the MCU. 

 The  data  sent  by  the  RCS  is  a  string  that  contains  a  character  representing  forward, 
 backward,  left,  or  right.  This  data  can  easily  be  interpreted  to  control  the  speed  and 
 direction  of  the  rovers  motors.  The  2-axis  joystick  used  in  this  project  has  individual  pins 
 for  x  and  y  outputs.  Therefore  numbers  from  the  y  pin  drive  linear  rover  motion  (back 
 and  forward  motion)  and  numbers  from  the  x  pin  drive  rotational  motion  for  the  rover 
 (spinning clockwise or counterclockwise). 

 The  motor  speed  is  controlled  by  a  PWM  signal  sent  from  the  rover  MCU  gpio  pins  that 
 are  PWM  compatible.  The  speed  is  fixed  to  a  specific  RPM  that  is  suitable  for  sand  and 
 was  determined  from  testing.  The  expected  behavior  of  this  design  will  be  detailed  in  the 
 next section which will cover the experience and inner workings of using this design. 

 5.10.3.  Detailed Design Description and Expected Operation 

 This  section  will  explain  the  expected  behavior  and  describe  how  both  the 
 interpretation  of  remote  control  signals  and  the  rover  controlled  movement  operates. 
 While  these  systems  work  in  tandem,  and  the  first  feeds  the  second,  they  are  explained 
 separately since they are separated and mediated by the microcontroller. 

 5.10.3.1.  Interpreting Remote Control Signals 

 As  discussed  previously,  the  remote  control  signals  are  read  through  the  radio 
 transceiver  connected  to  the  rover  PCB.  The  transceiver  is  read  through  UART  and  a 
 string with one character representing movement direction is received. 
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 The  rover  constantly  samples  the  transceiver  via  UART  using  the  standard  rate  of  9600 
 baud.  Once  the  direction  character  has  been  determined,  it’s  value  is  processed  by  another 
 branch of logic to determine the motor directions. This is done as follows: 

 1.  Retrieve direction character: 
 a.  If “F” 

 i.  Set left motors to forward 
 ii.  Set right motors to forward 

 b.  If “B” 
 i.  Set left motors to backward 

 ii.  Set right motors to backward 
 c.  If “L” 

 i.  Set left motors to backward 
 ii.  Set right motors to forward 

 d.  If “R” 
 i.  Set left motors to forward 

 ii.  Set right motors to backward 
 e.  If “S” 

 i.  Set speed value as 0 

 These  five  supported  movements  of  forward,  backward,  left  spin,  right  spin,  and 
 stationary  allow  the  joystick  user  to  have  full  and  accurate  control  of  the  rover  for  the 
 duration  of  the  mission  once  the  rover  has  safely  landed  and  been  released  from  the 
 capsule. 

 5.10.4.  Schematic 

 The  following  schematics  will  show  the  MCU  setup  for  the  rover  as  well  as  the 
 connection  of  the  motors  that  were  discussed  in  this  section.  The  following  parts  will  be 
 excluded  from  this  section  due  to  their  prior  discussion:  the  altimeter  and  accelerometer, 
 the battery charger, and all voltage regulators. 
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 Figure 18: Rover MCU connections 

 This  figure  shows  all  of  the  connections  that  allow  the  MCU  to  control  the  following 
 components:  altimeter  and  accelerometer  (as  discussed  in  the  CLASS  schematic)  via  I2C, 
 the  RC  signal  receiver  via  UART,  and  the  left  and  right  banks  of  motors  via  PWM,  GPIO 
 powered  direction  control,  and  GPIO  load  switch  control.  These  connections  will  be 
 explained in the following schematics. 

 On  the  top  right  the  MCU  programming  header  pins  and  reset  button  can  also  be  seen. 
 The  MCU  will  be  programmed  via  spi-bi-wire  using  the  MSP430  launchpad.  This  is  done 
 by  directly  connecting  the  MSP430  launchpads  programming  bypass  pins  to  these  pins  on 
 the  designed  PCB  and  then  using  Code  Composer  Studio  to  program  the  target  MSP430 
 MCU. 

 Figure 19: Rover Motor Connections Schematic 

 This  figure  shows  the  pin  headers  that  the  motors  will  be  wired  to  and  the  power  control 
 of  the  motors.  On  the  left,  load  switches  can  once  again  be  seen  that  bridge  the  12V 
 power  supply  to  the  motors  and  allow  precise  on/off  control  of  the  motors  via  the  MCUs 
 GPIO  pins  (1  per  load  switch).  The  right  side  of  the  schematic  shows  the  5-pin  headers 
 that  the  four  motors  are  connected  to.  It  should  be  noted  that  the  two  left  motors  and  two 
 right  motors  share  the  same  load  switch  input,  and  the  same  signals  for  their  PWM 
 controls.  This  is  because  each  side  of  motors  will  always  be  moving  in  the  same 
 direction,  at  the  same  speed,  at  the  same  time.  This  allows  data  lines  to  be  reused  between 
 the  two  motors.  This  saves  MCU  pins,  board  space,  and  reduces  MCU  computing  load 
 and therefore, potentially some power. 
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 Figure 20: RC Transceiver and Video Transmitter Connections 

 The  last  part  of  the  rover  schematic  that  has  not  been  covered  in  this  section  or  previous 
 sections  is  the  connection  of  the  transceiver  that  will  get  the  RC  signals  from  the  RCS, 
 and the video transmitter that will transfer the camera (not pictured) signals to the RCS . 

 The  radio  transceiver  communicates  with  the  MCU  via  UART  which  will  allow  the  MCU 
 to  turn  the  incoming  signals  into  PWM  signals  for  the  motors.  This  process  was  discussed 
 in  the  previous  section  on  remote  control.  The  transceiver  may  be  used  to  send  back 
 diagnostic  data  to  the  RCS  but  that  has  not  been  decided.  However  it  will  be  wired  to 
 enable this to allow the decision to be made if desired. 

 The  video  transmitter  does  not  require  MCU  interaction  and  is  only  powered  by  the  rover 
 battery.  It  also  has  passthrough  power  for  the  video  camera  that  will  be  used  and  therefore 
 no  connection  in  the  schematic  is  needed  for  the  camera.  The  camera’s  data  lines  and 
 power  connect  to  the  video  transmitter  which  receives  12V  power  from  the  PCB,  and 
 handles its own transmission to its video  receiver. 
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 5.11.  Full System Schematics 
 5.11.1.  Rover 

 This  section  shows  a  labeled  diagram  of  the  RCS  schematic.  This  can  be  used  to 
 see the full schematic and replicate the schematic idea if necessary. 

 Figure 21: RC Transceiver and Video Transmitter Connections 

 5.11.2.  RCS 

 This  section  shows  a  labeled  diagram  of  the  rover  schematic.  This  can  be  used  to 
 see the full schematic and replicate the schematic idea if necessary. 

 Figure 22: RC Transceiver and Video Transmitter Connections 
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 5.11.3.  Capsule 

 This  section  shows  a  labeled  diagram  of  the  capsule  schematic.  This  can  be  used 
 to see the full schematic and replicate the schematic idea if necessary. 

 Figure 23: RC Transceiver and Video Transmitter Connections 
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 6.  Testing 

 This  chapter  will  cover  the  cohesive  high-level  testing  procedures  for  all  of  the 
 subsystems  designed  in  chapter  5.  It  will  present  the  testing  for  the  rover,  capsule,  and 
 remote  control  station,  and  explain  the  procedures  and  results  of  the  tests  employed  in 
 each  subsystem.  At  the  end  of  this  chapter,  the  facilities  and  equipment  used  to 
 prototype/test will be acknowledged and explained. 

 6.1.  Rover Systems Testing 
 This  section  will  cover  the  subsystems  of  the  rover.  The  main  rover  subsystems 

 are  locomotion,  landing  sensing,  auto-start,  video  transmission,  and  remote  control 
 reception.  Each  section  will  present  the  test  procedure  and  the  results.  A  picture  will  be 
 included of the testing when applicable. 

 6.1.1.  Landing Sensing 

 This  section  will  cover  the  landing  sensing  detection  logic  that  is  also  used  for  the 
 CLASS system. It uses the same hardware as the final implementation of the system. 

 A  breakout  board  for  both  an  accelerometer  was  purchased  for  testing  this  section.  This 
 board  is  connected  to  an  MSP430  launchpad  to  read  the  output  values  via  UART.  Due  to 
 the  inability  for  the  team  to  simulate  high  G  and  high  altitude  environments,  the  code  is 
 edited for what can be done in the lab. 

 6.1.1.1.  Accelerometer Test Procedure 

 The  accelerometer  is  tested  for  its  ability  to  both  register  and  save  a  state  in  the 
 mode  that  a  certain  G  force  has  been  measured,  and  it  is  also  tested  for  its  ability  to  detect 
 horizontal orientation for the length of 5 seconds or more. 

 Since  the  real  system  initializes  the  beginning  of  landing  detection  after  4G  of  force  is 
 detected,  and  this  is  not  possible  for  the  team  members  to  simulate,  they  tested  for  2G  of 
 force recognition. The team members were able to simulate 2G by swinging an arm. 

 The  MCU  should  detect  the  2G  force  and  then  begin  to  check  when  the  rate  of  orientation 
 is  flat  0  for  5  seconds  (as  discussed  in  the  design  section)  which  should  light  an  LED  on 
 the MCU breakout board. 

 To  test  the  device,  the  initial  force  was  induced  on  the  device,  and  then  the  device  was 
 held  in  different  orientations,  for  10  seconds,  briefly  held  horizontal  for  3  seconds,  then 
 oriented  in  multiple  directions  for  another  10  seconds,  and  then  set  to  horizontal  and  after 
 5  seconds  the  LED  should  light  up  indicated  the  landing  state  has  been  detected.  This  is 
 the success criteria for this part. 

 This  test  was  fully  successful.  Only  after  5  seconds  of  continuous  horizontal  orientation 
 would  the  LED  on  the  launchpad  light  up.  It  would  also  stop  lighting  up  the  second  the 
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 accelerometer  left  the  horizontal  orientation,  allowing  the  lock  to  relock  in  the  real 
 application. 

 6.1.2.  Rover Locomotion 

 This  section  covers  the  tests  that  determine  if  the  movement  of  the  motors  as 
 intended  is  possible.  The  control  of  motor  speed  and  direction  via  a  microcontroller  board 
 was tested. 

 6.1.2.1.  Test Procedure 

 This  test  was  done  by  connecting  a  motor  to  an  MSP430  breakout  board  to  be 
 controlled  by  the  board.  The  motor  comes  with  the  following  pins:  power,  ground, 
 direction,  speed,  and  FG  (a  pin  that  can  tell  the  microcontroller  the  exact  speed  of  the 
 motor).  All  pins  were  connected  except  the  FG  pin  which  is  not  necessary  and  was  not 
 used  in  the  final  design.  The  motor  can  have  leads  straight  to  the  microcontroller  since  it 
 has an integrated motor driver and therefore no extra circuitry is needed. 

 Code  was  developed  on  the  MCU  to  run  the  motor  via  PWM  as  it  is  in  the  rover 
 implementation.  The  motor  received  power  from  a  voltage  generator  at  12V  and  received 
 direction  and  speed  control  from  the  MCUs  GPIO  and  PWM  pins  respectively.  The  code 
 had two operations that are explained below. 

 The  first  operation  of  the  code  is  to  adjust  the  motor  speed.  One  button  on  the  MCU 
 development  board  was  responsible  for  adjusting  the  PWM  duty  cycle  that  controls  the 
 motor  in  increments  of  10%  starting  from  10%  going  to  100%  and  rolling  over  to  10%.  A 
 piece  of  tape  was  attached  to  the  motor  output  shaft  to  make  the  changes  in  speed 
 observable. 

 The  second  operation  of  the  code  was  to  invert  motor  direction.  The  second  button  on  the 
 MCU  launchpad  was  used  to  control  the  motor  direction.  Each  time  the  button  is  pressed 
 the  motor  changes  to  a  different  direction.  This  once  again  was  observed  via  the  piece  of 
 tape on the motor output shaft. 

 If  both  the  change  of  direction  and  changes  in  speed  can  be  observed  and  are  consistent, 
 the  motor  was  verified  to  work  for  its  intended  uses.  The  test  was  successful  and  provided 
 confidence  that  the  four  motors  that  were  used  are  sufficient  to  power  the  rovers 
 locomotion. 

 6.1.3.  Auto-Start 

 This  section  covers  the  testing  that  will  determine  if  the  logical  design  of  the 
 auto-start  system  is  possible.  That  is  determining  if  the  rover  motors  can  indeed  be  turned 
 off by removing their power source via load switch. 
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 6.1.3.1.  Test Procedure 

 This  was  tested  by  proxy  with  the  landing  sensing  and  rover  locomotion  systems. 
 Since  this  system  uses  those  two  in  conjunction,  its  testing  was  done  on  the  final  product 
 implementation. 

 To  test  this  system,  all  that  was  done  was  loading  on  the  landing  sensing  code  that  drove 
 the  motors  forward  for  5  seconds  after  landing  to  see  if  the  rover  would  drive  after  5 
 seconds  of  sitting  horizontally.  It  completed  this  test  multiple  times,  and  was  verified  to 
 work. 

 6.1.4.  Video Transmission and Reception 

 This  section  will  cover  the  testing  that  will  determine  if  the  video  data  can  be  sent 
 from  the  rover  to  the  remote  control  station.  This  will  be  done  using  the  same  transceiver 
 and  receiver  combination  that  will  be  used  in  the  final  implementation.  This  section 
 works  in  tandem  with  section  6.3.3  as  this  testing  must  be  successful  for  that  testing  to  be 
 completed. 

 6.1.4.1.  Test Procedure 

 This  system  will  use  an  FPV  video  transmitter,  FPV  video  receiver,  and  an  FPV 
 camera.  Each  of  the  parts  mentioned  will  all  be  tested  with  an  oscilloscope  to  make  sure 
 signal is being produced, transmitted, and received without any issue. 

 To  make  sure  that  the  camera  is  working  it  will  be  tested  out  on  an  oscilloscope  to  make 
 sure  it  produces  a  signal  when  plugged  into  power.  The  other  way  to  check  if  the  camera 
 is  producing  a  useful  signal  will  be  to  plug  in  the  camera  into  the  display  and  make  sure  it 
 produces  an  image  without  significant  noise.  If  the  image  from  the  camera  straight  into 
 the  display  contains  too  much  noise,  then  it’s  likely  the  image  won’t  be  good  enough  for 
 the  competition  when  it’s  being  transmitted.  If  the  image  produced  is  noisy,  the  things  to 
 check  will  be  any  surrounding  wires,  then  any  surrounding  devices,  lastly  checking 
 connections  to  make  sure  everything  was  wired  properly.  If  fixing  the  aforementioned 
 issues  do  not  solve  an  unusable  noisy  image,  then  the  problem  is  the  camera  and  another 
 one would need to be ordered. 

 To  check  that  the  FPV  video  transmitter  is  working  the  camera  will  first  need  to  check  for 
 correct  image  capture.  To  check  the  issues  with  the  video  transmission  and  reception 
 system  parts  prior  to  the  current  part  in  the  pipeline  need  to  work.  For  example,  the  video 
 transmitter  cannot  properly  be  checked  without  first  checking  that  the  camera  is 
 transmitting  a  valid  video  signal.  After  checking  the  validity  of  the  camera  signal,  the 
 signal  will  then  be  fed  to  the  video  transmitter.  To  make  sure  the  video  transmitter  is 
 working  properly  a  device  able  to  receive  the  transmitted  signal  is  needed.  The  video 
 transmitter  has  a  variety  of  usable  bandwidths,  so  the  receiver  will  need  to  cycle  through 
 the  possible  bandwidths  to  see  if  the  signal  at  that  frequency  changes  when  the 
 transmitter  is  turned  on.  To  do  this  the  group  could  use  a  frequency  spectrum  analyzer  to 
 view the transmitted video signal. 
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 Testing  for  the  FPV  video  receiver  will  commence  after  making  sure  the  video 
 transmitter  works  properly.  To  make  sure  the  FPV  video  receiver  works,  it  would  be  best 
 to  check  with  two  different  5.8GHz  receivers  at  the  same  frequency  and  test  that  both 
 signals  received  are  the  same.  If  both  of  the  signals  received  differ  by  a  large  factor,  it  can 
 be  assumed  there  is  something  wrong  with  one  of  the  receivers.  It  is  expected  that  the 
 signals  will  not  be  exactly  the  same  because  of  differences  in  noise,  distance,  etc.  Minor 
 changes  will  not  be  taken  into  consideration  for  testing.  If  the  signal  is  being  received 
 properly,  the  next  thing  to  compare  will  be  the  quality  of  the  video  signal  directly 
 connected  to  the  display  versus  signal  received  from  the  video  receiver.  If  the  video 
 receiver  signal  loses  too  much  information  due  to  noise,  the  same  considerations  taken 
 for  the  video  transmission  will  be  used  here.  If  the  signal  is  still  too  noisy  after  removing 
 possible sources of interference, then a new video receiver will need to be used. 

 Further  testing  of  the  video  transmission  needs  to  be  done  at  varying  distances  to  ensure 
 the  5.8GHz  video  transmitter  and  video  receiver  will  work  at  varying  distances.  The 
 5.8GHz  frequency  band  is  known  to  not  work  well  when  the  transmitter  and  receiver 
 don’t  have  direct  line  of  sight.  To  make  sure  the  video  transmitter  and  receiver  work  well 
 for  this  use  case  they  will  be  tested  in  environments  as  similar  to  the  FAR  competition 
 environment  as  possible.  The  transmitter  and  receiver  will  be  tested  with  various 
 obstructions  such  as  bushes,  trees,  electronics,  plastic,  walls,  people,  etc.  If  the  video 
 signal  retains  enough  visual  information  to  identify  environmental  obstacles  and  overall 
 orientation, then it will suffice for the live video feed. 

 Once  all  of  the  parts  mentioned  are  tested  as  outlined,  the  display  will  need  to  be  tested  to 
 make sure it displays at the proper quality the group decided upon. 

 When  testing  the  video  transmission  after  the  display  was  verified  to  work,  the  group 
 made  sure  to  do  as  long  a  distance  of  a  test  as  possible.  The  5.8GHz  frequency  can  have 
 some  difficulties  regarding  signal  strength  at  distance  if  there  are  obstacles  or 
 interference.  When  testing  the  video  transmission  the  group  took  the  video  transmission 
 to  test  on  a  lake.  On  one  end  of  the  lake  was  the  video  transmitter,  camera  and  on  the 
 other  end  was  the  video  receiver  and  display.  The  distance  between  the  receiver  and 
 transmitter  was  .25  mi,  which  provided  a  flawless  video  feed  to  the  RCS  display.  After 
 losing  line  of  sight,  the  signal  was  lost  as  expected  due  to  the  weak  signal  permeability  of 
 the  5.8GHz  frequency  band.  However,  all  use  cases  for  the  rover  are  expected  to  be 
 within line of sight so this won’t cause any issues. 

 6.1.5.  Remote Control Movement 

 This  section  will  explain  the  testing  behind  the  rover’s  conversion  of  the  received 
 remote  control  signals  into  usable  movement.  It  will  determine  if  the  rover  can  be 
 controlled by the rover control station. 

 6.1.5.1.  Test Procedure 

 This  system  will  be  tested  using  two  Texas  Instrument  breakout  boards:  the 
 MSP430  launchpad  and  an  accompanying  board  that  has  a  joystick  on  it  that  can  be 
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 directly  mounted  to  the  first  board.  To  take  out  the  variable  of  distance  and  radio 
 transmission from this test, this direct method will be utilized. 

 The  code  that  is  presented  in  section  6.3.1  will  be  used  in  this  section  as  well,  but  with 
 edits  for  the  different  MCU.  This  test  will  use  two  motors,  and  they  will  be  connected 
 directly  to  the  breakout  board  using  the  same  connections  discussed  in  section  6.1.1  with 
 one  difference.  The  12V  power  will  instead  pass  through  a  load  switch  that  provides 
 power  to  the  motors,  and  the  load  switches  will  be  connected  to  the  breakout  board  as 
 well.  These  motors  will  act  as  if  they  are  on  opposite  sides  of  the  rover  to  test  both  linear 
 motions and rotational motion. 

 The  MCU  will  read  all  four  axis  positions  outputs  from  the  joystick  for  this  test.  As 
 discussed  in  the  design  section  5.10,  the  joystick  signals  will  be  converted  as  percentages 
 0-100%  in  increments  of  10  based  on  the  range  of  the  joystick.  The  direction  control  will 
 also  be  derived  from  the  joystick,  where  forward  on  the  joystick  is  forward  for  both 
 motors,  backward  is  backward  for  both  motors,  left  is  backward  for  the  left  motor  and 
 forward for the right, and right is forward for the left motor and backward for the right. 

 The  second  feature  of  the  code  is  to  control  the  load  switches  the  motors  are  connected  to 
 based  on  the  joystick  position.  When  the  joystick  is  in  the  fully  neutral  position  (0  in  all 
 directions)  the  load  switches  should  be  opened,  and  the  motors  should  stop  moving.  THis 
 would allow the real rover to be motionless when intended. 

 Once  again,  each  motor  will  have  a  piece  of  tape  attached  to  its  output  shaft  to  allow  for 
 easy  visualization  of  their  direction  of  rotation.  The  joystick  will  be  moved  in  all  four 
 directions  and  the  correct  rotation  of  the  motors  must  be  observed  for  each  joystick 
 direction.  The  joystick  will  also  be  evaluated  at  the  neutral  state  to  ensure  the  motors  will 
 be  stopped  via  the  load  switch  as  intended  in  the  final  design  when  no  movement  should 
 happen.  This  code  altogether  will  allow  the  joystick  control  to  be  evaluated  for  its  duties 
 in  the  rover  mission,  and  will  give  confirmation  that  the  motors  can  be  controlled  as 
 designed. 

 6.2.  Capsule Systems Testing 
 This  section  will  cover  the  design  of  the  capsule  subsystems  of  the  CLASS 

 system.  The  testing  of  the  prototype  of  the  capsule  design  that  allows  it  to  land  in  the 
 correct  orientation  will  be  shown.  The  main  CLASS  subsystems  that  will  be  covered  are 
 the  landing  process,  landing  sensing,  and  autonomous  locking  release.  Each  section  will 
 present  the  test  procedure  and  the  results.  A  picture  will  be  included  of  the  testing  when 
 applicable. 

 6.2.1.  Capsule Landing 

 This  section  will  cover  the  prototyping  and  testing  of  a  scale  capsule  used  to  test 
 the  capsules  ability  to  land  in  the  correct  orientation  due  to  its  structural  design.  The 
 design presented in chapter 5 will be evaluated here. 
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 6.2.1.1.  Test Procedure 

 To  test  the  force  relationship  outlined  in  section  5.2.2,  a  small  scale  capsule 
 prototype  will  be  made  out  of  household  materials  and  suspended  by  a  string  that 
 simulates  the  parachute  chord.  A  small  weight  attached  to  the  inside  of  a  cardboard  roll 
 will  act  as  a  simulated  center  of  mass  for  the  prototype.  The  string  will  be  attached  to  one 
 end  of  the  cardboard  offset  from  the  center  point  of  the  cylinder’s  circular  face.  To 
 recreate  an  angle  of  attack  close  to  that  calculated  in  section  5.2.2,  the  string  will  be 
 attached  1.2  cm  from  the  center  point  of  the  cylinder’s  circular  face,  and  the  mass  will  be 
 placed  4.5  cm  from  the  face  where  the  string  is  attached.  This  will  yield  an  angle  of 
 attack  of  75.07  degrees  which  is  very  close  to  the  previously  calculated  75.96  degrees. 
 Additionally,  the  opposite  end  of  the  prototype  capsule  will  have  a  slanted  geometry 
 similar  to  that  of  figure  6.  It  is  important  to  include  this  feature  in  the  prototype  as  this 
 feature will be included in the final design and should be tested to ensure its helpfulness. 

 Once  the  prototype  is  assembled,  a  series  of  drop  tests  will  be  conducted  with  the  capsule 
 being  suspended  by  its  string  and  dropped  to  the  ground  at  a  constant  velocity  as  close  as 
 possible  to  the  expected  landing  velocity  the  final  design  is  expected  to  experience  with  a 
 parachute.  This  test  will  be  complete  when  the  capsule  has  been  dropped  50  times.  Each 
 successful  landing  will  be  recorded  and  plotted  against  the  measured  drop  velocity.  Every 
 unsuccessful  landing  will  result  in  a  thorough  failure  analysis  and  investigation.  The 
 success  criteria  for  a  test  landing  are  as  follows:  if  the  capsule  lands  with  the  mass 
 oriented  on  the  bottom  of  the  cylinder  without  the  capsule  rolling  over  first,  that  test  will 
 count  as  a  successful  landing.  If  the  capsule  rolls  over  or  tips  over  its  end,  that  test  will  be 
 considered  unsuccessful.  In  case  the  volume  of  the  tests  begins  to  damage  or  structurally 
 compromise  the  prototype,  additional  prototypes  will  be  constructed  to  carry  out  the 
 remaining  tests.  A  secondary  item  being  tested  is  if  the  prototype  achieves  its  calculated 
 angle  of  attack.  This  will  indicate  whether  the  final  capsule  will  be  able  to  achieve  the 
 proper angle for landing. 

 Figure 24: Capsule Prototype Demonstrating the Balance of Forces and Angle of 
 Attack 
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 6.2.2.  Landing Sensing 

 Due  to  this  system  being  made  of  the  same  parts  and  containing  the  same  logic  as 
 the  one  presented  in  6.1.1,  it  will  not  be  repeated  here.  Look  at  6.1.1  to  see  the  testing  and 
 verification procedure of the landing sensing system. 

 6.2.3.  Rover and Capsule Door Locks Release 

 To  recap,  this  function  will  detach  the  rover  coupling  from  the  capsule.  This 
 section  will  cover  how  this  was  tested,  and  the  results  found.  The  first  step  is  to  assemble 
 the prototype. The rover lock was connected to a power supply for testing. 

 6.2.3.1.  Test Procedure - Rover Lock 

 The  electromagnet  was  tested  for  its  ability  to  hold  the  rover  in  place.  Rated  with 
 up  to  50kg  of  holding  force,  the  lock  should  be  plenty  strong  to  hold  the  rover  but  this 
 must  be  tested  to  ensure  rover  security  during  the  mission.  With  the  lock  engaged 
 (unpowered)  it  was  put  under  multiple  stresses.  The  lock  had  to  endure  two  types  of  force 
 in  the  direction  of  stress.  The  first  force  is  the  impulse  created  by  the  parachute 
 deployment  and  rocket  launch.  The  second  force  is  the  static  force  of  holding  the  rover 
 while in freefall and during launch. 

 It  was  determined  that  the  parachute  and  rocket  launch  can  be  simulated  by  yanking  the 
 both  sides  of  the  lock  away  from  each  other  at  the  same  time  via  two  team  members 
 pulling  on  leads  connected  to  the  two  ends.  This  should  provide  more  force  than  the 
 parachute deployment or the rocket launch. 

 To  test  the  static  force,  the  electromagnet  had  a  40lb  weight  suspended  from  one  end 
 while  the  other  end  was  held  in  the  air  by  a  team  member.  By  holding  this  weight,  it  is 
 able  to  hold  the  rover  which  can  only  exert  a  theoretical  maximum  force  of  35  kgf  on  the 
 lock.  The  lock  was  also  tested  to  ensure  that  it  can  hold  5  lbs  for  30  mins  to  ensure  its 
 stability. 

 6.3.  Remote Control Station Systems Testing 
 This  section  will  cover  the  subsystems  of  the  RCS.  The  main  RCS  subsystems  are 

 reading  joystick  signals,  remote  control  transmission  (sending  the  joystick  signals),  and 
 video  reception  and  display.  Each  section  will  present  the  test  procedure  and  the  results. 
 A picture will be included of the testing when applicable. 

 6.3.1.  Reading Joystick Positional Data 

 This  section  will  cover  the  testing  of  the  ability  of  the  joystick  data  to  be  read  by 
 an  MCU  board.  The  testing  verifies  the  schematic  designed  for  the  joystick  and  verifies 
 the data output of the joystick is as expected and as explained in sections 5.8 - 5.10. 
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 6.3.1.1.  Test Procedure 

 To  test  the  ability  of  the  joystick’s  positional  data  to  be  read  by  an  MCU  board, 
 the  joystick  will  first  be  connected  to  an  Arduino  board  which  uses  an  ATmega328P 
 microcontroller.  This  is  the  same  microcontroller  chosen  to  be  used  in  the  final  design  of 
 the  remote  control  system.  The  analog  joystick  has  a  total  of  5  pins,  but  only  4  of  them 
 are  necessary  for  the  required  operation.  The  GND,  +5V,  VRx,  and  VRy  pins  of  the 
 analog  joystick  will  be  connected  to  the  GND,  5V,  A0,  and  A1  pins  and  terminals 
 respectively as described in section 5.8. 

 The  first  test  will  determine  whether  the  positional  data  of  the  analog  joystick  can  be  read 
 accurately.  The  VRx  and  VRy  pins  of  the  analog  joystick  provide  the  measurements  in 
 the  X  axis  and  Y  axis  respectively  in  a  range  of  values  from  0  to  1023.  The  value  0 
 represents  the  negative  end  of  an  axis  while  1023  represents  the  positive  end  of  an  axis  so 
 the  value  512  provides  the  neutral  reading  of  the  analog  joystick.  A  program  will  be 
 written  to  display  the  value  of  the  VRx  and  VRy  value  onto  the  computer  screen  which 
 the Arduino is connected to. 

 The  expected  results  of  this  test  will  display  coordinate  values  for  the  positional  data  of 
 the  analog  joystick.  When  the  joystick  shaft  is  pushed  all  the  way  up,  the  program  should 
 display  the  coordinate  (512,  1023).  When  the  joystick  is  not  being  moved  the  program 
 should  display  a  coordinate  around  (512,  512).  When  the  joystick  shaft  is  pushed  all  the 
 way to the right the program should display coordinate values around (1023, 512). 

 The  next  test  will  use  a  different  program  but  the  same  analog  joystick  and  Arduino  set 
 up  as  before.  The  new  program  will  classify  the  various  coordinate  values  as  whether  it 
 will  make  the  rover  move  forward  or  backward  then  if  the  rover  will  turn  left  or  right.  It 
 is  not  required  for  the  rover  to  move  and  turn  at  the  same  time  so  these  classifications 
 will  not  be  applied.  The  analog  joystick’s  coordinates  will  be  labeled  as  moving  forward 
 if  the  Y  axis  value  is  above  1000  and  it  will  be  labeled  as  moving  backwards  if  the  Y  axis 
 value  is  below  100.  The  X  axis  values  will  be  used  to  classify  the  direction  in  which  the 
 rover  will  turn.  When  the  X  axis  value  is  above  1000  the  rover  will  turn  right  and  when 
 the X axis value is below 100 the rover will turn left. 

 The  expected  results  of  this  second  test  will  display  the  coordinate  value  of  the  analog 
 joystick  and  display  whether  the  coordinate  is  classified  as  moving  forward,  moving 
 backward, turning left, or turning right. 

 6.3.2.  Remote Control Transmission and Reception 

 This  section  will  cover  the  testing  that  will  determine  if  the  joystick  data  can  be 
 sent  between  the  control  station  and  the  rover  itself.  This  will  be  done  using  the  same 
 transceivers to be used in the final implementation. 

 6.3.2.1.  Test Procedure 

 To  test  the  remote  control  transmission  and  reception  of  the  radio  frequency  signal 
 transmission  system  the  connection  between  the  transceiver  modules  chosen  will  be 
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 tested  first.  The  LoRa  REYAX  RYLR896  was  chosen  to  be  used  as  the  transceiver  for 
 this  rover.  The  transceivers  will  use  a  frequency  of  868  MHz  or  915  MHz.  One 
 transceiver  will  be  placed  on  the  rover  and  one  will  be  located  on  the  remote  control 
 system. 

 To  test  the  connection  between  the  two  transceiver  modules,  each  transceiver  module  will 
 be  connected  to  an  Arduino  board  that  uses  an  ATmega328P  microcontroller.  This  is  the 
 same  microcontroller  that  will  be  used  in  the  final  design  of  the  rover  and  the  remote 
 control  system.  The  transceiver  modules  consist  of  6  pins  labeled  as  VDD  for  power 
 supply,  NRST  for  active-low  reset,  RXD  for  UART  data  input,  TXD  for  UART  output, 
 and  GND  for  ground.  The  transceiver  modules  will  be  connected  to  the  Arduino  as 
 described in section 5.9. 

 First  both  transceiver  modules  need  to  be  configured  to  be  on  the  same  network.  This  is 
 done  by  using  AT  commands  to  set  the  network  id  for  each  transceiver  module.  Next  both 
 transceiver  modules  must  be  able  to  find  one  another  using  a  unique  address  which  can 
 also be set using AT commands. 

 The  first  test  will  determine  whether  data  can  be  passed  accurately  from  one  transceiver 
 module  to  the  other.  One  transceiver  module  will  be  programmed  to  act  as  a  transmitter. 
 This  is  done  by  connecting  the  TXD  pin  of  the  transceiver  module  to  the  RX  pin  of  the 
 Arduino.  The  RXD  pin  will  be  connected  to  the  TX  pin  of  the  Arduino.  AT  commands 
 will  be  used  to  send  a  string  message  from  the  transmitting  module  to  the  receiving 
 module.  REYAX  provides  a  LoRa  AT  Command  Guide  which  can  be  used  to  program 
 the  transceiver  modules.  When  writing  a  program  to  transmit  data  it  is  important  to 
 include  the  baud  rate  for  serial  communication  necessary  for  the  timely  communication 
 between the rover and the remote control system. 

 The  receiving  end  will  be  programmed  to  interpret  the  data  received  by  the  LoRa 
 transceiver  module  that  acts  as  a  receiver.  Since  the  data  is  transmitted  in  the  form  of  a 
 string,  a  variable  is  declared  in  the  form  of  a  string.  When  the  program  senses  that  data 
 has  been  received,  this  variable  will  be  filled  with  the  information  from  the  transmission. 
 Additional programming will allow the transmitted message to be displayed 

 The  expected  results  of  this  test  is  to  verify  that  the  network  id  is  the  same  for  both 
 transceiver  modules  and  that  both  modules  also  have  unique  addresses.  Next  the 
 receiving  transceiver  and  Arduino  set  up  must  display  the  message  sent  from  the 
 transmitter module correctly. 

 Next  the  transmission  of  the  analog  joystick  data  from  one  transceiver  module  to  the 
 other  will  be  tested.  The  analog  joystick  will  be  connected  to  the  Arduino  and  transceiver 
 module  set  up  that  is  being  used  as  the  transmission  side.  The  analog  joystick  does  not 
 need  to  be  directly  connected  to  the  transceiver  module.  Both  the  analog  joystick  and 
 transceiver  need  to  be  connected  to  the  Arduino  board  so  that  the  microcontroller  can  tell 
 the  transceiver  module  what  data  to  transmit  through  the  program  written  for  the 
 transmitter side. 
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 The  expected  results  of  this  test  are  the  display  of  the  analog  joystick’s  positional 
 coordinates.  When  the  joystick  shaft  is  pushed  all  the  way  up,  the  program  should  display 
 the  coordinate  (512,  1023).  When  the  joystick  is  not  being  moved  the  program  should 
 display  a  coordinate  around  (512,  512).  When  the  joystick  shaft  is  pushed  all  the  way  to 
 the  right  the  program  should  display  coordinate  values  around  (1023,  512).  This  will 
 show  that  the  positional  data  can  also  be  transmitted  accurately  over  the  radio  signal 
 transmission system. 

 To  test  the  range  of  the  radio  frequency  transceiver  modules  the  same  set  up  and  program 
 can  be  used.  An  open  field  like  a  football  field  or  airplane  runway  will  be  necessary  to 
 test  the  maximum  range  in  which  the  transceiver  modules  can  communicate.  The 
 transmitting  Arduino  and  transceiver  set  up  will  be  located  at  one  end  of  the  field  while 
 the  receiving  Arduino  and  transceiver  set  up  will  move  to  various  distances  to  test  the 
 range. 

 The  expected  results  of  this  test  is  to  receive  the  transmitted  message  at  a  range  of  2 
 kilometers  minimum  from  the  transmitting  transceiver  module.  This  is  necessary  because 
 the  control  station  will  be  located  1  km  away  from  the  rocket  launch  site,  and  the  rocket 
 can drift up to 1 mile away. 

 If  the  testing  shows  that  the  range  of  transmission  does  not  reach  the  range  that  is 
 necessary,  there  are  tutorials  available  explaining  how  to  extend  the  range  through  AT 
 commands.  If  this  does  not  work  as  well  more  research  will  need  to  be  done  to  see  how 
 the  range  can  be  improved.  Most  likely  the  range  can  be  increased  by  using  a  larger 
 antenna, but the transceiver module comes with a PCB integrated wire coil antenna. 

 6.3.3.  Video Display 

 This  section  will  include  all  of  the  methods  used  to  program  and  adjust  the  video 
 livestream  from  the  rover.  This  will  include  the  process  of  wiring  any  equipment  and 
 highlight the strengths and weaknesses of components during testing. 

 6.3.3.1.  Test Procedure 

 To  test  the  video  display  it  will  need  to  be  tested  with  a  video  signal  known  to  not 
 be  noisy.  To  get  this  tested  any  device  with  an  AV  out  cable  can  be  used.  A  group 
 member  had  an  Xbox  360  with  an  AV  out  cable  so  it  will  be  used  to  make  sure  the 
 display  works  properly.  First  the  Xbox  360  will  be  plugged  into  another  AV  display  to 
 make  sure  it  displays  correctly,  then  it  will  be  plugged  into  the  RCS  display  to  be  used  as 
 the  control  test.  If  the  signal  displays  correctly  from  the  Xbox  360,  then  the  display  works 
 properly.  If  the  display  doesn’t  display  properly  when  receiving  the  video  signal  from  the 
 video  receiver,  the  problem  could  be  wiring  or  another  part  of  the  video  transmission 
 reception system. 

 Once  the  display  has  been  tested  properly  in  the  housing  that  it  comes  in,  the  monitor  will 
 be  removed  from  the  housing  and  tested  again.  This  test  is  necessary  to  ensure  the 
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 monitor  will  function  when  it  is  integrated  into  the  3d  printed  housing  made  for  the  RCS. 
 If  it  doesn’t  work  outside  of  the  housing,  it  will  most  likely  be  due  to  a  bad  connection.  If 
 there  are  issues  outside  of  the  housing,  the  monitor  will  be  tested  again  with  the  Xbox 
 360  AV  connection.  If  the  display  doesn’t  work  outside  of  the  housing  with  the  Xbox  360 
 AV  connection,  it’s  possible  something  was  damaged  in  the  removal  of  the  monitor  from 
 the housing and a new display would need to be ordered. 

 6.4.  Rocket Integration 
 A  test  flight  was  done  with  the  rocket  to  test  the  integration  ability  of  the  payload 

 design.  The  payload  was  loaded  into  the  rocket  with  the  designed  sled  and  the  rocket  was 
 launched.  The  payload  was  successfully  ejected  by  the  roket  team’s  parachute  design  and 
 survived  the  landing.  This  proved  that  the  capsule  and  rover  fit  the  size  constraints  of  the 
 rocket and were designed to survive launch, deployment, and landing conditions. 

 6.5.  Facilities and Equipment 
 This  section  will  present  all  of  the  facilities  used  to  conduct  parts  testing  and 

 prototyping.  It  will  also  address  the  equipment  used  in  the  facilities  and  any  equipment 
 used by the team members that was integral in testing and prototyping. 

 6.5.1.  University of Central Florida Senior Design Lab 

 The  Senior  Design  class  provides  access  to  the  UCF  Senior  Design  Lab  for 
 students  to  test,  and  build  their  projects.  The  space  was  used  by  the  team  to  prototype  the 
 majority of the systems tested in the previous sections and is free to access. 

 6.5.1.1.  Equipment Used 

 ●  Oscilloscope 
 ●  Voltage/function generator 
 ●  Soldering equipment 
 ●  Breadboards 
 ●  Wires and wire cutters 
 ●  Linear circuit components 

 6.5.2.  Team Member Homes 

 Due  to  the  distance  of  some  team  member  homes  from  the  university,  and  the 
 nature  of  coding,  and  CAD  modeling,  there  was  some  prototyping  and  testing  done  at 
 team  member  homes  individually.  A  majority  of  the  code  that  powers  the  operation  of  the 
 system  was  written  on  personal  computers  at  the  ECE  team  member’s  homes.  The  MAE 
 student  also  developed  their  CAD  models  and  ran  their  simulations  at  their  home.  They 
 also used their home to create and test the prototype capsule model. 

 6.5.2.1.  Equipment Used 

 ●  Personal Computers 
 ●  Code Composer Studio 
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 ●  SOLIDWORKS 
 ●  AutoDesk EAGLE 
 ●  Code Composer Studio 
 ●  Arduino IDE 
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 7.  Prototyping, Manufacturing, and Programming 

 This  chapter  will  cover  the  in-depth  prototyping,  manufacturing,  and 
 programming  that  went  into  this  project.  It  will  be  divided  by  the  three  subsystems  the 
 project  was  divided  into:  Capsule,  Rover,  and  RCS.  Prototyping  and  programming  took 
 place  alongside  testing,  but  are  covered  with  manufacturing  for  cohesiveness.  Testing 
 was done at every stage of project construction. 

 7.1.  Capsule 
 The  capsule’s  main  components  that  were  prototyped  and  manufactured  are  the 

 capsule  itself  and  the  PCB  that  handles  the  landing  detection  system  which  was  also 
 programmed. 

 7.1.1.  Prototyping 

 The  prototype  design  for  the  capsule  body  can  be  seen  in  Figure  24  .  This  proof  of 
 concept  allowed  manufacturing  to  continue  with  confidence  that  the  mechanics  of  the 
 capsule  were  sound.  This  model  was  made  to  simulate  the  landing  angle  before  full 
 construction was started. 

 To  prototype  the  landing  system,  the  code  described  in  6.1.1  was  used.  The  testing  led  to 
 code  development  that  served  as  a  prototype  for  the  final  capsule  code  described  in 
 section 7.1.3. 

 7.1.2.  Manufacturing 

 The  two  parts  of  the  capsule  system  that  were  manufactured  were  the  metal 
 capsule  itself,  including  its  feet  and  the  PCB  enclosure.  This  section  covers  the  processes 
 and  materials  used  to  manufacture  these  parts.  Note  that  all  appropriate  safety 
 considerations were used regarding the use of power tools on metal as well as welding. 

 7.1.2.1.  Capsule 

 The  main  sections  of  the  capsule  were  cut  out  of  carefully  measured  AISI  1060 
 steel  sheets.  A  thicker  1.5  mm  thick  sheet  was  used  for  the  back  and  floor  of  the  capsule. 
 The  purpose  behind  this  was  so  that  the  metal  would  not  warp  when  exposed  to  the 
 tensile  forces  caused  by  attachment  to  the  parachute  during  deployment.  The  sides  and 
 top  of  the  capsule  were  composed  of  the  standard  1  mm  thick  steel  used  in  this  project. 
 Once  the  pieces  were  cut  out  and  their  edges  sanded,  the  sides,  bottom,  and  back  of  the 
 capsule  were  welded  together  using  an  oxygen  and  argon  torch  welder.  Due  to  small  but 
 significant  warping  of  the  metal  during  the  welding  process,  seamlessly  and  precisely 
 adding  the  top  piece  of  the  capsule  became  impractical  using  the  same  method.  Therefore 
 a  larger  top  piece  was  added  that  bent  over  the  sides  of  the  capsule  and  overlapped  the 
 metal  that  was  already  there.  Once  the  top  piece  was  in  place  and  was  properly  formed 
 over  the  existing  structure,  holes  were  drilled  and  rivets  were  added  to  secure  the  top 
 plate  in  place.  Once  the  main  structure  was  assembled,  holes  were  drilled  to  mount  the 
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 parachute  eye  hooks  and  the  electromagnetic  lock  on  the  back  of  the  capsule.  On  the 
 bottom  of  the  capsule  a  larger  hole  was  drilled  to  allow  for  power  to  be  sent  from  the 
 battery  and  PCB  located  on  the  underside  of  the  capsule  to  the  electromagnetic  lock  on 
 the  inside.  Finally,  the  capsule  was  sanded  down  and  painted  for  a  finished  look.  The 
 railing  system  was  later  added  on  to  the  capsule  before  flight  in  conjunction  with  the 
 main  rocket  team.  The  railing  consisted  of  two  sections  of  a  “U”  shaped  aluminum 
 channel  that  was  placed  on  either  side  of  the  rocket  payload  bay.  3D  printed  railing  was 
 provided by the rocket team and was epoxied to the sides of the capsule. 

 Figure 25: Painted Capsule Prior to Adding PCB Enclosure 

 7.1.2.2.  PCB Enclosure and Feet 

 To  make  the  capsule  PCB  enclosure,  an  acrylic  sheet  was  used.  The  acrylic  was 
 cut  using  a  bandsaw  to  fit  both  the  capsule  PCB  and  its  battery.  The  acrylic  box  was 
 assembled  using  a  hot  glue  gun  to  connect  the  pieces.  After  this,  holes  were  drilled  in  the 
 bottom  and  the  lid  for  the  circuit  board  standoffs.  A  hole  was  also  drilled  in  the  side  for 
 the lock connection. 

 The  feet  of  the  capsule  are  made  from  wood.  The  wood  was  cut  in  a  way  that  allows  the 
 capsule  to  tip  forward  as  the  rover  exits  so  that  the  front  wheels  can  grab  the  ground. 
 When  the  front  wheels  grab  the  ground,  it  prevents  the  rover  from  being  hung  up  on  the 
 exit of the capsule. The feet therefore allow for a smooth exit. 

 7.1.3.  Programming 

 The  Capsule  PCB  was  programmed  with  the  landing  detection  system  logic.  The 
 code  was  first  written  for  the  MSP430FR6989  microcontroller  and  then  ported  over  to  the 
 MSP430FR6928 by switching pin numbers and the timers used. 

 First,  the  accelerometer  was  programmed  to  get  acceleration  values  on  all  axes,  and  then 
 these  values  were  used  to  determine  when  the  capsule  is  in  the  flat  orientation.  The  way 
 flat  orientation  is  determined,  is  by  detecting  when  the  acceleration  experienced  by  the 
 z-axis  was  close  to  gravity.  This  required  careful  thresholding  because  it  is  important  that 
 the rocket does not detect a flat orientation mid flight. 
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 When  flat  orientation  is  detected,  a  timer  for  5  seconds  is  started  to  ensure  the  capsule  is 
 at  a  resting  state  on  the  ground.  If  orientation  goes  vertical  again  during  these  5  seconds 
 the  lock  remains  locked  and  the  timer  resets.  Once  5  seconds  in  a  flat  orientation  had 
 passed,  the  red  LED  on  the  MSP430FR6989  development  kit  was  turned  on  to  simulate 
 the  release  of  the  solenoid  lock.  This  code  was  then  ported  over  to  the  MSP430FR6928 
 microcontroller  on  the  capsule  PCB  and  was  flashed  by  using  the  on-board  emulator  of 
 an  MSP430FR6989  Development  Kit.  See  Figure  12  to  see  the  illustration  of  this 
 programming logic. 

 On  the  capsule  PCB,  code  to  control  the  lock  had  to  be  added  to  make  the  program 
 complete.  To  control  the  lock  the  load  switch  was  used.  In  the  case  of  this  code,  the  load 
 switch  was  set  to  a  default  open  state  to  cause  the  coupler  to  be  unpowered  and  therefore 
 locked.  When  landing  was  detected,  the  GPIO  pin  of  the  microcontroller  sends  a  high 
 signal  to  the  load  switch  to  close  it  and  unlock  the  coupler.  Whenever  the  capsule  leaves 
 the  horizontal  landing  orientation,  the  MCU  immediately  sends  a  low  signal  to  the  load 
 switch, once again locking the coupler. 

 7.2.  Rover 
 The  rover’s  main  parts  that  were  prototyped  and  manufactured  were  the  rover 

 frame,  and  the  rover  wheels.  The  main  programming  was  for  motor  movement,  and 
 remote control. 

 7.2.1.  Prototyping 

 Prototyping  for  the  rover  was  done  in  the  testing  stage.  The  main  prototyping  was 
 the  proof  of  concept  that  the  motors  chosen  can  be  controlled.  This  was  done  by  testing 
 the  motors  with  an  MSP430  launchpad.  After  this,  the  remote  control  reception  code  was 
 developed.  This  allowed  proof  that  the  joystick  messages  could  be  received.  Once  this 
 was  confirmed,  it  was  safe  to  assume  the  four  motors  could  be  applied  to  the  rover 
 design. 

 7.2.2.  Manufacturing 

 The  rover  was  manufactured  out  of  AISI  1060  steel  sheet  which  was  chosen  in 
 section  5.1  for  its  mechanical  properties  and  low  profile  form  factor.  All  manufacturing 
 was  done  in  a  well  ventilated  space  with  the  proper  PPE  per  OSHA  metalworking 
 guidelines. 

 7.2.2.1.  Frame 

 The  frame  or  rover  chassis  was  constructed  out  of  carefully  measured  1060  steel 
 sheet  pieces.  Measurements  were  carried  out  using  a  ruler  and  were  accurate  to  a 
 resolution  of  1  mm.  The  pieces  were  measured  in  accordance  with  the  constraints  placed 
 on  the  rover  dimensions  from  both  the  capsule  and  rocket  payload  bay.  The  pieces  were 
 then  cut  out  using  a  jigsaw  guided  in  a  straight  line  by  a  straight  edge  that  was  clamped  to 
 the  table.  After  cutting  out  the  main  chassis  pieces  holes  were  drilled  for  the  “L” 
 brackets,  camera,  mounting  stand-offs,  electromagnet  coupling  prong,  as  well  as 
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 pass-throughs  for  the  motor  wires.  “L”  bracket  holes  were  planned  before  final  assembly 
 of  the  chassis  as  seen  below  in  Figure  25.  These  hole  locations  were  carefully  chosen  so 
 that  the  brackets  did  not  obstruct  any  of  the  electronics  or  other  vital  hardware.  Once 
 holes  had  been  drilled  for  the  brackets,  a  rivet  tool  and  rivets  were  used  to  attach  all  the 
 pieces.  Lastly,  some  additional  metal  pieces  were  cut  and  bent  around  each  of  the  motor 
 housings.  These  pieces  attached  the  motors  to  the  bottom  of  the  rover  and  kept  them  in 
 place.  Fine  adjustment  to  the  position  and  angle  of  the  motors  was  made  possible  by 
 reshaping  the  metal.  Once  the  metal  housings  for  the  motors  were  properly  aligned,  the 
 motors  were  additionally  secured  to  the  bottom  of  the  rover  via  “L”  brackets.  This 
 configuration  firmly  secures  the  motors  with  friction  alone  but  leaves  room  for  epoxy  to 
 be added to further ensure the bond between the motors and rover is not compromised. 

 Figure 26: Cut Metal Frame Pieces Prior to Final Assembly 

 7.2.2.2.  Wheels 

 The  wheels  had  to  meet  several  specific  dimensional  requirements  as  they  could 
 not  exceed  4.5  cm  in  diameter  or  be  more  than  2  cm  wide  each.  As  such,  finding  pre-built 
 wheels  was  challenging  and  3-D  printing  was  discounted  due  to  the  time  it  would  take 
 and  the  cost  associated  with  additive  manufacturing.  As  such,  this  team  found  drive  gears 
 made  of  ABS  plastic  that  fit  the  allowable  dimensional  requirements  and  also  featured  a 
 large  diameter  to  tooth  length  ratio.  This  feature  would  equip  the  rover  with  the  surface 
 area  and  traction  it  would  need  to  drive  over  desert-like  terrains.  These  drive  gears  were 
 covered  in  a  rubberized  coating  and  attached  to  the  motor  spindles  very  carefully  to 
 reduce  the  wobble  the  rover  would  experience  while  driving.  The  wheels  were  secured  to 
 the spindles using a quick-setting epoxy. 
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 Figure 27: Assembled Rover Chassis, Motor Housing, and Attached Wheels 

 7.2.3.  Programming 

 The  rover  was  programmed  to  read  the  received  message  from  the  RCS  then 
 move  based  on  that  directional  control.  The  code  was  first  written  for  the 
 MSP430FR6989  microcontroller  and  then  ported  over  to  the  MSP430FR6928  by 
 switching pin numbers and the timers used. 

 Interrupts  were  used  to  determine  when  a  message  was  received  by  the  radio  transmitter. 
 Since  UART  is  used  to  transmit  the  message,  it  is  received  character  by  character.  This 
 message  is  reconstructed  into  an  array  to  easily  identify  the  directional  control.  If  the 
 RCS  tells  the  rover  to  move  forward,  the  message  will  read  as  “+RCV=101,1,F,43,68” 
 because the radio modules use AT commands to communicate. 

 The  received  message  is  always  the  same  size  and  is  set  to  always  fill  in  the  array  with 
 the  ‘+’  in  the  first  position.  To  determine  how  the  motors  should  move  the  position  in  the 
 array  where  the  direction  is  contained  -  array  position  11,  letter  ‘F’  in  Figure  28  -  is 
 checked. 

 112 



 Group 21 
 EEL 4915 

 04/25/22 

 Figure 28: Block Diagram of Radio Reception Logic 

 Once the letter is extracted. The motors will do one of five movements. As previously 
 discussed these movements are forward, backward, left spin, right spin, and stationary. 
 The rover movement is controlled using a 23Khz PWM signal generated by the MCUs 
 internal SMCK. The pwm signal is always the same value for any states with movement. 
 In  Figure 29  below, the logic to determine and set direction is shown. 100 represents 
 forward motor rotation, -100 backward rotation, and 0 no rotation. 

 Figure 29: Block Diagram of Motor Control Schema 
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 The  rover  also  integrates  the  landing  detection  code  as  used  in  the  capsule  minus  the  need 
 to  unlock  the  lock.  When  it  lands,  it  instead  sets  the  motors  to  drive  backward  for  5 
 seconds  to  take  the  pressure  of  the  lock,  then  drive  forward  for  5  seconds  which  allows 
 the rover to leave the capsule. This code is set before all of the remote control code. 

 7.3.  RCS 
 The  RCS’  main  prototyped  parts  were  the  video  system  and  RC  system.  The  only 

 manufacturing  done  was  creation  of  the  simple  chassis  holding  the  parts.  The 
 programming for the RCS will be covered in this section. 

 7.3.1.  Prototyping 

 The  video  prototyping  was  the  proof  of  concept  tests  seen  in  6.1.4  and  6.3.3. 
 These  tests  proved  the  system  chosen  would  be  adequate  for  this  project's  needs.  The  RC 
 proof  of  concept  code  was  done  by  testing  simple  transmission  between  the  radio 
 transceivers  to  ensure  that  they  work.  This  was  done  using  a  computer  and  USB  TTL 
 adapter  as  well  as  an  arduino  board.  It  was  later  adapted  to  what  is  described  in  7.3.3  for 
 real use. 

 7.3.2.  Manufacturing 

 Manufacturing  for  the  RCS  was  very  simple.  The  first  step  was  cutting  a  large 
 acrylic  rectangle  to  the  size  needed  to  accommodate  the  joystick,  PCB,  video  screen,  and 
 video  receiver.  This  acrylic  sheet  was  cut  using  a  bandsaw.  After  that  was  done,  a  sun 
 visor was cut to fit with the large rectangle, and the pieces were hot glued together. 

 With  the  frame  made,  a  handful  of  holes  needed  to  be  drilled.  The  main  sets  of  holes  were 
 for  the  joystick  and  PCB  standoffs,  the  PCB  battery  lead,  and  the  receiver  antenna.  The 
 nylon standoffs used allow for stable and secure mounting of the PCB and joystick. 

 With  holes  made,  assembly  was  done.  The  joystick  and  PCB  had  predetermined  spots 
 based  on  their  standoff  holes.  It  was  decided  that  the  screen  should  be  in  the  center  of  the 
 RCS  to  emulate  a  handheld  gaming  console,  and  the  receiver  was  placed  to  its  right 
 because  of  that  being  the  last  free  space  on  the  front.  Both  the  screen  and  receiver  are 
 attached  to  the  RCS  using  small  velcro  squares  that  provide  good  holding  strength  while 
 not being permanent. 

 The  two  batteries  needed  were  placed  on  the  back  to  keep  the  weight  balanced  and  for 
 visual  purposes.  Both  batteries  were  attached  with  velcro  for  the  same  reasons  as  the 
 screen  and  receiver.  All  cable  management  done  on  the  RCS  used  a  combination  of 
 electrical tape and zip ties 

 7.3.3.  Programming 

 The  RCS  was  programmed  to  read  the  joystick’s  positional  data  then  transmit  a 
 message  to  the  rover  detailing  what  direction  to  move.  The  code  was  first  written  for  the 
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 MSP430FR6989  microcontroller  and  then  ported  over  to  the  MSP430FR6928  by 
 switching pin numbers and the timers used. 

 First,  the  microcontroller  was  programmed  to  read  the  analog  joystick’s  X  axis  and  Y 
 axis  values  through  the  Analog  Digital  Converter  (ADC).  Based  on  the  orientation  in 
 which  the  joystick  will  be  used,  the  values  for  Forward,  Backward,  Left,  Right  and 
 Stationary  were  identified.  Based  on  these  ranges  of  values,  the  letters  F,  B,  L,  R,  and  S 
 are transmitted. The diagram of the joystick follows. 

 Figure 30: Block Diagram of Joystick Outputs 

 The  radio  transmitter  was  programmed  to  use  UART  to  send  the  directional  letter  using 
 AT  commands.  If  the  joystick  is  pushed  forward,  the  transmitter  will  send  a  message 
 reading  “AT+SEND=0,1,F\r\n”  then  check  if  the  state  of  the  joystick  has  changed.  No 
 new message is sent unless there is a new direction to be sent. This logic is seen below. 

 Figure 31: Block Diagram of Radio Transmission Logic 
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 7.4.  PCB Manufacturing 

 The  PCBs  were  designed  in  EAGLE  completely.  The  designs  were  those  seen  in 
 chapter  5.  After  this  was  done,  parts  were  ordered  from  online  electronics  retailers.  After 
 all  of  the  PCBs  were  designed,  the  boards  were  ordered  through  JLC  PCB.  Two  rounds  of 
 ordering  were  done.  The  first  round  resulted  in  boards  with  bad  voltage  regulation 
 designs, so a second order was needed to fix this. 

 To  order  boards  through  JLC,  they  require  a  gerber  file.  The  boards  use  1oz  copper, 
 lead-free  solder  mask,  FR-4  base  material,  and  1.6mm  thickness.  The  boards  were  printed 
 in batches of 5 by default and shipped from the factory in China. 

 Upon  arrival,  the  team  decided  to  utilize  the  partnership  between  Quality  Manufacturing 
 Services  (QMS)  in  Lake  Mary,  Florida,  and  the  University  of  Central  Florida.  (QMS)  did 
 complete  assembly  of  all  boards  used  in  this  project  free  of  charge.  They  required  all  bags 
 of  parts  be  specifically  labeled  for  their  location  on  the  PCBs.  This  route  was  chosen 
 because  it  saved  the  team  hours  of  soldering  time,  and  gave  assurance  that  the  assembly 
 step was done without error. 
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 8.  User Guide 

 This  section  serves  as  an  all  encompassing  user  guide  to  aid  in  the  use  and 
 maintenance  of  the  rover,  capsule,  and  RCS.  This  guide  provides  images  and  descriptions 
 of  how  to  operate  the  systems  as  required  to  complete  the  FAR  rocket  competition.  It  will 
 also  make  references  to  the  rocket  developed  by  the  rocket  team,  as  this  guide  will  also 
 explain  how  to  integrate  the  payload  system  with  the  rocket.  Maintenance  is  defined  as 
 battery  charging  management  and  general  system  upkeep  that  the  team  believes  to  be 
 important for users. 

 Any  user  must  read  this  entire  guide  before  operation  of  the  system.  If  the  manual  is  not 
 read and understood, damage to the system may occur. 

 8.1.  Rover 
 This  section  will  cover  the  details  of  the  rover,  and  its  operation.  It  covers  the 

 parts, how to turn it on, and how to operate and store the rover. 

 8.1.1.  Parts Familiarization 

 The  most  prominent  part  on  the  rover  is  the  circuit  board  which  controls  its 
 function.  All  parts  of  the  rover  connect  to  the  circuit  board.  Viewing  the  rover  from  above 
 with  the  camera  towards  the  left  side  as  seen  in  Figure  32,  the  visible  parts  can  be 
 described. 

 Starting  from  the  very  left  side,  the  camera  is  positioned  with  the  lens  through  the  hole  in 
 the  front  of  the  rover.  The  camera  is  secured  to  the  front  of  the  rover  and  covered  by  a 
 lens  cap  during  transport.  The  camera  connects  to  the  video  transmitter  wires  which 
 match in color and is the 3 pin yellow, red, and black cable. 

 To  the  right  of  that,  at  the  beginning  of  the  circuit  board  are  two  power  switches.  The 
 bottom  switch  with  the  two  wire  connector  next  to  it  is  the  3.7V  battery  switch,  the  top 
 switch  with  the  DC  barrel  connector  next  to  it  is  the  11.1V  switch.  The  3.7V  battery  is 
 located  underneath  the  circuit  board,  the  11.1V  battery  is  located  underneath  the  rover 
 between the motors. 

 Towards  the  middle  of  the  circuit  board,  two  connectors  can  be  seen  on  either  side,  the 
 top  side  has  a  2  pin  connector  and  the  bottom  side  has  6  pin  connector.  The  top  connector 
 is  the  power  for  the  video  transmitter  which  is  also  underneath  the  circuit  board.  The 
 bottom  connector  is  for  the  radio  remote  control  receiver  which  is  velcroed  to  the  back 
 wall of the rover (to the right in the current orientation). 

 The  last  4  connectors  on  the  rover  that  are  all  5-pin  connectors  are  for  the  4  motors. 
 These  connectors  feed  through  holes  in  the  chassis  floor  to  the  4  motors  underneath  the 
 rover. 
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 In  the  back  of  the  rover  there  are  three  main  items  of  notice.  The  first  is  the  radio 
 transmitter  which  is  velcroed  to  the  back  wall.  It  is  the  small,  blue  PCB  with  a  gold  coil 
 antenna.  The  second  item  is  the  visible  antenna  of  the  video  transmitter.  Finally,  bolted  to 
 the back of the rover is the male prong that inserts into the coupler in the capsule. 

 Figure 32: Top View of Rover with Camera on Left Side 

 Next,  flip  the  rover  over  so  that  the  motors  are  visible  and  the  camera  is  still  on  the  left 
 side  as  seen  in  Figure  33.  Now  the  11.1V  battery  and  motors  are  all  visible.  The 
 white/clear  connector  visible  in  Figure  33,  may  be  taped  down  to  the  side  of  the  battery  to 
 allow  for  ground  clearance.  This  connector  is  the  11.1V  balance  charge  connector  which 
 will be used to charge the battery as described in 8.5. 

 Figure 33: Bottom View of Rover with Camera on Left Side 
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 If any wires are ever disconnected from the rover PCB, view Figure 32 to determine the 
 correct connections. Motor connections are side-dependent, and swapping the 3.7V 
 battery connector and video transmitter power connector can lead to a destroyed circuit 
 board. 

 8.1.2.  Powering On 

 As  discussed  in  the  previous  section,  the  rover  has  two  power  switches.  The 
 bottom  switch  as  seen  when  viewing  the  rover  top  down  with  the  camera  on  the  left  side, 
 powers  the  sensors,  microcontroller,  and  the  radio  receiver.  The  top  switch  powers  the 
 video transmitter, camera, and motors. 

 To  turn  on  the  rover,  first  check  that  both  battery  connections  are  populated,  then  flip  the 
 bottom  switch  to  the  right,  and  then  the  top  switch  to  the  right.  No  movement  will  happen 
 when  the  rover  is  turned  on.  There  is  a  green  LED  to  the  right  of  the  bottom  switch  to 
 indicate  that  power  is  being  received.  To  verify  that  the  top  battery  is  giving  power,  view 
 the  rover  at  the  angle  shown  in  Figure  34  to  check  if  the  video  transmitter’s  LED  display 
 is lit. 

 Figure 34: View of Rover Video Transmitter Powered On 

 It is recommended that after any power on of the rover, the reset button is pushed. This is 
 a black soft touch button located towards the back side of the rover. It is shown in Figure 
 32 above circled on the right side of the board. 
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 8.1.3.  Operation 

 Once  again,  for  this  part  of  the  user  guide,  orient  the  rover  so  that  a  top  down 
 view puts the camera on the left side of your vision. 

 The  first  step  in  operating  the  rover  is  powering  on.  Flip  the  bottom  switch  to  the  right, 
 before  flipping  the  top  switch  to  the  right.  No  harm  will  come  from  flipping  the  top 
 switch  first,  but  it  will  cause  the  motors  to  move  until  the  bottom  switch  is  turned  on, 
 which  could  cause  the  rover  to  roll  off  the  surface  that  it  rests  on,  or  cause  an  unexpecting 
 user  to  be  surprised.  Refer  to  8.1.2  on  how  to  ensure  power  is  being  received.  Powering 
 on  the  rover  in  this  manner  immediately  sets  it  in  a  state  of  being  ready  for  remote  control 
 and no motor movement will happen without controller input. 

 After  this,  remove  the  lens  cap  from  the  rover  so  that  the  transmitted  video  will  show  the 
 rover’s  surroundings.  Leaving  the  lens  cap  on  can  lead  to  concerns  about  the  video 
 system  malfunctioning.  After  this  is  done,  the  rover  can  be  loaded  into  the  capsule  as 
 described  in  8.4.  However,  the  rover  driving  operation  will  be  described  here  as  if  it  was 
 used without the capsule. 

 Set  the  rover  on  a  ground  level  surface  to  prevent  potential  falls  from  an  elevation.  With 
 the  RCS  powered  on  as  explained  in  8.3.2,  use  the  joystick  as  explained  in  8.3.3  to  pilot 
 the rover. 

 After  rover  use  is  finished,  return  the  lens  cap  to  the  camera  lens  and  power  off.  Powering 
 off  is  done  by  flipping  both  switches  to  the  left  when  viewing  the  rover  top  down  with  the 
 camera towards the left. The rover can now be safely stored until its next use. 

 With  any  electronics,  the  rover  should  be  stored  in  a  dry,  room  temperature  environment 
 to prevent damage to the electronics or the battery cells. 

 8.2.  Capsule 
 This  section  will  cover  the  details  of  the  capsule,  and  its  operation.  It  covers  the 

 parts, how to turn it on, and how to operate and store the capsule. 

 8.2.1.  Parts Familiarization 

 The  capsule  has  multiple  features,  but  the  main  concern  of  the  user  will  be  the 
 circuit  board  and  the  lock.  The  circuit  board  is  underneath  the  capsule.  Flip  the  capsule 
 on  its  back  so  the  scoop  and  rover  entrance/exit  is  to  the  left.  See  Figure  35  for  this 
 orientation. 
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 Figure 35: Bottom View of the Capsule 

 If  the  plastic  cover  of  the  circuit  board  enclosure  is  on,  use  a  screwdriver  to  remove  the 
 four  nylon  screws.  While  the  nylon  screws  are  not  securing  the  top  of  the  enclosure  to  the 
 rest  of  it,  it  is  recommended  that  the  nylon  screws  are  threaded  into  the  standoffs  that  are 
 used to hold the lid on to prevent loss. 

 With  the  cover  removed,  three  things  can  be  seen.  The  battery  on  the  left  of  the  box,  the 
 circuit  board  on  the  right,  and  a  wire  connected  to  the  circuit  board  leaving  the  top  of  the 
 box.  This  wire  is  connected  to  the  female  side  of  the  lock  inside  of  the  capsule  to  provide 
 power  to  release  the  lock.  Next  to  the  battery  input  is  the  power  switch.  To  the  far  right 
 side  of  the  circuit,  the  black  reset  button  -  the  same  that  is  used  on  the  rover  -  is  seen 
 above three pins. 

 If  the  battery  or  coupler  cables  are  ever  disconnected,  reference  Figure  35  for  their  proper 
 connections.  Inserting  the  battery  into  the  wrong  connector  will  result  in  a  destroyed 
 circuit. 

 8.2.2.  Powering On 

 To  power  on  the  capsule,  flip  the  switch  to  the  right.  A  green  LED  will  become 
 illuminated  to  verify  power  is  on.  The  coupler  may  or  may  not  be  unlocked  while  the 
 capsule is powered. This will be covered in the next section. 

 8.2.3.  Operation 

 When  the  capsule  is  powered  off,  the  coupler  inside  will  always  be  locked.  The 
 couper can only be unlocked via the following process. 

 The  first  step  is  powering  on  the  capsule.  Refer  to  section  8.2.2  to  see  this  process.  When 
 the  capsule  is  powered  on,  the  reset  button  must  be  pressed.  This  button  must  be  pressed 
 to  initialize  the  landing  detection  code.  To  release  the  rover  from  the  capsule  if  it  is 
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 inside,  set  the  capsule  feet  down  as  seen  in  Figure  36  on  a  flat  surface  for  five  seconds. 
 After  this,  the  rover  can  be  pulled  out  of  the  capsule.  However,  the  coupler  has  a  failsafe 
 feature  that  causes  it  to  not  release  its  hold  if  it  has  pressure  being  exerted  on  it. 
 Therefore,  to  remove  the  rover,  first  push  it  towards  the  lock,  then  pull  it  away  from  the 
 lock.  The  rover  should  easily  come  out.  If  it  does  not,  see  section  8.6.3  for 
 troubleshooting. 

 Figure 36: Capsule Placed on its Feet 

 8.3.  RCS 
 This  section  will  cover  the  details  of  the  remote  control  station,  and  its  operation. 

 It covers the parts, how to turn it on, and how to operate and store the RCS. 

 8.3.1.  Parts Familiarization 

 The  RCS  is  the  part  that  a  user  should  be  the  most  familiar  with.  It  is  the  user’s 
 interface  with  the  rover.  To  go  over  the  parts  of  the  RCS,  first  place  it  circuit  side  up  as 
 seen in Figure 37. 

 Figure 37: Top View of the Rover Control Station 
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 Starting from left to right the parts of the RCS are as follows: the joystick to control the 
 rover, the board to control the rover, the wireless video display, and the wireless video 
 receiver. The screen and receiver are velcroed to the plastic and are removable. 

 The joystick has a 5 pin connector to the circuit board, and the circuit board has a radio 
 transmitter soldered onto it that sends signals to the rover. The circuit board also has one 
 battery connection at the top next to the power switch, and a black reset button - as seen 
 on the rover and capsule - at the bottom to the right of a 3 pin header. 

 The screen and receiver are powered by a battery separate from the circuit board which 
 will be discussed soon. The screen and receiver connect via an RCA cable. The receiver 
 has a white antenna connected to the top for video reception. The receiver should display 
 12, as that is the default transmission band that the video transmitter on the rover is set to. 
 See section 8.6.1 for troubleshooting this system. 

 Next, flip the RCS over to see the back with the batteries as seen in Figure 38. Do this 
 carefully, as the gold coil antenna for the radio transmitter is fragile. The white 
 transmitter can be safely bent as needed. 

 Figure 38: Bottom View of the Rover Control Station 

 To the left is the 3.7V circuit board battery, to the right is the 11.1V screen and receiver 
 battery. The 11.1V battery provides two 2-pin power connectors as output for the screen 
 and receiver. These connections can go to either of the two powered parts. Both batteries 
 are velcroed to the plastic and are removable. 

 If the joystick wires come disconnected on either side, refer to Figure 39 below to 
 reconnect them. The orientation of the wires is extremely important, and not correctly 
 connecting them can cause damage. 
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 Figure 39: Joystick Wire Connection Reference 

 8.3.2.  Powering On 

 To  power  on  the  RCS,  two  switches  must  be  used.  The  first  is  the  switch  on  the 
 PCB.  Flip  this  switch  down  when  viewing  the  RCS  in  the  orientation  shown  in  Figure  37. 
 A green LED will illuminate when power is being received. 

 To  power  the  screen  and  receiver,  the  switch  on  the  black  battery  bank  must  be  switched. 
 When  viewing  the  RCS  in  the  orientation  shown  in  Figure  38.  the  switch  is  at  the  top  of 
 the  battery  bank.  This  is  intuitive  to  turn  on  and  done  as  any  other  switch  with  an  I  and  O 
 label.  When  this  is  done  the  receiver  display  will  light  up  with  red  numbers,  but  video 
 will  not  be  seen  on  the  screen  unless  the  rover  is  also  powered  on  and  the  camera  is 
 uncovered. 

 To  power  off  the  RCS,  flip  the  PCB  switch  up,  and  the  battery  bank  switch  to  the  off 
 position. 

 8.3.3.  Operation 

 First,  power  on  the  RCS  as  explained  in  section  8.3.2  and  press  the  PCB  reset 
 switch.  For  live  video  to  be  seen,  the  rover  must  be  powered  with  the  lens  cap  removed. 
 When  both  of  these  actions  are  done  live  video  will  be  seen  on  the  screen.  If  it  is  not 
 seen, refer to section 8.6.1 for troubleshooting help. 

 The  rover  can  be  controlled  in  one  of  five  ways  at  any  time.  The  first  default  behavior  is 
 no  movement  when  the  joystick  is  at  rest.  The  second  behavior  is  forward  movement 
 when  the  joystick  is  pushed  away  from  the  user.  The  third  is  backward  movement  when 
 the  joystick  is  pulled  towards  the  user.  The  fourth  is  left  spin  when  the  joystick  is  pushed 
 to the left. The fifth is right spin when the stick is pushed to the right. 
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 The  rover  has  an  average  response  time  to  controller  input  changes  of  6.5  seconds  so  the 
 user  should  continue  to  keep  the  joystick  in  the  desired  position  until  the  desired 
 movement  is  seen.  The  joystick  needs  to  be  held  in  a  position  for  that  behavior  to 
 continue.  For  example,  if  the  user  wants  the  rover  to  move  forward,  the  joystick  must  be 
 held forward. If it is released, the rover will stop moving. 

 To  use  the  RCS  in  the  competition  scenario,  power  on  as  usual  and  wait  for  the  rover  and 
 capsule  to  land.  Roughly  15  -  30  seconds  after  landing,  the  rover  will  exit  the  capsule 
 autonomously.  At  this  point  the  live  video  should  be  established  and  the  rover  can  be 
 piloted. 

 The  user  should  not  need  to  use  any  buttons  that  are  behind  the  screen,  or  on  the  receiver 
 unless troubleshooting as described in 8.6.1. 

 8.4.  Payload - Rover and Capsule 
 This  section  will  cover  the  details  of  the  rover  and  capsule  payload  system,  and  its 

 operation.  This  section  differs  from  the  individual  rover  and  capsule  sections  as  it 
 describes their function together and their relationship. 

 The  rover  and  capsule  coupling  is  managed  by  an  autonomous  landing  detection  system. 
 This  system  works  by  detecting  when  the  capsule  is  in  a  horizontal  orientation  as  seen  in 
 Figure  36.  This  section  will  tell  you  how  to  put  the  capsule  and  rover  together  and  prep 
 them for loading into the rocket to allow this system to work after deployment. 

 The  first  step  is  to  turn  on  the  rover  as  described  in  its  section.  Remember  to  press  the 
 reset  button  on  the  PCB  after  turning  it  on.  Ensure  the  bolts  connecting  the  male  prong  to 
 the  rover  are  tight.  Next,  set  the  capsule  feet  down  on  a  level  surface  and  insert  the  rover 
 into  the  capsule  prong-side  first.  When  the  prong  enters  the  lock  a  soft  click  will  be  felt. 
 If the mating was successful the rover will not be able to be pulled out by hand. 

 Once  this  is  done,  the  rover  and  capsule  locking  connection  is  done.  Prior  to  loading  the 
 capsule  in  the  rocket,  first  turn  on  the  capsule  PCB  as  seen  in  its  section.  The  reset  button 
 must  be  pressed  after  the  power  is  turned  on.  Next  screw  the  lid  onto  the  enclosure.  The 
 velcro  on  the  lid  goes  towards  the  inside  of  the  enclosure.  After  the  board  is  on,  reset  is 
 pressed,  and  the  enclosure  is  closed,  the  capsule  may  be  inserted  into  the  rocket  as 
 needed. 

 8.5.  Battery Charging 
 This  section  explains  how  the  batteries  of  each  individual  system  should  be 

 charged.  Pictures  of  the  chargers  and  batteries  in  question  will  be  shown.  It  should  be 
 noted  that  it  is  not  recommended  to  charge  any  of  the  LiPo  batteries  in  this  system 
 unattended.  Any  battery  that  is  thought  to  be  overheating  or  is  bulging  should  be 
 unplugged from its charger immediately and discontinued. 
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 Three  chargers  are  provided  for  this  system.  A  3.7V  LiPo  battery  charger  that  charges  at 
 500mA  for  all  three  3.7V  batteries  (Figure  40),  a  charger  made  for  the  11.1V  RCS  battery 
 pack (Figure 41), and a charger made for the 11.1V rover battery (Figure 42). 

 Figure 40: 3.7V Charger Operation 

 To  use  this  3.7V  battery  charger,  a  USB  C  cable  connected  to  power  goes  in  the  silver 
 USB  C  input,  and  any  of  the  three  3.7V  batteries  connect  to  the  2-pin  black  JST 
 connector. The LED on the board is red when charging, and green when charged. 

 Figure 41: 11.1V RCS Charger Operation 
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 To  use  this  11.1V  RCS  battery  pack  charger,  the  output  cable  of  the  RCS  must  be 
 unplugged.  Connect  the  charger  to  a  120V  wall  outlet,  and  then  put  the  DC  barrel  plug 
 into  the  now  free  hole  of  the  battery  pack.  All  five  charge  indication  LEDs  will  be  lit 
 when it is fully charged. 

 Figure 42: 11.1V Rover Charger Operation 

 To  use  the  11.1V  rover  battery  charger,  plug  it  into  a  120V  outlet.  Next,  remove  the  tape 
 that  may  be  securing  the  rover  battery  charging  plug  to  the  bottom  of  the  rover.  After  this, 
 insert  that  plug  into  the  4  pin  hole  of  the  battery  charger.  The  plug  will  only  fit  in  the  4 
 pin  hole,  not  the  3  pin  hole,  and  it  will  only  fit  in  one  orientation.  All  three  charging 
 indicator lights will turn green when the battery is fully charged. 

 8.6.  Troubleshooting 
 During  the  team’s  time  building  and  testing  the  system,  they  ran  into  a  handful  of 

 common  issues  that  were  caused  from  wires  coming  loose,  or  improper  operation  of  the 
 system.  This  section  will  provide  the  issues  the  team  found  were  common  and  the 
 solutions  to  the  issue.  This  should  allow  a  user  to  solve  the  known  issues  themselves  as 
 well as find a basis for troubleshooting other issues that have the potential to arise. 

 8.6.1.  No Video Display 

 Not  seeing  video  feed  on  the  RCS  could  be  caused  by  a  few  common  issues.  This 
 section will cover the issues and possible solutions. 
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 The  first  issue  could  be  connections.  The  first  check  is  to  make  sure  all  of  the  video 
 transmission  connections  are  intact.  On  the  rover:  11.1V  battery  on  the  rover,  the  rover 
 transmitter  and  camera,  and  the  transmitter  power.  On  the  RCS:  the  11.1V  battery 
 connections,  the  two  connections  on  the  bottom  of  the  receiver,  and  the  RCA  connections 
 between the receiver and screen. 

 If  all  connections  are  intact  try  turning  off  and  turning  on  the  system  and  trying  again.  If 
 this  does  not  work,  the  next  step  would  be  to  check  the  battery  charges.  If  the  11.1V 
 battery  on  the  back  of  the  rover  control  station  doesn’t  have  enough  charge,  then  the 
 screen  might  display  a  distorted  image  or  not  show  an  image  at  all.  If  the  11.1V  battery 
 on the rover has low or no charge, the video will not be transmitted properly. 

 Another  issue  to  check  would  be  to  make  sure  there  are  no  obstructions  between  the  rover 
 video  transmission  antenna  and  the  RCS  video  signal  receiver,  and  that  the  respective 
 antennas are connected. 

 There  is  a  possibility  of  5.8GHz  signal  interference  in  the  area,  so  it  might  be  wise  to  try 
 testing another channel on both the receiver and transmitter. 

 Finally,  ensure  the  receiver  and  transmitter  are  on  the  same  channel.  Channel  12  is  the 
 default for both. 

 8.6.2.  Rover is Not Responsive to Remote Control 

 If  the  rover  is  not  responding  to  controller  input  at  all,  first  start  by  resetting  both 
 systems  by  powering  off,  powering  on,  and  pressing  the  reset  switch  on  both  PCBs.  Keep 
 in  mind,  the  rover  takes  a  few  seconds  to  respond  to  controller  input,  and  at  times,  the 
 joystick needs to be released and repressed for the rover to respond. 

 If  this  still  doesn’t  work,  check  all  connections  on  the  RCS:  power  and  joystick,  and  then 
 check  the  receiver  connections  on  the  rover.  If  this  still  does  not  work,  refer  to  section 
 8.6.4. 

 8.6.3.  Capsule Coupler Will Not Release the Rover 

 If  the  capsule  coupler  does  not  release  the  rover  it  could  be  a  capsule  issue  or  a 
 rover issue. This section will cover specifics and fixes. 

 The  first  issue  could  be  that  the  landing  system  was  not  initialized  correctly.  To  fix  this, 
 turn  the  capsule  board  off  and  on,  then  press  the  reset  button.  After  resetting,  try  placing 
 down  the  capsule  on  its  feet  and  wait  five  seconds  for  the  lock  to  release.  After  the  five 
 seconds  have  passed  try  manually  pulling  the  rover  out  while  in  the  flat  orientation.  If  this 
 does not work, check the battery on the capsule. 

 If  the  green  LED  on  the  PCB  is  not  illuminated,  the  capsule  PCB  is  off,  the  battery  is 
 disconnected,  or  dead.  To  fix  this,  turn  it  on,  connect  the  battery,  or  charge  the  battery. 
 After this, try again. 
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 Another  connection  that  could  come  loose  is  the  lock’s  connection  to  the  PCB.  Ensure 
 this connector is secured, and reseat it if needed. 

 The  last  issue  that  could  occur  is  binding  inside  of  the  lock  between  the  prong  and  lock 
 receptacle.  This  can  be  caused  for  one  of  two  reasons.  The  first,  is  that  the  screws  on  the 
 outside  back  of  the  capsule  between  the  eye  hooks  have  come  loose  and  are  allowing  the 
 coupler  sag.  If  they  are  loose,  tighten  them.  The  second  reason  is  that  the  prong  on  the 
 rover  may  not  be  secured  well,  and  needs  to  be  retightened.  A  wrench  and  screwdriver  is 
 needed  for  this,  The  antenna  of  the  video  transmitter  may  need  to  be  bent  out  of  the  way, 
 and  the  radio  receiver  may  need  to  be  detached  from  the  back  wall.  The  receiver  is 
 velcroed  on  and  can  be  pulled  off.  Tighten  the  bolts  connecting  the  prong  to  the  rover  and 
 ensure  it  is  parallel  to  the  rover  chassis.  Reinsert  the  rover  and  try  the  landing  system 
 again. 

 8.6.4.  One or More Rover Motors Are Not Moving 

 If  one  or  more  motors  are  not  moving,  the  first  check  should  be  power.  First  check 
 that  the  11.1V  input  is  switched  to  power  the  board.  Next  check  that  the  battery  is 
 charged.  Finally  check  beneath  the  PCB,  that  the  adapter  for  the  11.1V  battery  is  still 
 connected. 

 If  the  cause  was  not  power  related,  the  cause  is  a  broken  or  loose  connection.  First  check 
 that  the  four  motor  connectors  on  the  PCB  are  all  secure,  reseat  them  if  necessary.  Next 
 check  underneath  the  rover  for  visibly  broken  wires.  The  wires  leaving  the  motors  are 
 weak  and  can  be  broken  if  care  is  not  taken.  This  can  be  fixed  by  re-soldering  the 
 connection. 
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 9.  Administration 

 This  section  will  provide  the  schedule  of  the  project’s  functional  milestones  and 
 the  budget  and  cost  of  the  project.  The  last  section  will  individually  present  the  budget, 
 estimated  costs,  and  actual  costs  for  all  purchased  materials  used  in  the  project 
 implementation. 

 9.1.  Milestones 
 This  section  covers  the  estimated  completion  dates  of  the  design  and 

 implementation  of  this  project.  The  following  two  tables  will  provide  a  starting  standard 
 for the group's deadlines and will serve to keep the group on schedule. 

 Number  Milestone Description  Planned  Completion 
 period (SD1) 

 1  System planning and parts research  09/13/21 - 10/22/21 

 2  Order Parts  10/25/21 - 10/29/21 

 3  Design  and  test  proof  of  concept  radio  control 
 communication circuitry  10/25/21 - 12/03/21 

 4  Design  and  test  rover  sensing  and  power 
 management circuitry  10/25/21 - 12/03/21 

 5  Design  and  test  proof  of  concept  live  video 
 transmission circuitry  10/25/21 - 12/03/21 

 6 
 Design  and  build  proof  of  concept  Rover 
 Chassis  with  motors,  tracks,  and  test  movement 
 with simple prototype code and MCU launchpad 

 10/25/21 - 12/03/21 

 7  Design  and  test  rover  capsule  and  sled  assembly 
 prototype  10/25/21 - 12/03/21 

 8  Finish Semester One Document  11/29/21 - 12/03/21 

 Table 25: Project Milestones by Planned Week of Completion for SD1 
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 Number  Milestone Description  Planned  Completion 
 period (SD2) 

 1  Design and order PCBs  02/07/21 - 02/21/21 

 2  Build PBCs  02/21/22 - 02/28/22 

 3  Build rover and capsule, develop code  02/28/22 - 03/28/22 

 4  Test full deployment and mission lifecycle  03/28/22 - 03/18/22 

 5  Final testing and necessary revisions  04/16/22 - 04/18/22 

 Table 26: Project Milestones by Planned Week of Completion for SD2 

 9.2.  Budget and Costs 
 In  this  section,  the  project  budget  will  be  presented  to  show  the  influence  on  part 

 selection,  a  preliminary  cost  estimate  used  for  project  planning  will  be  provided,  and  a 
 full list of any hardware or software purchased will be given. 

 9.2.1.  Budget and Estimated Costs 

 This  project  is  funded  by  Aerojet  Rocketdyne  who  have  provided  the  University 
 of  Central  Florida  a  sum  of  money  to  support  each  team.  The  following  table  provides  a 
 preliminary  rough  estimate  of  costs  with  a  materials  list  gathered  from  high-level 
 research  into  the  type  of  components  needed  to  satisfy  the  project  requirements.  The 
 broad  components  listed  in  the  following  table  may  increase  or  decrease  in  quantity  and 
 estimated price as the system is finalized and specific parts are chosen. 

 Item  Quantity  Estimated Price 

 Microcontrollers  3  $20 total 

 Altimeters  2  $5 each 

 Accelerometers  2  $2 each 

 Video Camera  1  $20 each 

 Custom PCBs  3  $15 - 20 each 

 Table 27.a: Estimated Total Cost to Implement the Project 
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 Item  Quantity  Estimated Price 

 Transmitters and Receivers  4  $20 each 

 Lithium-ion Batteries  3  $15 - 20 each 

 Linear charging IC  6  $1 each 

 Load Switch  10  $0.50 each 

 Motors  4  $20 each 

 Rover Lock  1  $30 each 

 Capsule Door Lock  1  $5 each 

 3D-printed Rover Chassis  1  $40 each 

 Wheels  4  $5 each 

 Rover Capsule  1  $40 each 

 Breakout Boards for Testing  4  $5 - 10 each 

 LCD Screen  1  $40 each 

 TOTAL (Estimated)  X  $520 - 580 

 Table 27.b: Estimated Total Cost to Implement the Project Continued 

 9.2.2.  Hardware BOM 

 This  section  presents  the  exact  names  and  prices  of  the  materials  that  will  be  used 
 over  the  lifetime  of  the  project.  This  list  does  not  include  minor  circuit  board  components 
 and  will  instead  include  an  estimated  total  PCB  production  cost  as  well  as  the  cost  for  the 
 individual systems used on the PCBs. 
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 Name  Amount  Cost 

 ADXL343 accelerometer breakout  1  $5.95 

 MPL115A2 Altimeter breakout  1  $7.95 

 800x480 RCA Video Screen  1  $26.00 

 Electromagnetic Lock  2  $30.06 

 Run Cam Nano 2  2  $20.00 

 Wolfwhoop Camera  1  $12 

 REYAX RYLR896 Radio Transceiver  2  $19.50 

 Video Transmitter and Receiver Combo  1  $37 

 SOP-8 testing board  5  $0.55 

 12V DC Motor with driver  4  $19.90 

 AP2401MP-13 Load Switch  8  $0.44 

 3.7V battery charger  1  $10 

 3Ah 3.7V battery for rover  1  $14.50 

 2200mAh 11.1V battery for rover  1  $22 

 11.1V battery charger  1  $18 

 6Ah 3.7V battery for RCS  1  $21.90 

 3Ah 11.1V battery for RCS  1  $28.99 

 1000mAh battery for Capsule  1  $8.90 

 AMS560702BA03-50 altimeter  4  $7 

 ADXL343BCCZ accelerometer  4  $4 

 Table 28.a: Cost of the Project Using Realized Parts Choices 
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 Name  Amount  Cost 

 MCP73833-NVI/UN battery Charger  6  $1.13 

 MSP430fr6928 IPM  6  $7.08 

 Joystick  1  $0 

 Voltage regulator 3.3V  6  $10 

 Voltage regulator 12V  6  $10 

 JST 2 cable  4  $0.95 

 JST 3 cable  4  $0.95 

 JST 5 cable  4  $0.95 

 DC 12V power cables  1  $9.90 

 Capsule and Rover manufacturing  1  $180 

 PCB manufacturing  NA  $85 

 PCB linear parts and connectors  NA  $150 

 TOTAL COST  NA  $1090 

 Table 28.b: Cost of the Project Project Using Realized Parts Choices Continued 

 9.2.3.  Software BOM 

 This  section  will  prevent  the  software  used.  All  software  was  free,  but  this  section 
 is  here  as  an  easy  place  to  see  the  software  together.  Also  due  to  this,  there  will  be  no  cost 
 column,  and  due  to  the  nature  of  software,  there  will  be  no  amount  column.  This  software 
 powered  both  the  design  of  the  circuits  of  this  project,  the  construction  of  the  circuits,  and 
 the programming of the circuits. 
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 Name 

 Texas Instruments Code Composer Studio 

 Texas Instruments WEBENCH Power Designer 

 Arduino IDE 

 AutoDesk EAGLE 

 SOLIDWORKS 

 UltraLibrarian 
 Table 29: Software Used in the Project 

 9.2.4.  Suppliers and Distributors 

 This  project  relied  on  materials  from  multiple  suppliers  and  distributors.  The 
 suppliers  and  distributors  used  the  hardware  and  software  used  this  semester  were: 
 Adafruit,  Amazon,  Digikey,  and  Mouser,  Texas  Instruments,  AutoDesk,  and  JLC  PCB. 
 These  websites  provided  the  avenue  for  the  procurement  of  the  testing  and  prototyping 
 parts  used  in  chapter  6.  They  also  provided  the  ability  to  buy  parts  for  and  order  the  PCBs 
 designed for this project. 

 The  suppliers  and  distributors  of  the  rover  and  capsule  materials  were  Home  Depot,  Ace, 
 and  O'reilly's  Auto  Parts.  The  sheet  steel,  fasteners,  and  paint  purchased  were  from  these 
 stores. 

 The  UCF  College  of  Mechanical  and  Aerospace  Engineering  purchasing  department  was 
 used  for  the  procurement  of  all  parts  for  this  team  purchased  with  sponsored  money.  The 
 parts  were  funded  by  the  Aerojet  Rocketdyne  sponsorship  money  provided  to  the  team 
 for  this  project  as  discussed  prior.  The  purchasing  department  at  this  college  was  used  as 
 the intermediary for all parts purchasing inside of the sponsored budget. 

 Outside  of  the  sponsored  budget,  the  team  purchased  parts  through  their  own  avenues, 
 tracking  receipts  and  purchases.  This  allowed  the  team  to  fairly  split  the  extra  cost  of  the 
 project when it was finished. 

 9.3.  Team Personnel and Responsibilities 
 Four  members  were  involved  in  the  two  semesters  of  this  project.  They  are: 

 Christopher  Keefer,  Joel  Maquez,  Anajli  Padmanaban,  and  Chase  Walker.  These 
 members  come  from  the  respective  majors  of:  mechanical  engineering,  computer 
 engineering, electrical engineering, and computer engineering. 

 Christopher  Keefer  was  the  primary  designer  and  manufacturer  of  the  capsule  and  rover 
 frames  and  mechanics.  Joel  Marquez  was  responsible  for  the  layout  of  the  CLASS  PCB, 
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 programming  the  CLASS  PCB,  and  picking  a  wireless  video  transmission  system.  Anajli 
 Padmanaban  was  responsible  for  the  layout  of  the  RCS  PCB,  designing  the  remote 
 control  system,  and  programming  the  remote  control  system.  Chase  Walker  was 
 responsible for PCB design, power system management, and additional manufacturing. 
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 10.  Conclusion 

 This  document  fully  covered  all  of  the  processes  behind  planning  and  creating  the 
 Aerojet  Rocketdyne  sponsored  Remote  Control  Rover  Rocket  Payload  system.  All  of  the 
 work  completed  in  the  Fall  2021  and  Spring  2022  semester  by  the  members  of  this  team 
 exists in this document. 

 10.1.  Finished Product vs Expectations 
 The  final  product  created  in  this  project  achieved  all  of  the  goals  that  were  set  out 

 to  be  reached.  The  final  system  meets  every  requirement  and  constraint  the  team  outlined 
 in  the  first  semester  of  work,  and  is  completely  functional.  The  approach  to  multiple 
 systems  did  however  change  from  the  expectations  but  the  function  lies  the  same.  Some 
 of these changes are listed below. 

 When  initially  conceptualized,  a  capsule  door  was  considered  to  be  an  important  feature 
 that  should  be  included.  However,  it  was  decided  that  the  door  was  unnecessary  and  a 
 challenge  to  manufacture  and  it  was  removed  from  the  design.  In  its  place,  the  coupling 
 system seen in this design was used, and ultimately a better result was reached. 

 The  original  idea  for  the  video  system  was  to  use  a  higher  power,  and  longer  range 
 system  with  better  quality  and  reliability  than  the  one  chosen.  Due  to  the  high  cost  and 
 large  size  of  such  a  system,  a  lower  quality  hobbyist  system  had  to  be  used  in  its  place. 
 The  chosen  system  still  meets  the  requirements  needed,  but  with  more  budget,  a  better 
 system could be used. 

 Overall,  the  final  product  is  something  the  team  is  proud  of,  and  strongly  represents  the 
 original ideas conceptualized for this project. 

 10.2.  Remaining Issues 
 There  are  a  few  items  that  the  team  would  address  if  given  more  time  and  money. 

 The  first  issue  is  the  remote  control  system.  This  system  consistently  works,  but  the 
 response  time  of  the  system  leaves  more  to  be  desired.  This  is  something  another  future 
 team  could  improve  on  in  their  system,  and  that  this  team  will  improve  if  they  keep  the 
 final product. 

 The  second  thing  the  team  would  address  is  the  movement  system  choice.  Tank  tracks  are 
 ideal  for  the  target  operation  environment  of  the  rover,  but  they  were  not  a  viable  choice 
 due  to  price,  tolerances,  and  the  manufacturing  difficulties  of  using  them.  The  rover  could 
 be  modified  to  use  tank  tracks  if  the  time  and  money  were  provided.  This  is  something 
 the team recommends to anyone looking to expand on this design. 
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 10.3.  Final Thoughts 

 This  document  can  be  used  to  provide  valuable  insight  into  a  reader’s  own  design 
 of  a  similar  system.  It  can  also  be  used  to  validate  the  system  created  by  this  team 
 through  repetition  of  system  design  and  testing  procedures  outlined  in  this  document.  It  is 
 recommended  that  any  reader  who  wants  to  build  a  system  similar  to  this  should  use  this 
 document  as  a  reference  or  inspiration  for  a  design.  They  should  also  refer  to  the 
 standards  and  constraints  presented  in  this  document  to  decide  if  their  design  fits  their 
 laws and goals, or to inspire research of other constraints and standards. 

 The  Fall  2021  semester  in  which  this  document  was  started,  presented  many  challenges  to 
 the  team  members.  Between  remote  work,  the  global  chip  shortage,  and  the  management 
 of  the  complex  and  busy  schedules  the  team  members  share,  much  communication  and 
 extra  effort  was  needed  to  complete  this  design  and  prototyping  phase  of  the  two 
 semester capstone project. 

 The  Spring  2022  semester  allowed  the  creation  of  this  project  and  its  full  realization.  As 
 this  document  is  finished  and  the  project  is  finished,  the  team  is  confident  in  what  they 
 produced  and  its  ability  to  perform  its  duties.  In  this  semester  the  team  continued  to  face 
 supply  chain  shortages  and  the  troubles  of  the  pandemic.  They  also  ran  into  issues  of 
 failed designs that added crunch to the end of the semester. 

 The  team  is  proud  of  their  accomplishments  and  is  thankful  for  the  ability  to  create  this 
 project.  They  hope  that  FAR  submissions  continue  for  the  years  to  come  at  UCF,  and  that 
 they can be a model to learn and grow from to produce ever stronger entries. 
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 Appendix I: ABET Matrices 

 Figure 36: ABET Aerospace Design Matrix 
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 Figure 37: ABET Mechanical Design Matrix 

 Figure 38: ABET Competence Criticality Matrix 
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 Appendix III: Copyright Permissions 

 1.  Requesting permission from Core Electronics: 

 2.  Encyclopedia  Britannica’s  terms  of  use  permit  non-commercial  and  scholarly  use  of 
 published information: 
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 3.  Weather Underground permits use of their data under the following rules: 

 4.  Requesting permission from Mide via their contact form: 
 No response was received 

 5.  Email requesting permission to cite Machine Design magazine: 
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 6.  Email requesting permission to cite Memsic’s website: 
 No response was received 
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 7.  Permission from TI to cite their websites: 

 8.  Requesting permission to cite from a Z2DATA website via their web form: 
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 9.  Permission request to use Digikey Images. No response yet received 

 Digikey  terms  of  service  cite  permission  to  download  content  from  the  site. 
 Considering  the  fact  that  the  use  of  their  content  is  not  commercial  and  educational, 
 the team believes it is legal. 

 10.  GovInfo  provides  publically  available  US  Government  information  and  publications 
 that are not copyrighted for personal use. 

 11.  The  email  to  ASTM  requesting  permission  to  cite  their  website  information  and  the 
 response is shown. 
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 12.  The  Embedded  C  Coding  Standard  published  by  Barr  Group  is  provided  without  cost 
 digitally  to  anyone  who  chooses  to  download  it  from  their  website.  Barr  Group  limits 
 direct  distribution  of  this  work  to  within  the  direct  organization  to  which  the 
 downloader  belongs.  Barr  Group  prohibits  sharing  of  this  downloaded  document  in 
 any other way, including using excerpts from within the published material. 

 The  members  of  this  project  team  will  not  publish  or  cite  any  information  from  this 
 book  in  this  document,  and  therefore  they  direct  any  readers  interested  in  the 
 contents  of  the  book  to  the  website  of  Barr  Group.  By  ensuring  this  stated  use  of  this 
 work  published  by  Barr  Group,  the  members  of  this  project  do  not  violate  the  user 
 agreement or copyright laws involved in this work. 
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 13.  Permission to Cite Arduino 

 14.  M3dzone permission request , no response was received: 

 15.  MatWeb permission request, no response was received: 

 16.  Kloeckner Metals Corporation permission request, no response was received: 
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 17.  All Metals Fabrication permission request, no response was received: 
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