Final Proposal: 
Lunar Exploration Transportation System 

(LETS)

Spring 2008 Integrated Product Team (IPT)

Submitted By:

Team Eclipse
[image: image113.png]Navigation, guidance, control - Microsoft Word
Ecvier Editon  Affchage Inserton Fomat Outls Tableau Fenére 2

m ﬁl modele_lanceur *
A N[Fie Edt Vew Smuston Fomat Toos Hep

L DESEHS 2Bme| o 9y ik e | BEbDo@ REBS

o To Viowssace2

o |

B = M
~ Fle Edt View Smuaton Format Toos Help

D @S| s BRE [ > o fm [Nom =]

ToWonspace

et
T " P e W
B niree Manusl Switch | ComedeurFIDAvancs geprase  Goin  Gaint WC:' 2 _“*'®J___'
Tareie P
[resp—
1
[Ready [0 | [ fodets Y
- .
CDe E .,..}4 owefe—1- —e
R
: caind -
B O] o= B
clok Toviensacet °
.
Ready [ {000 fodets

Sec 1 S5 Ai7on L3l Colt B REV BT A AngasisRo  OX





April 22, 2008

Submitted To:

Dr. Michael P.J. Benfield and Dr. Matthew W. Turner

Associate Professor

Department of Mechanical and Aerospace Engineering

University of Alabama in Huntsville

Huntsville, AL 35899

matt.turner@uah.edu
pj.benfield@uah.edu
[image: image1.png]icrosoft PowerPoint - [Alternatives_Concepts_White_Paper_presentation_March_4_2008]

3] Fle Edt View Insert Format Tools SideShow

NEEHRRIISRITE ey

I RR RN W= N XN

window  Help

ET 3

<ol

A <) i iaenss ]|

out

=]

2 (1| Project Management

o (s

3 (1] Overview
« Phase 2
+ Seek t establishes team roles
« Develop two alternative designs

« Select one design as the final concept o
toke into Phase 3.
« Design Concepts
« Viking Lander, the baseline design
« Lander on Wheels (LOW), final design
chosen
« Lander + Rover

4[1] Technical Description
« Overview of Phase 2:
« Deliverable Items:
« White Paper
« Summarizes the strategy for
selecting alternative systems
« Qualitative fquantitative information
1o evaluate each idea
« Logical rational for down selecting
one concept among the three
concepts
« Oral Presentation
« Summarizing information from the
White Paper to present o the review
board,

Technical Description
« Specification Sumrmary
« Level 1 Requirerents

« Housed within an Atlas Y-401 EPF
Shroud

« Total Landed Mass - 997.4 kg

« Launch Date ~ NLT Septeriber 30, 2012

« Survivabiliy Tirme of 1 Year

« Attain a slope of 120

« Folar Landing as well as other Lunar
Landings

« Land Precision +/- 100m 30

« Maneuverabilty

« SMD to ESMD

&[] Team Eclipse Approach to Phase 2

7(1| Description of Concepts
« 3 Concepts

x

L || Autoshepes> \ N IO A Al €2 8 & &~ - A~

e

Side 1 of 21

Muith e

Default Design

Eddie

>





Executive Summary 

English

The following report provides detailed information about the design and development of the Lander on Wheels by Team Eclipse. The report identifies the process and technical aspects of the Lander on Wheels, the need for the product, manufacturing considerations, and development issues. The first section of the report deals with the need for the Lander on Wheels system and the requirements given by the customer. The main purpose of the system is to explore the surface of the moon and hopefully return valuable samples to Earth. The technical aspects of the design are discussed in this report. This section includes information on the guidance, navigation, control, power, structures, thermal, and operations systems of Team Eclipse’s design. The main points of each of these systems and how they interact are given, but more specific information can be found in the appendices of the report.  The final section of the report addresses manufacturing processes, a summary of the technical information, and lays out Team Eclipse’s recommendations and plans for future development of the LOW system.

French

Le rapport suivant fournit des informations détaillées au sujet de la conception et du développement du Lander sur des roues par Team Eclipse. Le rapport identifie les aspects de processus et techniques du Lander sur des roues, le besoin de produit, des considérations de fabrication, et des questions de développement. La première section du rapport traite le besoin de Lander sur le système de roues et les conditions données par le client. Le but principal du système est d'explorer la surface de la lune et si tout va bien des échantillons valables de retour à la terre. Les aspects techniques de la conception sont discutés dans ce rapport. Cette section inclut l'information sur les conseils, la navigation, la commande, la puissance, les structures, le courant ascendant, et les systèmes d'opérations de la conception de l'éclipse d'équipe. Les points principaux de chacun de ces systèmes et comment ils agissent l'un sur l'autre sont indiqués, mais l'information plus spécifique peuvent être trouvés dans les annexes du rapport.  La section finale du rapport adresse les processus de fabrication, un résumé d'information technique, et présente les recommandations et les plans de l'éclipse d'équipe pour le futur développement du BAS système
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IPT 02:  Final Report Feasibility of Lunar Exploration Transportation System

1.0 Final Report: Lander on Wheels Concept

1.1 Overview
This document outlines the specifications for the Lunar Exploration Transportation System (LETS).  The purpose of the LETS project is to develop a lunar lander for NASA that provides the flexibility to conduct different scientific investigations and technology validation tasks at different areas on the moon’s surface. Only one lander is desired for the mission.  The mobility of the lander system is subject to trade.  For the purposes of this project, the mission will begin with terminal descent and end when the Sample Return Vehicle (SRV) leaves the lunar surface.  The goal of the project is to design the transportation vehicle which could perform and accomplish scientific experiments and technology objectives.
The purpose of the lander is to land at a polar location, then travel to various locations to conduct experiments.  Each experiment is desired to take place 500 meters away from any other site. The experiments are conducted in 20 predetermined locations. Fifteen of these locations are located on the far side of the moon, while the remaining five locations are located on the near side. The number of locations and the distance between them allows for an accurate sampling over a wide area. 

While traveling to each site the rover will need to traverse terrain and navigate through and around unknown regions. Since line-of-site communication will be difficult for most of the mission, the rover will need to be self automated. 

The rover will also need to be able to communicate with Earth through either line-of-site communication or through a Lunar Reconnaissance Orbiter (LRO). Through these communications, NASA can upload and transmit data. The data transmitted is primarily stored data from recent completed experiments, but can also include the rover’s current location on the surface.  Knowing the rovers location allows NASA to upload course corrections if needed.

The mission is designed to last no longer than one year and to bring back a sample of material from the lunar surface of at least one kilogram. The sample is composed of lunar rock and will be stored inside the SRV. At the end of the mission, the SRV will leave the moon carrying the sample and itself back to Earth to be collected and studied. 

1.2 The Need

NASA has created the Lunar Precursor Robotic Program (LPRP) with the intention of sending robotic missions to the moon. These robotic missions will hopefully pave the way for permanent lunar sub stations which humans could occupy for an extended amount of time. The LETS program, which is one of the robotic missions headed by the LPRP, is focused on searching for water-ice at various sties at or near the pole of the moon.  Finding this water-ice on the moon is the first of many steps in establishing a lunar base. Without water, sustaining human life on the moon for an extended amount of time would be impossible. 

Along with searching for ice water, the LETS mission is also expected to analyze various other things on the moon. The CDD states that the lighting conditions must be determined at a stationary site every two hours for the duration of the mission. This is important because it will NASA to better understand the moon’s environment and providing necessary information concerning future manned missions. 

1.3 The Requirements

1.3.1 Requirements List

NASA, our customer, has presented UAH with requirements that would meet the need described above.  Table 1 lists the customer requirements as stated in the CDD.

Table 1: Customer Requirements


[image: image2.emf]Requirement Details

2.1. Total Landed Mass 997.4 kg

2.1.1. Propulsion System Dry Mass 64.6 kg

2.1.2. Hydrazine Propellant 159.5 kg

2.1.2. Helium Pressurant 2.0 kg

2.1.2. Propellant tanks 2 spherical 0.55 m diameter

2.1.2. Pressurant tanks 2 spherical 0.4 m diameter

2.1.3. Propulsion System Motors 2 MR-80B

2.1.4. Attitude Control System Motors 12 MR-106

2.2. First Mission Polar Location

2.3. Other Missions Land at other Locations

2.4. Cost Minimize

2.5. NLT Septermber 30, 2012

2.6. Mobility Capability

2.7. Mission Life 1 Year

2.8. Survivability All operations

2.9. Science Objectives SMD & ESMD

2.10. Landing precision ± 100m 3 σ

2.10.1.Terminal Descent Phase 5 km

2.10.2 Hazard Avoidance Not Responisble

2.11. Landing slope 12 degrees

2.12. g-Loads Maximum

2.12.1.g-Loads Stiffness only

2.12.2.Frequency Load Not Responisble


1.3.2 Physical Requirements

The LETS Lander must fit within the Atlas V-401 EPF shroud. The LETS Lander must not have more then 997.4 kg of total landed mass. This mass which includes 64.6 propulsion system dry mass. This mass does not include the Hydrazine pressurant or the 2 kg of Helium pressurant. The 159.5 kg Hydrazine propellant must be housed inside 2 spherical tanks 0.55 m in diameter and the 2.0 Helium pressurant must be housed inside 2 spherical tanks 0.4 m in diameter. The propulsion system must use 2 MR-80B for primary thrusters and 12 MR-106 for ACS thrusters. The LETS Lander must be capability of moving on the lunar surface.

1.3.3 Environmental Requirements

The LETS Lander must land first at a polar location with a ± 100m 3 σ precision with the capability of landing at other lunar locations. The descent starts at 5 km to the lunar surface. The Lander must survive maximum g loads and only account for stiffness and not responsible for frequency loads. The LETS Lander must survive the lunar environment which includes 400 K at equator for maximum temperature and 50 K at perpetual dark for minimum temperature.

1.4 The Solution

1.4.1 Concept Overview
Team Eclipse has developed the Lander on Wheels (LOW) which will satisfy nearly all of the requirements stated in the CDD. The LOW is a reliable design in that it has been pieced together with technology from pervious successful missions. For this very reason, Team Eclipse feels confident that the LOW will be able to operate for the entirety of the mission life. The LOW solution has been designed with the capability to meet or exceed the FOMs put forth by the customer in the CDD.  A basic concept drawing of the LOW can be seen in Figure 1 on the following page.

In using the LOW, two of the FOMs are of great concern to Team Eclipse. The FOM pertaining to mobility suggests the LOW must be able to visit multiple sites. By having only one spacecraft visit multiple sites, single point failure is a major issue. Another FOM deals with technology and its use on the LOW. The customer would like to use as much off the shelf technology as possible. By utilizing off the shelf technology whenever applicable to the LOW, Team Eclipse is adhering to the technology FOM and at the same time increasing the chances of meeting the mobility FOM by using proven technology.
 

By having the LOW visit all the sites, Team Eclipse ha s been able to utilize mass that would have been lost if a single lander / rover combination had ultimately prevailed during phase two of the design process.  The majority of this extra mass has been allocated to maximizing the scientific payload, which has been Team Eclipse’s main goal from the start. Maximizing the scientific payload inherently allows the LOW to perform a wider variety of scientific experiments at each site that may have been sacrificed with other design configurations. 

Perhaps the most appealing aspect of the LOW is that it requires no nuclear power. With the supply of Plutonium-238 in the world already being very scarce, the ability of the LOW to run off of solar cells and fuel cells is an excellent alternative. Early on in the design process, Team Eclipse was designing the LOW to run off of nuclear power. After having a detailed ConOps, it was discovered that using nuclear power would no longer be an option. With RTGs requiring a procurement time of at least five years, and the United States currently having no RTGs in production, the LOW would be unable to meet the guaranteed launch date specified in the CDD. By reworking the power system completely, Team Eclipse learned that the sacrifices that needed to be made in order to allow for the use of solar and fuel cells were relatively minimal and did not have a significant impact on the ConOps or other subsystems. 

[image: image3.jpg]



Figure 1: Concept Drawing for LOW

1.4.2 Dimensional Properties
By using the Atlas V-401 as the launch vehicle for the LETS mission, the LOW is restricted greatly in size. The CDD states that the LETS must be able to fit safely inside the shroud of the launch vehicle. With the shroud being 3.5 meters in diameter, the LOW must be designed accordingly. After lengthy discussion, all the subsystems agreed on the dimensions of the LOW. The LOW is to be 2 meters wide, 1 meter long and 0.5 meters tall. The design of the SRV was also limited by its dimensions. Both height and mass of the SRV also needed to be taken in to consideration. Since the LOW was being designed to travel to all 20 sites, the LOW needed to be designed in a way to avoid mission failure. With the center of gravity located at the center of the LOW, the SRV needed to be designed in a way to minimize the chances of the LOW tipping over. Team Eclipse limited ESTACA to a SRV of 200 kilograms and no higher than 2.5 meters tall. The dimensions of the LOW can be seen in Appendix E.
1.4.3 Operations Scenario
The Operations Scenario is a list of day to day activities for the Rover. Upon completing the Terminal Descent Phase (TDP), the LOW will depart from the landing platform, drop an electronic equipment box to achieve the single site goals, and make its way to the second test site. Traveling at an average speed of 4 meters per hour, the LOW will take approximately 7 days to get to the next test site. Upon reaching the test site, the LOW will began scientific experimentation. Also if in line of sight to the LRO, the LOW will send data via an S-Band antenna. Please see Appendix J for all activities of the LRO.
1.5 The Performance
1.5.1 LETS Figures of Merit
The following table shows the Figures of Merit that were given to Team Eclipse in the beginning of the semester. 
Table 2: Figures of Merit

	Figure of Merit
	Goal
	Design

	Number of surface objectives accomplished
	15 samples in permanent dark and 5 samples in lighted terrain
	15 samples in permanent dark and 5 samples in lighted terrain

	Percentage of mass allocated to payload
	Higher is better
	33%

	Ratio of objectives (SMD to ESMD) validation
	2 to 1
	4:1

	Efficiency of getting data in stakeholders hands vs. capability of mission
	Higher is better
	58%

	Percentage of mass allocated to power system
	Lower is better
	26%

	Ratio of off-the-shelf hardware to new development hardware
	Higher is better
	N/A


1.5.2 Surface Objectives

Team Eclipse plans to have the LOW travel to all 20 sites specified by the customer. By using as much proven technology as possible, the LOW will minimize single point failure in the process successfully collect data from all the sites.

1.5.3 Percentage of Payload Mass

Mass allocation is critical to the LOW since it is carrying the entire scientific payload for the entire mission. Since Team Eclipse was committed to maximizing the science payload, 324 kilograms were allocated to the payload. This accounted for approximately 33 percent of the LOW mass.

1.5.4 Ratio of SMD to ESMD Validation

Team Eclipse devoted 324 kilograms to the payload mass. Of this 324 kilograms, 263 kilograms were devoted to SMD validation. The remaining 64 kilograms were allocated to ESMD validation. The customer, Dave Jacobson, wanted to see a 2:1 ratio of SMD to ESMD validation. Team Eclipse has surpassed this ratio and boasts a 4:1 ratio of SMD to ESMD validation.

SMD payload consists of all scientific equipment used for the science on the lunar surface. ESMD payload consists all of the navigation equipment to monitor and map the lunar surface.

1.5.5 Data Efficiency

Efficiency of getting data in stakeholder’s hands vs. capability of mission is determined by looking at the total number of days in the ConOps allocated for data transfer (127 days) and the maximum number of days available for data transfer (219 days). This gives the value of 58% of the available time being utilized for data transfer over the course of the mission. The days used for data transfer are still more than enough to deliver all of the required data back to Earth so even though there are more days available for sending information they are not essential to the mission.

1.5.6 Percentage of Power System 

 Team Eclipse devoted 263 kilograms to the power system. The power system was comprised of solar arrays and batteries. Even though the percentage of mass allocated to the power system appears to be high, the ability to complete all objectives and constraints without resorting to nuclear power is appealing and allows for the LOW to launch on time.

1.5.7 Ratio of off the shelf technology to new technology

The ratio of off the shelf to new technology is not applicable to the LOW. In an effort to minimize single point failure, Team Eclipse only considered proven technology for each of the subsystems. For mobility, the rocker bogie design from Spirit and Opportunity was selected. The power system runs off of solar arrays and rechargeable lithium-ion batteries which both have a TRL of 9. The thermal system utilizes heat pipes

1.5.8 LOW Attributes

The LOW will travel at a minimum of 2 m/hr to a maximum 6 m/hr. The batteries have a total lifetime of 8 days of usage. Survivability of 50 K to 400 K

1.6 The Implementation

1.6.1 Design and Research Phase
Mobility was researched by Southern University to find the most efficient and versatile system to use on the LOW. The systems researched include a double-rocker bogie, treaded wheels, and a hopper system. In the beginning of Phase 2, Team Eclipse was able to eliminate the treaded wheels and the hopper system due to its inadequacy of fulfilling mission goals.

GN&C was researched by UAH to find the most power and cost efficient method of guiding, navigating, and controlling the LOW. Cameras, IMUs, and tilt sensors were attached to the LOW to aide in transportation from one test site to another.

Scientific experimentation was researched by UAH to maximize scientific payload. Many different science equipments were researched to provide knowledge of the lunar surface, composition of regolith, presence of 3He, water, H, and other various information. 

Power was researched by UAH to determine the most effective power system for the LOW. The systems that were researched were RTGs, ASRGs, fuel cells, Lithium-ion batteries, and solar cells. After Phase 2, it was determined that RTGs, ASRGs, and fuel cells were not a viable resource of power.

1.6.2 Testing Phase

The testing phase will consist of dynamic testing to verify the strength, survivability, functionality, and reliability of the LOW. The first testing will test the structure and electronics under maximum G loads. Second, radiation testing will be executed to determine the effectiveness of the MLI insulation material. Third, the GN&C systems will be tested for accuracy and consistency. Mobility will be tested under lunar surface conditions to ensure maneuverability on the lunar surface.

A second LOW will be developed as a terrestrial test for all systems while the LOW is in mission on the lunar surface. Command controls will initially be sent to the terrestrial LOW to determine acceptability of command controls. If the terrestrial LOW accepts the command controls without a glitch, then those controls will be sent to the lunar LOW

1.6.3 Implementation
After extensive research, Team Eclipse determined that the best mobility system to use on the LOW was the double-rocker bogie system due to availability and effectiveness for the mission goals.

After extensive research, Team Eclipse determined that the most effective way of traveling on the lunar surface is with the use of navigational digital imaging devices, radars, LiDAR, sensors, and trackers.

A major selling point of Team Eclipse’s LOW mission is to maximize scientific payload. With that in mind, additional scientific instrumentation, in addition to equipment mentioned in the CDD, was added to the LOW. Such instrumentation includes 3He sensors, UV imaging, IR bolometer, etc.

At the end of Phase 2, Team Eclipse dismissed the idea of using RTGs or ASRGs due to the lack of material needed and the time required to develop an RTG or ASRG system. During Phase 3, it was determined that fuel cells were not a viable source of power because of electrolysis. Electrolysis has not been tested in spaceflight, and therefore is not a desired readiness level. Therefore, the power source chosen for the LOW are solar cells, and the power storage is Li-ion batteries.
2.0 Technical Description of Methods Used
2.1 Overview
In this section of the report, each subsystem will be discussed and how it contributed to the design of the LOW. In each section, the methodologies of a particular subsystem will be discussed in detail along with any assumptions made during the course of the design process. Any conclusions and design implications concerning a particular subsystem are discussed in this section of the report. The main purpose of this section is to provide a detailed overview of Team Eclipse’s LOW concept from a technical standpoint along with the steps taken to reach the final product.

2.2 Project Office
The Project Office was expected to oversee and manage the team at all times during the design process. The Project Office was expected to communicate design concerns with the customer as well as ensuring the final design conformed to the requirements stated in the CDD. Along with managing the team, the Project Office was to make sure the team stayed on a consistent design path in order to utilize time efficiently. Managing team dynamics fell directly on the Project Office. If a dispute between two or more team members arose, the Project Office was expected to step in and resolve the issue to the best of their ability. 

There were a few issues discovered during the course of the design process. The first major design issue occurred during phase three. After presenting to the review board culminating phase two, Team Eclipse was ready to begin a more in-depth analysis of the chosen concept, the LOW. Early on, Power learned that using the RTGs Team Eclipse had chosen would be nearly impossible for two blatant reasons. The first and biggest reason was the lack of Plutonium-238 in the United States. Team Eclipse had initially planned on using two RTGs to provide power to the LOW for the extent of the mission. This would inherently require a rather large amount of Plutonium that the United States would not be able to supply. The second problem Team Eclipse found with using RTGs was the given launch date in the CDD. The LETS was expected to launch NLT September 30, 2012.  This was important, because it was discovered that RTGs take at least five years to procure. With no RTGs currently being developed by the United States, Team Eclipse realized it would be impossible to meet the given launch date and utilize nuclear power.  The Project acted and called a team meeting to present the problem to the team and decide on an alternative power source. Team Eclipse came to the conclusion that the LOW would run off of solar arrays and Lithium-ion batteries.

The only other design issue was relatively minor. Early on in phase three, Team Eclipse discovered a potential problem concerning the mobility system. By picking the LOW concept to move into Phase 3, the team was taking a big risk with single point failure. With Southern University (SU) already analyzing mobility systems from previous missions, Team Eclipse decided the mobility system of choice was a rocker bogie suspension system similar to the one on MSL.  The reasoning behind this was that since single point failure was a major issue with the LOW design, Team Eclipse needed to utilize as much proven technology as possible. With the rocker bogie having a TRL level of nine, Team Eclipse was very biased towards this design. The team felt given the rocker bogie’s robust design and proven success on both Spirit and Opportunity this was the mobility system that needed to be utilized on the LOW. The Project Office immediately informed SU of the team’s decision and the design process continued onward.

2.3 Systems Engineering

The design process for Team Eclipse final concept focused on modifying design selections to meet unforeseen limitations and making the final concept as feasible and cost effective as possible. The originally selected concept was based on a nuclear powered LOW. Shortly after the Phase 2 review, further analysis of this idea revealed that the amount of Plutonium-238 required to achieve the set goals greatly exceeded the amount of available Plutonium-238. Also, the development, testing, and production time needed to ready to the Plotonium-238 to a readiness level of 9 exceeded the time table of launching no later than September 30, 2012. The following brainstorming sessions resulted in the selection of a power system utilizing solar cells in combination with fuel cells for the LOW mission. Team Eclipse also contemplated inserting airbags as part of the landing on the lunar surface during the Terminal Descent Phase, but because of cost, complexity, and single point failure, the idea was declined in favor of a traditional landing platform with crush pads. At first, Team Eclipse was under the impression that Titanium (Ti-6Al-4V) was the best choice for the structure of the LOW due to its high strength, low mass, and cost effectiveness. Shortly after the Phase 2 review, Team Eclipse was notified that Titanium (Ti-6Al-4V) was strong and light weight, but extremely expensive. Even though Titanium (Ti-6Al-4V) had the strength to fulfill mission goals, it was found that Aluminum 6061-T6 could fulfill the mission goals along with reducing mass and cost. The last major problem that Team Eclipse had to overcome was the mass allocation for the payload. Since the LOW mission intends on maximizing scientific payload, the payload operations officer’s goal was to include as many scientific experiments as possible within mass and power strains. It was discovered that despite including many scientific experiments, the LOW had excess mass and volume available for additional scientific experiments.

Therefore, the final design is a Lander on Wheels utilizing solar and fuel cells and attached with a landing platform with crush pads to help negotiate unexpected landing slopes. The landing platform’s structure consists of the Aluminum 6061-T6. With respect to mass allocation for the payload, more scientific instrumentation was added to the LOW to further maximize scientific payload.

In order to achieve all of the creative ideas and encourage a free thinking environment, the design process for the LETS mission was loosely controlled. By allowing of the team members to voice their own opinions and ideas to the group as a whole, many ideas were originated that might not have occurred if the team was tapered to their own single minded ideas. This method worked great for the team because it created respect for other’s ideas. After all ideas were brainstormed, the team created a trade tree for each one of its alternative concepts and its available options. When there was a controversial decision to make, a team vote took place to choose the best idea. When all the ideas were presented to the team, the team as a whole voted and eliminated ideas based on availability of materials, performance, and achievability of goals provided by the customer. By Phase 3, the far reaching minds of the team did have to be controlled to focus on one single design and produce quantifiable results. Table 3 below provides a brief overview of the various subsystems of the LOW and some of their more important parameters.

Table 3: List of LOW Parameters

	Parameter
	Unit
	Notes

	
	Overall Vehicle
	

	Mission Duration
	Days
	311

	Total Mass
	kg
	997.4

	Number of Sites Visited
	Sites
	20 Total (5 Light/15 Dark)

	Single Site Goal Mass
	kg
	23

	
	Payload Subsystem
	

	Total Mass
	kg
	324

	SMD Mass
	kg
	260

	ESMD Mass
	kg
	64

	Payload Percentage of 
Total Mass
	kg
	32.48 %

	
	Power Subsystem
	

	Type
	N/A
	Solar Cells

and

Lithium Ion Batteries

	Total Power Mass
	kg
	263.968

	Total Power Required
	We
	200 We

	Number of Solar Arrays
	N/A
	1

	Solar array mass/solar array
	kg
	18.203

	Solar array area/solar array
	m2
	2.217

	Number of Batteries
	N/A
	24

	Battery Mass/Battery
	kg
	9.824

	Number of RTGs
	N/A
	N/A

	RTG Mass/RTG
	N/A
	N/A

	
	Structure Subsystem
	

	Total Mass
	kg
	140

	Maximum "g" load
	G
	5

	
	Thermal Subsystem
	

	Temperature of Rover 
(Cold Case)
	K
	160 – 250

	Temperature of Rover 
(Hot Case)
	K
	226 – 277

	Total Mass
	kg
	40

	Passive/Active system
	N/A
	Active

	
	GN&C Subsystem
	

	Total Mass
	kg
	42.164

	Accuracy
	%
	95

	Power Required
	W
	

	
	Communication Subsystem
	

	Total Mass
	kg
	5

	Type
	N/A
	S – Band Transmitter

	Bandwidth
	MHz
	1700 – 2300

	Power Required
	W
	30

	Data Rate
	Bits per minute (bpm)
	4320000

	
	Mobility System
	

	Range of Velocity
	m/hr
	5 – 6

	Total Mass
	kg
	100


2.4 Power
2.4.1 Power Subsystem Summary

During phase 2 the power subsystem was chosen to be an RTG or ASRG powered by Plutonium-238. It was later discovered that procurement of Plutonium-238 would take 5 years and would push the launch date. The fact that only approximately 10 kg of Plutonium would be available and that the LOW using an RTG would require 20-30 kg lead Team Eclipse to choose a different power system. Team Eclipse attempted to use a type of fuel cell, but from academic advisement a total battery system was chosen. The power estimated over 1000 W was a huge undertaking for any power system of this size. A phase mission shown as Table 4 below power budget was created to reduce the total mass required to 200 W. In order not to affect the science of the mission, research was conducted to look into NASA’s current power systems and find one that could fulfill all goals set out by Team Eclipse. A total system includes solar cells, lithium ion batteries, and a power controller.

Table 4: Phase Mission Power Budget


[image: image4.emf]Average Load Landing Initializing Driving Science Communications Sleep EoM & SRV

Thermal 40 40 40 40 40 10 2

GN&C 50 2 23 15 10 1 10

Power 10 10 10 10 10 1 10

C&DH 2 20 5 20 20 1 40

Communications 2 30 2 2 30 1 2

Propulsion 5 0 0 0 0 0 0

Mobility 4 10 100 10 10 0 10

Mechanisms 4 2 2 2 2 1 2

Payload 2 2 2 75 2 1 10

SRV 1 1 1 1 1 1 10

Total 120 117 185 175 125 17 96


Table 4 above shows the overall power budget separated into 6 major categories in watts electricity, We. In each column is a listing of estimated average load requirements for the various subsystems. Taking the totals of each load shows the total average load in each phase. The power subsystem would be designed by the maximum average load. Adding a factor of 10% 200W during the driving phase would require the most power. Table 5 below shows each subsystem’s required peek load in We-hr.

Table 5: Maximum Peek Load for subsystems


[image: image5.emf]Peek Loads

(W

e

-hr)

Thermal n/a

GN&C 900

Power 1000

CD&H n/a

Communictions 500

Propulsion n/a

Mobility n/a

Mechanisms n/a

Payload 1000

SRV n/a

*n/a refers that it is negligable

compared to the average load


2.4.2 Power Equipment

Solar power is the main power system of choice for the LOW. Similar to the ones used by NASA these solar cells will power the rover in daylight, recharge batteries, and power the electrolysis system for the fuel cell. Approximately 3m2 area of solar cells would be required to power this system. The assumptions where: 23.5 degrees for worst angle; degrade of 3.75% per year, and a mission time of 1 year.
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where:


Prv = Total power required during daylight


Pe = Power required for dark


Pd = Power required for daylight


Xe = Efficiency of path to batteries


Xd = Efficiency of path from arrays to the loads


Te = Time during dark


Td = Time during light
The power calculated using the equation 1 above where as the power required during the daylight is actually the power required during the daylight plus the power required during the dark. For this power subsystem Pe is 200 We and Pd is 200 We, the time in the dark is 8 days assuming 6 days of sleep mode and 14 days of light. The total powered required was shown to be 450 We for the solar cells.
Lithium-Ion batteries are the power storage for the LOW. The 24 batteries have a total capacity of 45 kWe-hr. The batteries have multi function purpose. The batteries function as a power regulator from which all systems draw their power. 
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where:


Cr = Total battery capacity


Pn = Maximum peak power needed


Tn = Maximum peak time at peak power


DOD = Depth-of-discharger based on Li-Ion


Nrv = Number of batteries


nrv = Battery-to-load transmission efficiency

The battery capacity per battery for the Lithium-Ion battery is shown in equation 2. Pn*Tn is the maximum peek power required at any time for the length of time, given time from Table 6. It was found that 256 We-hr for each of the 4 batteries. 

The calculations for both the solar cells and the batteries can be found in Appendix B.

2.4.3 Power Controller and Phase Missions

PSC will be used to control the power subsystem. This PSC is separate from the main computer of the LOW for the regulating the power. The PSC will communicate with the main computer for the basic inputs. The PSC must have voltage and amperage control, and protect the LOW from the various power considerations such as overdraw, under output, power spikes, etc. The PSC will also take input from the main computer for the phase missions.

Phase mission considerations. The total output of the LOW if every system was turned on would be way over 1000 W. A power system for that kind of power would require a lot of mass. Mass that would not be feasible for this LOW. The use of Phase mission is common to NASA spacecraft. The main phases are: Landing, Initializing, Driving, Science, Communications, Sleep, and EoM & SRV. Looking at Table 5 and Table 6 the calculated power outputs are calculated into 2 kinds of load in We and peak load in We-hr.

The LOW will use standard Teflon insulated power cables able to transmit up to 20 A and 30 V. The LOW will use approximately 20 m of cable at a mass of 15 kg. 

2.5 Guidance, Navigation, and Control
2.5.1: System Overview

In spatial terms, guidance is assisting a spacecraft in a desired direction of travel, navigation is establishing knowledge of the spacecraft’s position in order to properly arrive at a desired location, and control is making sure the spacecraft will travel in a desired direction to a desired location.  The Lander on Wheels guidance, navigation, and control (GN&C) subsystem provides for both the landing sequence, or the Terminal Descent Phase (TDP) and lunar maneuvering, or the Lunar Excursion Phase (LEP).  It has three primary subsystems: attitude control (sensors/actuators) subsystem (ACS), computer subsystem (CSS), and an optics subsystem (OSS).  During both phases, all three subsystems will come into play.  Both phases will incorporate some form of GN&C.  

2.5.2: Terminal Descent Phase
Since the LETS mission starts at 5km above the lunar surface, several issues must be considered in the way of terminal descent.  During the Terminal Descent Phase, the LOW will rely on several onboard instruments to help guide, navigate, and control it to a safe and precise landing on the lunar surface.  Those instruments shall be made up of a sensor suite of Inertial Measurement Units (IMU), a Star Tracker, sun sensors, optical remote sensing/imaging device, a radar altimeter, a scanning laser rangefinder/topographical decipherer (Light Detection and Ranging, or LiDAR), and actuators.  A guidance computer will also be used during descent and shall be discussed in detail immediately following the Lunar Excursion Phase summary below.  The instruments will be strategically placed aboard the lander as determined by the customer in order to achieve the full effect of the instruments’ capabilities.  

The inertial measurement unit is equipped with sensors (three gyros and accelerometers - one set for each axis) to measure the spacecraft’s inertial acceleration, or G-Forces, and rotational rates (roll, pitch, and yaw) and then relays this information to a guidance computer which then ultimately determines the position and velocity of the vehicle.  The guidance computer has the capability of determining the position and velocity through process known as dead reckoning
.  Dead reckoning is a centuries-old method of navigation used to determine one’s location primarily based off of a reference location.  The computer establishes this reference location via other sensors equipped on the LOW which are discussed in the subsequent paragraphs.  The IMU of choice will be Northrop Grumman’s LN-200 fiber optic inertial measurement unit, which has been proven in use by satellites (i.e. Clementine), missiles (i.e. AGM-142 Raptor), and even military aircraft (i.e. RQ-4 Global Hawk)
.  The highly reliable LN-200 will provide extremely accurate and precise attitude readings for the Lander on Wheels to allow for spacecraft stabilization during the Terminal Descent Phase.  Pertinent specifications of the LN-200 can be seen in Appendix C.  

Star Trackers are supplemental to the inertial measurement units in that they provide highly accurate inertial attitude measurements that are required to update the IMU periodically via an IMU alignment to correct IMU drift
.  Star trackers are a key component to the attitude control subsystem, as they make up for the possible accumulated drift errors created by the IMU.  The wide field-of-view Star Tracker will output an inertial-to-body quaternion, which is used to telemeter the spacecrafts current attitude.  A quaternion is basically a mathematical notation for representing orientations and rotations of the spacecraft, which means the data output is typically quite efficient and stable
.  The Goodrich HD-1003 will be the Star Tracker of choice primarily due to the fact that “Goodrich Electro-Optical Systems is the world leader in the design and manufacture of star trackers, with extensive flight experience in high-radiation orbital environments”
. The HD-1003 is capable of simultaneously tracking 6 stars at any moment and then using them as a reference to determine the lander’s orientation in space.  All data for the Goodrich HD-1003 can be seen in Appendix C.  

The sun sensors will also contribute to the attitude determination of the LOW, and will supplement the Star Tracker and IMU.  Sun sensors work by quantifying the amount of light or shadow cast on the spacecraft at any given point in time, which in turn determines its orientation with respect to the sun
.  The sun sensors to be used on the LOW are developed by Optical Energy Technology.  Their dual-axis sun sensors (Model 0.5) use algorithms to communicate to the LOW’s guidance computer with high accuracy.  See Appendix C for relevant sun sensor data.
To accommodate for the precise landing requirement, high precision landing site mapping techniques shall be employed.  This will be accomplished by way of a digitized view of the land area acquired onboard the lander (during descent) which are then compared and matched with images which are preloaded in the memory of the guidance computer to guide the LOW to its precise landing location.  Said stored images are to be obtained from the successful mission of the 1994 Clementine satellite, whose secondary objective was to completely map the lunar surface while orbiting the moon
.  This type of non-GPS based navigation is similar to the precision guided missile navigation systems currently in use today (i.e. Tomahawk land-attack cruise missile).  An instrument that carries this type of navigational capabilities is the Raytheon AN/DXQ-1 DSMAC IIA (Digital Scene Matching Area Correlator), and will be used on the LOW.  The photographs it obtains during the Terminal Descent Phase will be matched up with like images stored in the guidance computer’s database for a more accurate landing capability of the LOW.  The reason for it providing an accurate landing ability is due to the fact that any deviations in images will lead to an automated course correction induced by the DSMAC system.  Currently, it is difficult to obtain a wealth of specification data on a DSMAC system due to its proprietary nature, however, because of its proven flight heritage and capabilities, the off-the-shelf technology should have a high readiness level.
DSMAC is not capable of gaining useful contour and topographical information, therefore, LiDAR will also be employed on the Lunar Lander.  During terminal descent, the LiDAR guidance system will be used to objectively view the moon’s topography and be able to determine whether or not the terrain beneath the LOW is sloped and/or hazardous.  It will use sensors combined with onboard computing to detect hazards in the landing zone and autonomously select a location that is reachable and safe.  A slight drawback, however, to the LiDAR system is that the frequency of the laser scattering on the lunar surface (particularly due to extreme surface temperatures) may provide inaccurate readings of surface topography.  The landing LiDAR of choice will be the MDA(MacDonald, Dettwiler, and Associates, Ltd.)-Optech LiDAR, primarily because it has proven flight heritage in space onboard the Air Force’s XSS-11 satellite.  Being that this particular LiDAR system is space qualified, the extreme surface temperatures of the moon may present a non-issue, thus allowing the LiDAR to produce effective readings.  Data pertaining to the MDA-Optech LiDAR is scarce (possibly due to its proprietary uses), however, some can be found in Appendix C.  

To get a better idea of the altitude above the terrain beneath the spacecraft at any given time, a radar altimeter will be used.  The radar altimeter will be used in conjunction with the LiDAR system as a supplemental device.  The concept of a radar altimeter is simple: radio waves are transmitted towards the surface below, and then reflected back to the spacecraft once the surface is reached, and, knowing the speed of the radio wave, the time it takes for the altimeter to receive the signal corresponds to a certain distance, or altitude.  Many radar altimeters were considered, however the Honeywell HG-8500 will be the one used in the LOW.  It specializes in altitude determination of remotely piloted vehicles and tactical targets
; therefore, it suits the LETS mission perfectly.  Specifications for the HG-8500 can be seen in Appendix C.
Lastly, actuated descent of the vehicle during the landing sequence will primarily be done via two MR-80B monopropellant hydrazine liquid rocket engines and 12 MR-106 monopropellant thrusters provided by the customer.  Secondarily, reaction wheels will be used during controlled powered descent.  They will be used to provide an external force, or torque, to assist the ACS thrusters.  The torque produced will be capable of changing the spacecraft’s angular momentum.  They can be used to offset zero-mean torques on the LOW without the consumption of the hydrazine fuel and can store momentum induced by very low frequency or DC torques.  In addition to assisting the ACS, reaction wheels can aid large slewing (swinging or veering) maneuvers during descent
.  Ithaco Type-A reaction wheels will be utilized on the lunar lander, specifications of which can be found in Appendix C.  

2.5.3: Excursion Phase
During the Lunar Excursion Phase (LEP), the LOW will rely on several instruments to assist in navigating/traversing the lunar surface successfully and effectively.   These instruments will be comprised of one of the IMU’s used during the Terminal Descent Phase, a tilt sensor, several cameras strategically placed on the LOW, as well as the same guidance computer used during TDP. 
Following the same manner of operation as the IMU on the 2003 Mars Exploration Rovers, the LOW IMU (LN-200) shall be used to determine heading and tilt of the rover during a traverse.  The gyroscopes within the IMU shall measure small heading changes of the rover with a high level of accuracy.  Additionally, the accelerometers will measure where the moon’s gravity is strongest, pulling down on the rover
.  This is useful due to the fact that if the rover knows where gravity is, it can, to a certain extent, evaluate its orientation on the surface.  Furthermore, the rover will be equipped with 2 tilt sensors to gain knowledge of the angle of inclination the rover is positioned at any moment in time.  These sensors will relay the relevant information to the guidance computer, allowing it to make course adjustments if necessary.  The tilt sensor of choice will be Seika’s NG3 Inclinometer, primarily because of its high accuracy and robust design.  Design specifications of the NG3 can be seen in Appendix C.

Cameras
The LOW will be equipped with eight cameras to assist in the Excursion Phase.  The LOW will have panoramic cameras (PanCams), navigational cameras (NavCams), hazard avoidance cameras (HazCams), and a belly camera(BellyCam) that have been proven to operate successfully in a space environment.  The cameras will be positioned around the vehicle for optimum viewing capability. The NavCams and PanCams will provide terrain data in order for the rover to pass through a charted course. The HazCams will provide image data for the onboard systems to detect and devise an optimal course correction through hazardous terrain. These cameras were selected for their small size, modest power consumption, and, most importantly, the ability to disable automatic exposure.
The manner in which the cameras will assist in traversing the lunar surface will work in the same way the cameras helped the Mars Exploration Rovers maneuver about the Martian surface.  Images taken from the rover’s cameras will be analyzed quickly by engineers on earth via communications.  Then a target location will be selected based on scientific merit, traverse options will be assessed, and the rover will be commanded to drive to the designated target.  In order for engineers, who directed the initial command, to verify if the rover has indeed ended at the desired location, additional image data will be examined.  To illustrate, a comparison of the similar features found in the images from the new location (post-traverse) with the images from the original commanded location will provide engineers with enough knowledge to know if the rover actually arrived at the intended area
.   
These cameras have been determined to have operating temperature ranges between -55ºC and 22 ºC (but can survive between -120 ºC and 70 ºC). Each camera needs a start-up power of 2.7 watts. After the warm-up the cameras can operate continuously between 2W and 3W. Each cam can digitize 12bits/pixel and has a transfer rate of 5.12ms. The total mass of the cameras is 2.21 kilograms. The total powered to run each camera (simultaneously) is 15.05 watts.

The panoramic cameras (PanCam) are high-resolution, stereo cameras developed at the Jet Propulsion Laboratory, and mounted at the top of LOW’s mast along with the NavCam.  The PanCams take high-resolution, color images of the surface and surroundings, helping the LOW to select rock and soil targets for intensive examination and to pick new regions for it to explore.  When used on the Mars Exploration Rovers, the images from the PanCams created captivating 3-D, 360-degree panoramas of the rovers' different locations.  The same will be the case for the LOW’s PanCams.  The PanCam boasts 14 different types of filters, allowing for not only full color images but also spectral analysis of minerals and the atmosphere.  The camera can also be used to capture images of the Sun to determine each LOW’s exact position and orientation.  In a sense, it act’s as a backup for the IMU.  A single PanCam can view up to 180°. Each PanCam will be placed onto of the rover and positioned to give an operator a 360° view of the surroundings. The two PanCam eyes are mounted on a mast on the rover deck. The mast is referred to as the PanCam Mast Assembly (PMA). For imaging PanCam uses 1024×2048 pixels. The optical design allows PanCam to maintain optimal focus from infinity to within about 1.5 meters of the cameras. At ranges closer than 1.5 meters, PanCam images suffer from some defocus blur. Each Pamcam weights 270 grams and optimal needed height for the cam to operate is 1.54m above the lunar surface. 

The navigational camera (NavCam) is one of two kinds of non-scientific panoramic cameras aboard LOW.  A stereo NavCam will assist mission engineers gain a visual impression of the lunar surroundings in grayscale.  LOW navigates autonomously part of the time, making its own decisions about where and how to move about the lunar landscape.  However the NavCam will provide engineers with a means of visually navigating the terrain if needed.  The NavCams weigh 220 grams each and needed to be place 1.54 meters above the lunar surface.  Being able to view the surface through the eyes of the rover also allows the engineers to plot necessary course corrections and avoid obstacles that may not already be known.

The hazard cameras (HazCam) are a pair of stereo camera systems designed to image the ground in the immediate vicinity of the LOW to safeguard against the rover getting lost or inadvertently crashing into unexpected obstacles.  Mounted in pairs both in front of and behind the LOW, this camera system works in tandem with onboard software, allowing the LOW to make intelligent choices about navigating around hazards.  The HazCams will use a broadband visible filter and produce 1024 x 1024 pixel images.  The HazCam optics are f-theta fisheye lenses with 124 x 124 degree horizontal/vertical field of view and a 180 degree diagonal field of view.  The HazCam optics is f-theta fisheye lenses with 124 x 124 degree horizontal/vertical field of view and a 180° diagonal field of view. Each HazCam weights 245 grams are needed to be placed 0.52 meters above the lunar surface in the front and 0.51 meters in the back.  They can also provide terrain context immediately forward and aft of the rover to which the NavCams may not be able to view. The HazCams can also be used to support the arm deployment operations when samples are to be taken and to support rover fine positioning near arm deployment targets
.  As stated previously, the LOW is to utilize four HazCams.  

The belly camera (BellyCam) will be mounted directly underneath the rover.  Like the other cameras,  it is also a stereo camera system.  It is designed to image the ground underneath the LOW to safeguard against the rover not having enough ground clearance and inadvertently crashing into unexpected obstacles.  Such obstacles could disable the rover from underneath, not allowing the rover to proceed to its destination.  The BellyCam also can allow the operator of the drill to gain a visual perspective of the object being drilled.  The Bellycam weighs ~215 grams.
2.5.4 Guidance Computer
In order to receive all pertinent data from the GN&C instruments described in detail above, and then interpret the information, a guidance computer will be a necessary addition aboard the LOW.  The design team has chosen BAE Systems RAD750 central processing unit to use high speed interfaces between the varying GN&C instruments. This radiation-hardened single board computer has proven space flight heritage on board about 10 spacecraft, including the Mars Reconnaissance Orbiter and the WorldView-1 Satellite.  Because it is well suited for high-radiation environments, it should be a welcome addition to the lander and be able to handle all commands and real-time processing in the lunar setting.  As stated above, images taken from the Clementine satellite will be stored within the computer’s 512MB of memory.  Moreover, according to BAE, the RAD750’s CPU has 10.4 million CMOS (Complementary metal-oxide-semiconductors) and has a processor speed of up to 200 MHz.  General specifications for the BAE RAD750 can be seen in Appendix C.  

2.5.5 Redundancy

A primary goal for Team Eclipse is to reduce the single point failure of the LOW.  The GN&C subsystem will do this by using redundancy.  Particularly in the event of a loss of some spacecraft functionality, it is of great importance to be able to regain an equivalent functionality in response.  To do this, it is necessary to either include multiple instances of the same mission-critical instrument or have onboard devices that have similar functionality to that instrument.  Any backup and/or supplemental instruments will be designed to begin operation immediately after the failure of the originally intended piece of equipment via dual data bus connections.  For instance, two inertial measurement units will be onboard the LOW because without an IMU, stability during landing will be quite difficult.  A highly reliable Star Tracker will be directly linked to the IMU; therefore, only one will be used.  However, it will be dually connected to both IMUs in case of a failure.  The IMU links directly to the guidance computer, as well as the tilt sensors used in traversing, the sun sensors and radar altimeter used in descent, the various optical instruments used in both phases, and the actuators.  All of the equipment will connected via dual data buses to the guidance computer to make up a primary system, and then a secondary system for backup.  To illustrate, if a sun sensor on the primary system fails, but the primary guidance computer is still operational, the secondary sun sensor will be automatically linked to the primary guidance computer.  For a visual of the Redundancy control, refer to Appendix C.
2.6 Thermal

The purpose of the thermal control subsystem is to ensure that all of the spacecraft is within an appropriate operating temperature. If particular pieces of equipment are not kept within in appropriate range, then they will not function at optimum levels, and sometimes not operate at all.

The first step in selecting equipment for the thermal subsystem is to decide whether or not the system will be active or passive. Generally speaking passive systems are cheaper and lighter and are used for unmanned missions. They can include equipment such as surface finishes, insulation, radiators and louvers. At this point in the design process, both active and passive system components will be utilized.  For the active system, heaters will be used.       

This mission will be at the pole of the moon, and will encompass its most extreme temperatures. The coldest part of the moon is 50K, while the hottest is 400K.  

Since maximizing science is the most important goal in this mission, taking care of the temperature needs of the scientific equipment bears special attention. Another item that has a sensitive temperature range is the batteries. If these are not kept within operating temperature limits, the entire mission will likely fail. Table 6 summarizes the temperature ranges for various equipments.

Table 6: Temperature Ranges for Selected Equipment
	Equipment
	Temperature Range (C)

	Batteries
	-10 to 20

	Electronics
	0 to 40

	Structures
	-46 to 65

	Cameras
	-55 to 295

	Solar Arrays
	-100 to 100

	Power Box Baseplates
	-10 to 50

	C& DH Box Baseplates
	-20 to 60

	Antennas
	-100 to 100

	Mobility
	-80 to 200


Since the mission will be conducted in such a wide range of temperatures, the thermal subsystem must be flexible. It also will have to be able to handle these thermal loads for extended periods of time

To meet the thermal needs of this mission, a radiator, MLI, and heat pipes will be utilized.  It is assumed that the radiator will be mounted on top of the rover, and the heat pipes will be connected to it.  This design is being used because mounting sensitive equipment directly to the radiator will likely make it too cold.  The connection to the heat pipe will ensure the appropriate temperature levels.  Also the rover itself will be wrapped in MLI blankets.    

To consider the initial calculations, the rover was assumed to be a 1-meter by 2-meter box.  Since the radiator is mounted on top of the rover, it was assumed that it would only see the thermal effects of space, and thus is described by the following equation. 
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where


qradiator = Heat dissipated by the radiator, W






σ = Stefan-Boltzmann Constant, 5.67 x 10-8 W/m2K4





A = Area of radiator, m2





ε = emissivity






Tradiator = Temperature of radiator, K






Tspace = Temperature of space, K

In addition to considering the thermal effects of space on the radiator, the effects of the lunar surface on the rover were also considered.  To describe this effect, the following equation was used,
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and then solved for the temperature of the rover.
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where,


Arover = Area of rover, m2





qrover = heat dissipated by the rover, W






εrover = emissivity of the rover






Trover = Temperature of the rover, K






Frover = Form factor of the rover






Flunar = Form factor of the lunar soil

Since the radiator is mounted on top of the rover, it is assumed that it will experience mostly the thermal effects of space.  Because of this, it is desirable to have a high emissivity.  In Figure 2, the radiator temperature was plotted as a function of emissivity.  The purpose of this graph is to correlate a fitting emissivity, radiator temperature at a particular heat dissipation level.  
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Figure 2: Radiator Temperature as a function of Emissivity

In Figure 3, the temperature of the radiator is plotted as a function of its area.  In investigating this graph, one can find a suitable correlation given particular heat dissipation.  
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Figure 3: Radiator Temperature as a function of its Area

The effects of emissivity on the rover also need to be considered, however, in this case, it is desirable to have a low emissivity.  In Figure 4, the temperature of the rover was plotted as a function of emissivity.  To obtain the cold case, Trover was calculated as in Equation (5) for using the coldest lunar soil temperature Tsoil, which was 40 K.     
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Figure 4: Temperature of the Rover as a function of Emissivity (Cold Case)

In addition to the cold case being considered, the hot case was also examined as shown in Figure 5.  Obtaining the hot case was obtained the same way that the cold case.  This time Tsoil was 230 K.   
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Figure 5: Temperature of the Rover as a function of Emissivity (Hot Case)

The advantages of heat pipes are numerous, including the ability to deal with a wide temperature range and efficiency.  The basic set up of a heat pipe includes an evaporator section, and adiabatic section, and a condenser section.  This configuration is shown in Figure 6.  The evaporator section of the heat pipe takes in heat externally.  This is then conducted through the pipe wall and wick structure, where it vaporizes into the working fluid of the heat pipe.  Afterwards, it goes through the adiabatic section and into the condenser section.  The heat is then expelled out of the heat pipe via heat sink.    
[image: image15.emf]
Figure 6: Schematic of heat pipe

The purpose of the wick is to return the condensate to the evaporator.  There are pores within the wick.  Large pores are necessary because it allows for easy movement of fluid through different locations of the heat pipe.  There are three properties of wicks that are important to thermal design.  They include minimum capillary radius, permeability, and effective thermal conductivity.      
The fluid inside of the heat pipe transports the heat taken in the evaporator section by vaporization.  It is there necessary to select a fluid that works optimally with the temperature ranges experienced by the spacecraft.  It is also necessary to select a fluid that works well with the wick material and the external material of the heat pipe.  If a mismatch occurs, then corrosion can occur.  The heater will be directly connected to the heat pipes.  The heater will use 10 W to heat the LOW during sleep phase.  

Other heaters are placed next to the electric motors. The purpose of the heaters will make sure that the mobility system will be able to operate on the dark side of the moon.   The mobility system has operation parameters from -80 to 200 ºC.  For temperatures below -80 ºC, the heaters will operate as the environment requires.   It is also necessary because the rover will be staying on the dark side of the moon for eight days for the science mission, and six days for the sleep phase.  
2.7 Structures

The original configuration of the LOW, from the White Paper, was in a vertical orientation. After detailed examination of payload, power systems, and a final design of the SRV including its launch box, it was determined that the rover can be orientated in a horizontal orientation. The original vertical orientation was originally chosen to maximize the usable volume of the Atlas shroud. However, the total volume needed to house all of the above stated systems is much less than anticipated. By choosing a horizontal rover, the structural requirements and methodology of extrication the rover from the landing platform was greatly simplified.

The structural requirements for the landing platform and the rover are as follows. All must withstand a maximum of 5 g’s of acceleration during launch. It is assumed that an adaptor will be designed to attach the landing platform to the shroud of the Atlas launch vehicle that will be able to support the total mass of the LOW. This total mass is estimated to be 976 kg. In addition to launch, the landing platform must be able to survive the semi-hard landing that will occur when it hits the moon’s surface. It is assumed that the propulsion system will cut off when the lander is at an altitude of approximately five meters. With the gravitational acceleration on the moon’s surface (1.64m/s2) being approximately one sixth that of gravity on earth’s surface (9.81m/s2), and assuming that when the propulsion system cuts off, the velocity of the lander is approximately zero, the velocity of the lander when it hits the surface of the moon will be approximately 8.2 meters per second. This impact velocity is significant enough that honey comb crush pads, similar to that of the baseline Viking Lander will be utilized. By utilizing crush pads on the bottom of the lander’s feet and within the main body of the lander legs, it is assumed that ninety percent of the impact force will be absorbed within them. Finite Element Analysis (FEA) was used extensively in designing the structure of the LOW landing platform. Figure 7 shows an FEA analysis on the leg joiner of the landing platform, while Figures 8 and 9 show FEA analysis on the actual legs of the LOW landing structure
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Figure 7: FEA Analysis on Leg Joiner 
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Figure 8: FEA Analysis of Main Member

[image: image18.png]Fle Edt Vew Image Colors Help

Model neme: leg

Stucly name: leg_t

Plt type: Design Check Piott

Criterion : Max von Mises Stress

Factor of safety cistrbution Min FOS = 28

Fos
1 ponesn02
8 190e+001
& 36084001

101001

o X

I 5 O I o
FERCREEECET ERE

For Help, cick Help Topics o the Help Menu.

406,404

1§ untrld.omp-Pank




Figure 9: FEA Analysis of Top of Lander Leg

The lander platform is a four leg design that once on the lunar surface will be discarded by the rover. The rover will simply roll off of the platform leaving it behind.  To assist in the extrication of the rover from the platform, the lander platform will utilize a small ramp that will be located in the front of the rover. The ramp will be deployed using two small explosive bolts, that when detonated, will cause the ramp to fall. In the event that the ramp does not successfully deploy when the bolts are detonated, most likely due to landing on an incline, the robotic arm of the rover will push the ramp over.

The main structural component of the rover is the body.  The body will be constructed of the same titanium that was utilized in the design of the landing legs. The rover body design is a rectangular box with dimensions of 1 meter by 2 meters by approximately .5 meters. The body is designed such that it encapsulates all equipment that must be thermally protected and contains access ports to all scientific equipment that must receive regolith samples from the robotic arm. In addition, the main body is designed to adapt to the six wheel rocker bogie system that Southern University is designing for Mobility and the sample return vehicle (SRV) that ESTACA in designing.

Structures was responsible for ensuring that the mobility system was integrated into the structure of the LOW. Team Eclipse chose the rocker bogie mobility system because of its proven success in mobility systems today and its readiness level. The motors chosen for this mission were the maxon motors that were used on the MER rovers. After taking thermal requirements into consideration, it was determined that these motors would function on the moon. The maxon motors can survive temperature ranges of -80ºC to 204ºC.  The mobility system will require separate heaters on each of the independent wheels. These heaters will provide heat to the wheels when the LOW ventures into the dark sites.

2.8 Payload
Based on the design of the rover, the allotted spatial area for the payload will be 2 meters long by 1 meter wide. The Payload will have a mass of 124 kg for equipment + 200 kg for the SRV= 324 kg. This high mass allotment is intended to maximize the scientific equipment, satisfying the minimum scientific experimental requirements as well as including extra equipment for more experimentation. The original payload design used only about 60 kg, but due to availability for greater mass and volume, a more instrumentation was in the design added to maximize experimentation. 

The Sample Return Vehicle (SRV) will be used to return samples to the earth. It can be seen in Figures 10 and 11. A launcher for the SRV is positioned at the rear of the LOW, centered at the longitudinal axis. This can be seen in Figures 13 and 14.

A photoemission spectrometer and photoelectric cells will be included in order to measure emitted electrons and determine lighting conditions. An emission spectrometer with witness plate will determine regolith composition from micrometeorite impact flashes. A langmuir probe and a particle counter will be used to assess levitation dusts. The LOW will place and leave this equipment on the surface of the moon the first site in order to satisfy the single site goals. Also at the first site, the mast for the imaging system will be deployed on the LOW, and it will remain deployed for the duration of the mission. This equipment is included in a drop box that the LOW will set down while at the first mission site and leave behind. This box includes its own solar panels for power as well as an S-Band transmitter to transmit data. See the Payload appendix for details concerning its power system.

An arm and a scoop will be placed on the right side of the LOW to collect regolith from the lunar surface. The arm may also be used for operating other equipment (See Appendix F). Note that a second arm will be included, but only one is shown in the figures. There will also a drill in order to collect regolith from up to 2 m below the surface. Also on the top of the LOW is a mast that will hold a stereo imaging system to take 360˚ pictures. Cameras on the mast will include those as used on MER (See Figure 14).
Geotechnical experiments will include cone penetrometers, an experimental vane, and a bearing plate to measure lunar soil properties, which can be used to compare soil at the South Pole to that of previous landing sites. The Gas Chromatograph Mass Spectrometer (GCMS) will be used to determine volatile compounds and their composition (such as water, carbon dioxide, hydrogen, etc.). This instrument will use more power than the other instruments; so the GCMS’s power requirement is the deciding factor for maximum power allotment. A neutron spectrometer will be used to determine the flux and energies of neutrons to determine H content of regolith, while magnets placed on the front of the LOW will determine and magnetic susceptibility. XRD/ XRF will be used with an arm, and will determine the mineralogy and chemistry of the regolith. This satisfies the requirements for the instrument package baseline.

Other equipment that will be included in the payload are as here described. A tunable diode laser will be included to determine the presence of water in regolith.
 An electron paramagnetic resonance spectroscope (EPRS) will determine the radioactivity of dust on the moon. An IR bolometer will be included determine surface temperatures. UV imaging will view the lunar surface and the interior of any crater that the LOW may encounter. Helium-3 sensors will allow the LOW to detect the presence of any Helium-3. An alpha particle (AP) spectrometer will determine the presence of alpha particles from gasses below the surface.
 A gamma ray spectrometer will detect thorium and uranium.
 A beacon will be used to as a reference for navigation.

Payload figures are on the following pages. See figure 10 & 11 for two views of the SRV, figure 12 for a top-down view of the payload layout, figure 13 for an underside view of the payload, and figure 14 for an isometric view of the LOW.
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Figure 10: SRV View 1 
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Figure 11: SRV View 2
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Figure 12: Top View of Payload without Cover
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Figure 13: Bottom View of Payload without Cover
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Figure 14: Completed CAD Modeling of LOW
2.9 Communication

The LOW will utilize a communications subsystem similar to that of the modern day Space Shuttle. The system will consist of a S-Band communication equipment which will be used to transmit data to the LRO and Earth as well at direct LOS.
 
The S-Band transmitter will operate in a frequency range of 1700 to 2300 MHz. The system is capable of transmitting 72000 bits per second (bps) to the LRO. However, the LRO will only be at direct LOS for a certain amount of time per orbit, therefore, it will take time to transfer data from the LOW to the LRO.  The maximum amount of power that the S-Band transmitter will use is 30 W. Another major selling point for the LOW is that while the LOW is traveling from one test site to another test site, it can transmit data to the LRO. Therefore, the LOW is not only being time efficient, but it also able to multi-task. 
Data collected from the test sites are stored on a 1 GB hard drive which is located in the belly of the LOW .This storage capacity gives ample room to store test site data and also has more than enough storage space for additional data. 

Calculations for the time needed to transfer data from the LOW to the LRO at a storage capacity of 300 MB and the transfer rate of 72000 bps can be found in Appendix I.

2.10 Concept of Operations

The operations subsystem of the LETS is a broad area that encompasses all aspects of the mission. It is the responsibility of this subsystem to ensure that the various other components of the concept can work together in an efficient and effective manner in order to complete the objectives outlined in the Concept Description Document (CDD) for the mission.

The operations component of the Lander on Wheels proposed by Team Eclipse must pay special attention to minimizing single point failure and maximizing scientific payload. Several challenges are associated with these goals such as efficient data storage and careful planning to ensure power for the duration of the mission. These challenges and goals were approached initially by developing a Concept of Operations (ConOps) (Appendix J), which allows a general structure and timeline to be given to the mission. Over the course of the project this ConOps was adjusted to fit the constraints created by the other subsystems.

One of the primary constraints for the mission is power. The LOW has eight days of battery life, which is utilized when the rover travels into dark areas. The LOW also requires fourteen days to replenish the on-board batteries. These factors play a large role in determining the ConOps and the mission timeline.

The course of the mission is through an area along the rim of Shackleton crater and can be seen in Figure 10 below. This region is ideal since there is a well-lit area next to a dark area that makes the travel between charging sites and sample sites as easy as possible. The Shackleton crater site is saved until the end of the mission since it is the most difficult and riskiest to reach. The time designated for travel into the crater is also longer than the travel time between the other sites. This is due to the low lighting conditions even during lunar daytime and the potentially hazardous nature of the terrain. During lunar daytime the LOW will only receive 20-30% of the normal sunlight, which will translate into less available power and slower travel. The schedule outlined in the ConOps is conservative with more time than may be necessary designated for travel. The ConOps is based on a rover speed of five meters per hour, which is slower than the LOW is capable of going but serves the purpose of minimizing the potential for single point failure. This speed still leaves extra time at the end of the mission so the conservative scheduling is not an issue to completing the necessary objectives. 
The mission can be subdivided into three phases for the purposes of the operations subsystem: landing, exploration, and departure. Each of these phases requires the other subsystems to be coordinated in order to assure mission success. The landing phase requires the Guidance Navigation and Control (GN&C) component to land the LOW within the 300-meter designated landing area. The LOW rover is then removed from the propulsion system via a lowered ramp. This action requires the cooperation of several subsystems including structures, power, GN&C, and thermal. After sending a signal to Earth confirming system readiness, the mission continues to the next phase.

The second operations phase covers exploration of the lunar surface. The schedule and course for this phase is largely driven by the power subsystem since the LOW can only spend eight days in the dark before requiring fourteen days of sunlight to recharge. These timeframes play a large role in the ConOps construction seen in Appendix J. The CDD states that the mission must visit five lit sites and fifteen dark sites including one dark site in the Shackleton Crater. The ConOps outlines the approach taken to ensure that all of these sites are visited within the given timeframe of one year.
Figure 15 below illustrates the path taken by the Lander on Wheels to meet these requirements.

[image: image24.jpg]Landing Site

0
1

10 hackleton

20 = Crater Site | SRV
30 Launch Point
40

50

60

70

% t11umination





Figure 15: Lunar South Pole Region with Lander on Wheels Mission Course

The main challenge in the exploration phase of the mission is remaining efficient while keeping the rover charged for its dark site exploration. It is important to monitor remaining battery charge and ensure that the rover has enough power to reach the light for recharging. Initially, the rover will have fourteen days of sunlight. This is taken advantage of by first exploring lit sites. As the moon becomes dark the rover will switch to battery power and travel into the dark sites. In addition to the power subsystem, structures, GN&C, thermal, and payload will also play roles in this phase of the mission. Data transfer, in particular, is also important during this phase of the mission since any occasion when the Lunar Reconnaissance Orbiter (LRO) passes overhead should be utilized to send information back to Earth. The data needs to be sent often in order to keep the rover’s data storage from becoming full and to ensure acquired data is not lost should there be a mission failure. The time required for the each site’s data to be sent is 5.5 days. This is accounted for in the ConOps seen in Appendix J.
The third and final operations phase is the return phase. During this portion of the mission the Sample Return Vehicle (SRV) will be loaded with all of the samples taken during the exploration phase. The SRV is then sent from the rover to rendezvous with the LRO in orbit around the moon. At that point, the mission is concluded. The return phase is the most critical part since the samples must be returned to Earth in order to be of any value. This phase of the mission requires to cooperation of structures, GN&C, power, thermal, and payload subsystems.

The operations component of the mission supports the main goals of Team Eclipse. The scientific payload is maximized since the schedule allows time for extra sites as well as outlining the simplest method to reach the required sites. The potential for failure is minimized by the conservative nature of the schedule. This allows the LOW to travel at a safe pace and take extra care to avoid hazards.
2.11 Systems Interactions

Each of the subsystems of the LOW need to be taken into account in order for the system to function as a collective whole. Changing one aspect of the LOW system affects the whole design. Therefore there is a sequential nature for the subsystems of the LOW. The following figure below shows the intricate dependency of one system to another. Affecting one of the subsystems will affect another.

See the chart on figure 16, below, for details of subsystem interaction.


[image: image25]
Figure 16: Systems Interacting with Other Systems

The power and thermal subsystems are at the center of the systems interactions as they power and control the life of the overall system. Another important and essential group of subsystems are the communications and the concept of operations subsystems as they are the control center of the system. The guidance, navigation, and control subsystem is the soul of the system as it reads commands from the brain. GN&C is in charge of the whereabouts of the LOW at all times along with guiding the LOW to its destination safely. The mobility subsystem is important as it takes commands from the GN&C subsystem to take the LOW from one destination to another. The structures subsystem is also important as it is the glue that holds the LOW together and protects the LOW from all exterior forces. The payload subsystem is the foundation of the LOW as it is the main reason for the existence of the other subsystems. Therefore, all subsystems are derived for the payload of the mission.
3.0 Implementation Issues
3.1 Schedule
Table 7, below, describes the proposed development schedule for the LOW.
Table 7: Development Schedule

	Test Schedule
	 
	 
	 
	 
	 
	 

	
	Year*
	1
	2
	3
	4
	5

	Development
	
	
	
	
	
	

	
	N/A
	
	
	
	
	

	Prototyping
	
	
	
	
	
	

	
	Guidance, Navigation, & Control Systems
	
	
	
	
	

	
	LOW
	 
	 
	 
	 
	 

	Testing
	
	 
	 
	 
	 
	 

	
	Digital Imaging Devices
	 
	 
	 
	 
	 

	
	Power systems
	 
	 
	 
	 
	 

	
	Guidance, Navigation, & Control Systems
	 
	 
	 
	
	 

	
	LOW
	 
	 
	 
	 
	 

	Production
	
	
	
	
	
	

	
	LOW
	 
	 
	 
	 
	 

	
	*Years 1 & 5 are 2008 &
	 
	 
	 
	 
	 

	
	2012, respectively.
	 
	 
	 
	 
	 

	
	
	 
	 
	 
	 
	 

	
	
	 
	 
	 
	 
	 


The test schedule above is meant to be a suggested schedule to meet the launch date of NLT 2012 deadline. The first part of this schedule is meant for the development state. One of the most major selling points of the LOW is that it requires no development time as all the technology used on board is rated by NASA as a readiness level 9. 
The next two sections of the test schedule are very critical to making the final transition to production as smooth as possible. Prototyping of the systems along with testing will provide the engineers with much more insight into the problems and development needed to overcome these problems. Testing of the systems individually to ensure functionality and collectively to ensure compatibility could reduce future costs and mistakes. A large amount of testing is due to the various targets, goals, and other challenges faced by the LOW. 

Finally the production stage listed above is meant to be a congregation of the final production. Therefore, it is only logical to spend an ample amount of time on research and development in order to get a safe and cost efficient final product. 
3.2 Hardware Development

The LOW takes advantage of off the shelf technology in the fact that 100% of the parts on the LOW are tested and in use today.
Team Eclipse placed a lot of importance on the readiness level of certain technologies. All technologies that were used on the LOW were put as a readiness level of 9, which is the readiness level preferred by NASA. Table 8 shows a list of all hardware required on the LOW.
Table 8: List of Hardware on LOW
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4.0 Team Capabilities

4.1 Team Overview
 Early on in Phase two, Team Eclipse developed a solid plan for the future development of the LETS. The project manager and Systems Engineer met early on to place each of the UAH team members on a specific subsystem. Once team roles were solidified, the team began weighing the advantages and disadvantages of various design scenarios. Each concept was graded on how well it met the requirements specified in the CDD as well as how many of the FOMs it was able to accomplish. By the end of Phase two, a final concept was selected and Team Eclipse began Phase three of the design process. At the beginning of Phase 3, plans for weekly communication were established with SU and ESTACA. 
A Google Group was setup early on to allow all team members to be informed on current design issues or changes to meeting times. The group also gave team members the ability to upload documents of any kind. This feature allowed the Project Office to keep track of a team member’s progression of their subsystem. The Google group also allowed Team Eclipse to meet weekly with ESTACA to discuss updates concerning the SRV, which ESTACA was in charge of designing. The meetings were held in the IPT room using the software Google Talk. A microphone as well as a messenger program allowed everyone in attendance to eliminate any confusion concerning the design or placement of the SRV on the LOW. 
Managing team dynamics for Team Eclipse was a tedious task. There were varying personalities on the team that sometimes made it hard to accomplish work. It was the task of the project office to manage the different personalities and keep the team focused on the design of the LOW. Team Eclipse held meetings in a way so that every team member could voice their concerns and not receive verbal attacks from other members of the team. Design changes were made only if a clear majority agreed on the proposed change. Once the team was deep into phase 3, team members began to understand each other and communicate much more effectively resulting in the best possible design for the LOW.
4.2 Personnel Description
· Eddie Kiessling – Team Eclipse: Project Office


Eddie has been responsible for ensuring the team is staying on task as well as 
making sure Team Eclipse stays committed to the team goals stated early on 
during the design process. Being the Project Lead, Eddie is also responsible for 
ensuring documents are ready to present to the review board on time. He has 
been instrumental in setting up team meetings with ESTACA through the Google 
group. 
· Jay Gala – Team Eclipse: Systems Engineer

As systems engineer, Jay is responsible for the integration of each of the subsystems to ensure that they do 
not conflict with each other in any way. Jay is very disciplined and often rallies our team back to work when certain team members drift off course. Jay played a 
major role in both the phase 2 presentation and the design of the open house 
poster. 
· Chris Goes- Team Eclipse: Power System Lead

Chris has played huge role in the design. He came through when it was discovered that the RTGs Team Eclipse was relying on for power were no longer a viable source. In a short time, Chris had researched an alternative power source and had begun performing power calculations on the team’s new power source.  Chris has also acted for the systems engineer during Jay’s absence to ensure that Team Eclipse continued its forward progress. 
· Brandon York – Team Eclipse: Guidance, Navigation, and Control Lead


Brandon has shifted roles on Team Eclipse quite a few times during the design process. Initially drafted for the power subsystem, Brandon has found his calling as the GN&C lead. Heading GN&C, Brandon is responsible for tracking and navigating the lander for the duration of the mission. Brandon has communicated with his technical mentor regularly learning more and more each day. 
· Nathan Coffee -  Team Eclipse: Structures Lead

Nathan is in charge of the structures system. As structures lead, he is responsible for designing the landing legs for the LOW, making sure the structure can withstand the landing, and developing an interface with the mobility system being developed by SU. Being the most experienced with CAD, Nathan is called upon frequently to construct various drawings. 
· Brett Guin – Team Eclipse: Communications Lead


At Team Eclipse’s very first meeting, Brett willing accepted the role of Operations lead, a job no one else was volunteering for. As the Communications lead, Brett has been responsible for constructing a detailed itinerary for our LOW over the course of the entire mission. He has routinely sought the help of his technical mentor during the design process never allowing his subsystem to fall behind. 
· Kathryn Kirsh – Team Eclipse: Thermal Lead

Kathryn is the thermal lead for Team Eclipse. Kathryn has been a very reliable member and routinely offers help to other subsystems whenever necessary. Despite being unable to get in touch with her technical mentor early on, 
Kathryn researched thermal power on her own and continued to meet deadlines given by the project office.  
· Brent Newson – Team Eclipse: Payload Lead


Brent is the Payload lead for Team Eclipse.  As the head of payload, Brent is responsible for determining which scientific instruments will be placed on the LOW as well as the exact placement of these instruments on the lander. Brent has worked very closely with Nathan Coffee in order to ensure the mass of the payload is balanced evenly on both sides of the lander. 

· Joseph Sandlin – Team Eclipse: GN&C
Joseph is an important member of Team Eclipse. He works with Brandon York on GN&C to ensure our LOW is accounted for at all times during the mission. Joseph has been responsible for the selection of cameras for Team Eclipse’s lander. Mr. Sandlin is valuable member of Team Eclipse.
· Michael Bryan – Team Eclipse: Technical Editor

Michael is the technical editor for Team Eclipse. Mr. Bryan’s main role is to review and edit documents before they go to the review panel. Michael has also been very helpful with the actual design process making several suggestions for the design. 

· Julien Gobeaut –  Team Eclipse: ESTACA, SRV

Julien is at ESTACA and responsible for designing the SRV for Team Eclipse’s LOW. Mr. Gobeaut has been very accommodating with the UAH team members by agreeing to meet at UAH’s convenience. Julien has provided several CAD drawings of the SRV throughout the different stages of its construction.
· Ghislan Pelieu – Team Eclipse: ESTACA, SRV

Ghislan is also at ESTACA and works with Julein in designing the SRV. Mr. Pelieu has attended all of the meetings with UAH via Google Talk. 

· Miles Torregano – Team Ecilpse: SU, Mobility

Miles headed the mobility system and was responsible for the design process. He met regularly with the project office to ensure design reliability and functionality. Miles made great contributions in the mobility system for the LOW project with Team Eclipse.

· Juan Loretto – Team Eclipse: SU, Mobility

Juan was responsible for designing all CAD drawings concerning the mobility system. Juan also assisted Miles to ensure the mobility system was versatile. He worked closely with Nathan Coffee to guarantee that the mobility system conformed to the dimension of the LOW.

· Torey Crosby – Team Eclipse: SU Mobility

Torey was responsible for exploring possible alternatives to the mobility system during Phase 2 when Team Eclipse was uncertain of the concept of the mobility system. 
5.0 Summary and Conclusions
5.1 Summary of Design Process
The design process of the LOW has progressed through several stages. The initial phase of the design process had the team analyzing the specifics of the Viking Lander and gaining an understanding of the strengths and weaknesses of the Viking Lander design. Once this was accomplished, the team decided on what could be utilized from the Viking Lander and began the search for other alternatives if necessary. 

During the second phase of the design process, Team Eclipse analyzed the mobility trade trees from the customer briefing. Using simple logic, the team eliminated several possible alternatives. This process continued until only two mobility concepts remained. At this point, Team Eclipse began looking at how each of these concepts affected various subsystems. Toward the end of phase two, each of the possible mobility concepts were compared and only one concept was chosen to move into phase three.  Team Eclipse also established goals during the second phase of the design process. These goals took top priority when selecting technology to utilize on the LOW. Team Eclipse was fully committed to maximizing the scientific payload and reducing the risk of single point failure by employing as much TRL 9 technology as possible.  At the end of phase two, Team Eclipse presented their idea to the review board and listened to any concerns the review board had concerning the chosen concept.
At the beginning of phase three, a power and mass budget was established for each of the LOW. Once this was complete, the project office posted the power and mass budget on the team website for all team members to consult during the design of their subsystem. During this time, the systems engineer was working with all subsystems closely to prevent possible conflicts between all the interacting systems. Each team member began compiling a detailed report of their subsystem which would later be submitted to the project office. Once the project office received documentation from every subsystem, the final report was compiled which would be presented to the review board at the culmination of the class.
5.2 Conclusions on Functionality and Science Capability
Based on the calculations and concept design the LOW will essentially function as a science platform on wheels. The goal of maximizing scientific payload, along with minimizing failure, is at the core of the mission concept. The LOW has several notable capabilities that will allow it to successfully complete its mission while also satisfying the CDD requirements. The rover will be capable of driving an average of 5-6 m/hr while navigating a slope up to 12 degrees. Not only does the LOW fulfill the single site goals with a dedicated science box, but the LOW will be able to travel to all required sites with the option of traveling to more sights as necessary and as allowed by the time constraints. The LOW carries equipment on board which allows it to perform 11 scientific experiments at each site. In addition to this hardware, the LOW carries a communications subsystem that will allow for adequate date transfer rates and ample date storage space. All of these features of the LOW are essential for such a science based mission.

The remaining subsystems of the LOW rover serve to assist in the successful completion of the scientific goals. The power, thermal, structure, and GN&C systems function in such a manner that the LOW is able to meet the CDD requirements with science and safety remaining the top priorities. The LOW will be powered by solar cells and batteries in order to perform the mission tasks in the most efficient and safest manner possible. Thermal insulation and the use of heaters and heat pipes will keep the LOW thermally stable. The structure will be made out of titanium, giving it enough toughness to survive the conditions the LOW will be under. The LOW will be capable of knowing its location and navigating itself throughout the mission. All of these subsystems work together and allow the LOW to achieve the overall mission goals of maximizing scientific payload while minimizing failure potential.

Overall, the LOW concept is a fundamentally sound concept designed specifically for scientific data gathering and successful mission completion. This approach to the LETS project is specific, focused, and useful. The LOW mission has the ability to uncover a great amount of new information regarding the lunar surface.
6.0 Recommendations

Power was a major concern in the designing of the LOW. The major constraint was the lack of new technology and lack of materials for old technology. An RTG would be able to provide more than enough electrical and thermal power needed for the mission, but due to the lack of Plutonium-238, the idea of putting RTGs on the LOW was ruled out. The lack of new technology has also created problems for the LOW, as late in Phase 3 of the design process, fuel cells (due to electrolysis) were not considered to be a valid power source. 
Thermal was another major concern in the designing of the LOW. Again, the lack of materials for old technology made it difficult to create a thermal system which would function properly in extreme temperature ranges such as 50K to 400K.

Cost is another major issue with this project. One way to help reduce costs is to find new materials which have the same strength and durability as the materials needed but at a lower cost. 
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Appendix A - Concept Description Document

Concept Description Document Approval: 

The undersigned agree that the attached Concept Description Document as marked will be the basis the UAH IPT 2008 Design Competition.  From this time forward, any questions or clarifications concerning the concept description document to the Customer shall be submitted in writing and the answer distributed to all UAH IPT’s in writing.  

To change the Concept Description Document Prior to May 2, 2008 shall require that the change be stated in writing and that a person authorized by every one of the signers below endorse the change with their signature.  The revision will be labeled uniquely and distributed to all teams simultaneously.

The original of this document will be kept on file with the UAH Project Director.  All signers will receive a copy of the original document.

__________________/__________

Nick Case, UAH IPT Team D, Project Office
__________________/__________

Eddie Kiessling, UAH IPT Team E, Project Office
__________________/__________

Matt Isbell, UAH IPT Team E, Project Office
__________________/__________

David Jacobson, UAH IPT Project Customer
__________________/__________

Michael P.J. Benfield, UAH IPT Project Leader (Class Instructor)
__________________/__________

Robert A Frederick, UAH IPT Project Director

1. Scope.  This document outlines the specifications for the Lunar Exploration Transportation System (LETS).  The LETS project is to develop a lunar lander mission for NASA that provides the flexibility to conduct different scientific investigations and technology validation tasks at different areas on the moon’s surface.  For this study only one lander is envisioned.  The mobility of the lander system is subject to trade.  For the purposes of this project, the mission begins with terminal descent.  The project goal is to design the transportation system to accomplish the scientific and technology objectives, not the science and technology itself.
2. Customer Requirements.  The following requirements were given by the customer as Level 1 Requirements.

2.1.   The LETS shall use an Atlas V-401 EPF shroud configuration with a total landed mass of 997.4 kg.  

2.1.1. The LETS shall be designed so that 64.6 kg of the total landed mass is devoted to the propulsion system dry mass.  Table 1 details this mass allocation to the propulsion subsystems.

2.1.2. The LETS propulsion system shall be designed to accommodate 159.5 kg of hydrazine (N2H4) propellant and 2.0 kg of helium.  The propellant shall be housed in two spherical propellant tanks, each 0.55 m in diameter.  The helium shall be housed in 2 spherical tanks, each 0.4 m in diameter.

2.1.3. The LETS propulsion system shall be designed for two (2) MR-80B monopropellant liquid rocket engines.

2.1.4. The LETS attitude control system shall be designed for twelve (12) MR-106 monopropellant thrusters.

2.2.   The LETS shall be designed for its first mission to be at a polar location.
2.3.   The LETS shall be designed with the capability to land at other lunar locations.

2.4.   The LETS shall minimize cost across the design.

2.5.   The LETS shall launch to the moon NLT September 30, 2012.

2.6.   The LETS shall have the capability to move on the surface.

2.7.   The LETS shall be designed to survive for one year on the surface of the moon.

2.8.   The LETS shall survive the proposed concept of operations.

2.9.   The LETS shall be capable of meeting both the Science Mission Directorate (SMD) and the Exploration Systems Mission Directorate (ESMD) objectives.
2.10. The LETS shall land to a precision of ± 100m 3 sigma of the predicted location.
2.10.1. The LETS shall provided guidance, navigation, and control for the terminal descent phase, beginning at 5 km above the surface of the moon.

2.10.2. The LETS shall not be responsible for hazard avoidance.

2.11. The LETS shall be capable of landing at a slope of 12 degrees (slope between highest elevated leg of landing gear and lowest elevated leg).

2.12. The LETS shall be designed for g-loads during lunar landing not to exceed the worst case design loads for any other phase of the mission (launch to terminal descent).
2.12.1. The LETS shall be designed to withstand g-loads with respect to stiffness only.

2.12.2. The LETS design shall not be concerned with frequency responses or frequency loads.

3. Concept Design Constraints.  The following constraints are placed on the LETS design.

3.1. The LETS shall be designed to interface with the Atlas V-401 EPF shroud configuration launch vehicle per the Atlas Launch System Mission Planner's Guide, Rev 10a, January 2007, CLSB-0409-1109.  
3.2. The LETS shall be designed to survive the lunar cruise environment for up to 28 days per NASA Technical Memorandum 82478, Space and Planetary Environment Criteria Guidelines for Use in Space Vehicle Development, Volume 1. Including but not limited to the following environment obstacles

3.2.1. Radiation

3.2.2. Thermal

3.2.3. Micrometeoroids
 

3.3. The LETS shall be designed to survive the lunar surface environment at both the polar and equatorial regions.

3.3.1. This includes temperatures ranging from 107 Celsius to -223  Celsius

3.3.2. Including conditions stated in section 3.2
3.4. The LETS shall maximize the use of off-the-shelf technology.  Off-the-shelf technology shall have a technology readiness level of 9.

3.4.1. Readiness of level 9 states it is an actual “Flight Proven” system through successful mission operations.

3.5. The LETS shall be designed to accomplish the maximum surface objectives outlined below.

4. Figures of Merit.  The following Figures of Merit (FOM) will be used to evaluate the LETS design concepts.

4.1. Number of surface objectives accomplished (as outlined below)

4.2. Percentage of mass allocated to payload

4.3. Ratio of objectives (SMD to ESMD) validation (2 to 1 being the goal)

4.4. Efficiency of getting data in stakeholders hands vs. capability of mission
4.5. Percentage of mass allocated to power system

4.6. Ratio of off-the-shelf hardware to new development hardware

5. Surface Objectives.  The following surface objectives were provided by the customer.

5.1. Single site goals - Geologic context

5.1.1. Determine lighting conditions every 2 hours over the course of one year

5.1.2. Determine micrometeorite flux

5.1.3. Assess electrostatic dust levitation and its correlation with lighting conditions
5.2. Mobility goals
5.2.1. Independent measurement of 15 samples in permanent dark and 5 samples in lighted terrain

5.2.2. Each sampling site must be separated by at least 500 m from every other site

5.2.3. Minimum: determine the composition, geotechnical properties and volatile content of the regolith

5.2.4. Value added: collect geologic context information for all or selected sites

5.2.5. Value added: determine the vertical variation in volatile content at one or more sites

5.2.6. Assume each sample site takes 1 earth day to acquire minimal data and generates 300 MB of data

5.3. Instrument package baselines
5.3.1. Minimal volatile composition and geotechnical properties package, suitable for a penetrometer, surface-only, or down-bore package: 3 kg

5.3.2. Enhanced volatile species and elemental composition (e.g. GC-MS): add 5 kg

5.3.3. Enhanced geologic characterization (multispectral imager + remote sensing instrument such as Mini-TES or Raman): add 5 kg
Table 1.  Propulsion Dry Subsystem Mass

	Subsystem
	Number
	Mass/Unit (kg)
	Total Mass (kg)

	Propellant Tank
	2
	5.1
	10.2

	Helium Tank
	2
	5.2
	10.4

	Helium
	2
	1.0
	2.0

	Main Engine
	2
	7.9
	15.8

	ACS Thruster
	12
	0.5
	6.0

	Components
	1
	14.1
	14.1

	Contingency
	1
	6.1
	6.1


Appendix B – Power
Solar Cells Calculations
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Battery Calculations
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Appendix C - Guidance, Navigation, and Control
GN&C Specification Sheet

[image: image29.emf]Instrument Type Vendor Model Qty. Dimensions (mm) Mass (kg) Power Consumption (W) Temperature Range MTBF

Inertial Measurement Unit ACS Sensor Northrop Grumman LN-200 Fiber Optic 2 88.9 Dia x 85.1 H 1.5 12 (-54°C to 71°C) >20,000 hrs

Star Tracker ACS Sensor Goodrich HD-1003 1 135 Dia x 142 H 3.4 10 (-30°C to 65°C) 1M hrs

Sun Sensor ACS Sensor Optical Energy Technology Model 0.5 2 20 Dia x 40 H 0.008 0.05 (-30°C to 80°C) 131,400 hrs

Radar Altimeter ACS Sensor Honeywell HG8500 1 86.4 W x 86.4 H x 142.4 L 1.36 16 N/A 5000 hrs

Tilt Sensor ACS Sensor Seika NG3 Inclinometer 2 67 Dia x 21.6 H 0.22 0.005 (-40°C to 85°C) N/A

Reaction Wheel ACS Actuator Ithaco Type A 1 204 Dia x 63.5 H 5.9 7 N/A 2M hrs

Main Engine ACS Actuator Aerojet MR-80B 2 N/A 15.8 N/A N/A N/A

Thrusters ACS Actuator Aerojet MR-106 12 N/A 5.712 27 N/A N/A

Guidance Computer Computer BAE Systems RAD750 2 130 sq mm (micoprocessor) 0.009 5 (-55°C to 125°C) >4.3M hrs

LiDAR Optical MDA-Optech N/A 1 533.4 x 533.4 x 533.4 1.25 N/A N/A N/A

DSMAC Optical Raytheon IIA 1 N/A N/A N/A N/A

Optical N/A Navcam 1

67 x 69 x 34 (electronics)

41 x 51 x 15 (detector head)

0.22 2.15

N/A N/A

Optical N/A Hazcam 4

67 x 69 x 34 (electronics)

41 x 51 x 15 (detector head)

0.98 2.15

N/A N/A

Optical N/A Pancam 2

67 x 69 x 34 (electronics)

41 x 51 x 15 (detector head)

0.54 2.15

N/A N/A

Optical N/A Belly Cam 1 N/A

0.265 N/A

N/A N/A

Cameras


Redundancy Control Flowchart
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Explanation:

TDP Redundancy – A secondary IMU backs up the primary IMU.  The Star Tracker and sun sensors back up/supplement the IMU.  LiDAR Supplements the DSMAC system.  The radar altimeter supplements the DSMAC system and backs up the LiDAR system.  Reaction wheels back up the ACS Thrusters/Main Engine. LEP Redundancy  - Tilt sensors supplement the IMU and the cameras back up the IMU
Appendix D – Thermal
The Heat dissipated by the Radiator
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Temperature of the Rover, Cold Case
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Temperature of the Rover, Cold Case
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From COSMOS FEA analysis of the leg assembly, the minimum Factor of safety is 1.5.  To verify the accuracy of this analysis, the manual method for calculating the max stress is performed.

Appendix E - Structures
Titanium Material Properties

[image: image47.wmf]S

y

1.4

10

8

´

N

m

2

:=


Forces on member
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Impact  2 due to the assumption the crush pads will absorb 90% of the impact force.
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The lander is a four leg configuration so:
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Since there are two pins, the force is

divided between each.
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As a simplified assumption, the force

acting on the pin is in the middle of it.
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From "Fundamentals of Machine Design" Stress concentration factors
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From Fig. 4.35
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Since Kt is approximately 1 stress concentration is an insignificant factor.
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For Shear Stress
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Von Mises Stress Analysis
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The small difference in the factor of safety is most likely due to the assumption that the force is applied directly to the center of the pin.
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Appendix F - Payload
	Lander Payload Element
	Objective
	Mass (kg)
	Power (W)
	Order of Operations
	Notes
	Heritage

	The following items are used upon landing.

	Mast for stereo imaging system
	Provide elevation and pointing for imaging
	3.5
	9.5
	Single deployment
	Mast deployed upon landing. Holds stereo imaging system (cameras, etc.)
	MER, Pathfinder

	Photoemission Spectroscopy (PES)
	Measures electrons emitted from solids, gases or liquids by the photoelectric effect, in order to determine the binding energies of electrons
	3
	 
	Continuous
	Deployed upon landing. Single-site goal.
	 

	Photoelectric Cells
	Determines Lighting Conditions
	1
	 
	Continuous
	Deployed upon landing. Single-site goal.
	 

	Emission spectroscopy
	Determine chemical composition from micrometeorite impact flashes
	3.0
	7.0
	Continuous
	Deployed upon landing. Single-site goal.
	 

	Witness plate
	Target to observe micrometeorite impacts
	1
	 
	Continuous
	Deployed upon landing. Single-site goal.
	 

	Langmuir probe
	Levitated dust
	3.0
	5.0
	Continuous
	Deployed upon landing. Single-site goal.
	Ground based and flight 

	Particle counter
	Levitated dust
	7.0
	7.5
	Continuous
	Deployed upon landing. Single-site goal.
	Ground based and flight 

	Neutron Spectrometer 
	Determine the flux and energies of neutrons to determine H content of regolith
	1.0
	1.8
	Single measurement
	Assumes Los Alamos HYDRA design. Sensitivity to 0.5 wt% H2O under 50 cm dry regolith. Can be mounted on the vehicle.
	Lunar Prospector, CRUX

	The following items are used as needed.

	Arm
	Deploy instruments, conduct geotechnical experiments, collect regolith samples
	13.0
	43.0
	Multiple uses
	Used in conjuction with scoop and geotechnical experiments.
	Phoenix, Mars Polar Lander, Viking, Surveyor

	Arm
	Deploy instruments, conduct geotechnical experiments, collect regolith samples
	13.0
	43.0
	Multiple uses
	Used in conjuction with Gamma Ray Spectrometer, XRD/XRF.
	Phoenix, Mars Polar Lander, Viking, Surveyor

	Beacon
	Navigation reference
	1.0
	5.0
	Activates when threatened
	 
	 

	The following items are in order as given.

	Drill and drill deployment mechanism
	Recover regolith samples from depths of up to 2 m
	20.0
	30.0
	1
	 
	Apollo, Phoenix, Honeybee and Swales development activities

	Belly Cam
	Imaging of drill interface with surface
	0.4
	3.8
	1
	Used with drill as needed
	 

	Scoop
	Recover surface regolith samples
	0.5
	0.0
	1
	Deployed with arm
	Surveyor, Phoenix, Viking

	GCMS (Gas Chromatograph Mass Spectrometer)
	Determine the  volatile compounds present and their isotopic composition
	19.0
	75.0
	2
	Runs for 4 hours.
	Huygens, Viking, Mars Polar Lander, Phoenix, TEGA, SAM experiment MSL

	GCMS Sample processing system
	Process core or scoop material for analysis for GSMS
	1.0
	 
	2
	Use to prepare regolith samples with GCMS.
	Mars Science Laboratory, Viking, RESOLVE

	Tuneable Diode Laser
	Determine the amount of H2O present in the regolith, in situ
	1.0
	10.0
	3
	 
	Mars Polar Lander, SAM - MSL, 

	XRD / XRF
	Mineralogy and chemistry of regolith
	2
	10
	3
	Deploy with arm.
	 

	EPRS (Electron paramagnetic resonance spectroscopy)
	Determine the reactivity of the dust for biologic implications
	5.0
	5.0
	4
	 
	 

	EPRS Sample processing
	Separate regolith particles into >100 nm and <100 nm size fractions
	1.0
	 
	4
	 
	 

	Geotechnical Experiments - bearing plate
	End effector for geotech properties
	1.0
	0.0
	5
	Deployed with arm.
	Apollo, Lunokhod

	Geotechnical Experiments - cone penetrometer (3)
	End effector for geotech properties
	1.5
	0.0
	5
	Deployed with arm.
	Apollo, Lunokhod

	Geotechnical Experiments - shear vane
	End effector for geotech properties
	0.5
	0.0
	5
	Deployed with arm.
	Apollo, Lunokhod

	Magnets
	Determine  magnetic susceptibility of  regolith particles
	0.5
	0.0
	6
	Mounted on front of rover
	MER

	IR Bolometer
	Determine surface and near surface temperatures
	2.0
	5.0
	6
	 
	Guess. Power estimate based on imaging system detectors.

	UV imaging
	View the interior of the crater with Lyman a illumination
	5.0
	5.0
	6
	 
	Alan Stern email. LAMP mass 5 kg.

	Helium-3 Sensors
	Detect presensce of He-3, can be used for power
	1.0
	 
	7
	 
	 

	Alpha Particle Spectrometer
	Detects A.P.s emitted by radioactive gases leaking from lunar interior
	4.0
	7.0
	7
	 
	Lunar Prospecter

	Gamma Ray Spectrometer
	Detects presense of thorium and uranium. Uses arm.
	8.6
	 
	7
	 
	Lunar Prospecter

	Stereo imaging system
	Acquire images of surface for analysis
	0.8
	6.0
	8
	360° stereo images. Uses MER cameras as described elsewhere.
	MER, MSL

	Illumination for stereo imaging system
	Provide illumination for dark imaging
	0.4
	1.0
	8
	Used when needed.
	 

	Total mass / Power (Not all equipment used at one time - power constraints not an issue)
	 
	123.5
	265.6
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Appendix G – SRV
General presentation
Each physical system has got a proper behaviour. So the probability that its behaviour corresponds to the behaviour we would like to obtain is very low: that’s why we have to control it with different methods.

We have three major steps:

· Navigation: it gives the position and the speed of the vehicle thanks to an inertial unit, which can work in parallel with a GPS unit.

· Guidance : it computes during the flight the control rules that will be used on the vehicle systems :

· Entries: information from the navigation, orbits information, characteristics of the rocket.

· Command: attitude orders to the systems of control (orientation of the thrust).

· Control: it must follows the orders coming from the guidance block; ensure the stability of the rocket.

· Entries: attitude measures given by the inertial unit, orders from the guidance.

· Command: orders for the orientation of the nozzles. 

The drawing here shows the interactions between navigation, guidance and control.

Choice of the type of control for the SRV

To command our SRV during its propulsion phase, we have several different solutions:

· Reaction control system thanks to thrusters, 30 N class

· Control by orientation of the nozzle thanks to hydraulic actuators

1. Orientation of the nozzle

During all our studies on the SRV control systems, we will base on the Ariane-5 systems. It means that we will use the same type of sensors and actuators of that rocket.

Sensors:

We have several different sensors on our SRV:

· 2 RLG (Ring Laser Gyros) giving:

· Acceleration measures (accelerometers)

· Attitude measures (thanks to the integration of gyros’ measures)

· 2 gyros giving the angular speed

· Pressure, airspeed, angle of attack: used for the re-entry capsule

Control actuators:
· Thrust orientation by hydraulic or electric servo-actuators, in propulsion phase.

· Opening control of nozzles during ballistic phase: cold gas, hydrazine

· Orientation of aerodynamic actuators during re-entry phase

We will now focus on the control of the Thrust Vectoring Control (TVC) chain for mobile nozzles.

To orientate the propelling thrust:

· The nozzle is being orientated by the SVG, that receives orders from the calculator

· The SVG has got 2 actuators situated in 2 orthogonal plans.

· Each actuator is placed between a fixed point from the structure (‘A’) and a mobile point on the nozzle (‘T’).

· By making a variation of its elongation, each actuator implies a rotation of the nozzle in its activation plan.
Control system study

In this part, we will present a control system study of the rocket. Indeed, we will control the attitude in yaw and pitch of the rocket.
The description below shows the relation between pitch, yaw angle and angle of rotation of the nozzle.
Two actuators are going to make the rocket rotate in pitch and yaw. They’ll be disposed like that:

[image: image87]
The description below shows the principle of the nozzle orientation, made by a linear actuator. 


[image: image88]
We have got the following relations between the steering angle theta and the actuator clearance x.

+
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The rotation point is situated under the sonic section of the nozzle. Indeed, it will be easier to make a rotation of the nozzle with this configuration.

During the rest of the study, we will give the actuator an order of clearance x, obtained by dividing the steering angle desired by the constant r.

Typically, r = 100 mm.

Presentation of the Simulink model of the actuator:

The actuator used for the control will be the following one (references in annex):

[image: image90.emf]
Characteristics: 

Surface: S = 1e-3 m²

Volume of the chamber: V = 0.4e-4 m^3

Liquid used: oil

Bulk modulus: beta = 15000e5 Pa

Viscosity: mu = 0.88 Pa.s

Servo valve:

Gain: Kvalve = 4e-2

Time constant: tau = 2e-3 s

Starkness of the actuator: k = 1e6 N/m.
Nozzle mass: m = 6 kg

[image: image108.emf]
With:
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ksi = 0.1, w0 = 3.5e3 rad/s.

This actuator is only corrected by a proportional gain (Gain1), because the transfer function of the system already includes an integrator (class 1). The permanent error is consequently zero.

Basically, for a step order, the actuator has got an overshoot of 30 % in closed loop, and answers in 20 ms.

Presentation of the Simulink model of the rocket:
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The block concerning the rocket is the following one:
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It’s a second order system. The coefficients K1 and A6 represent:

· K1: propulsion efficiency 
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· A6: aerodynamic efficiency: null in our case, because of the non atmospheric environment
Pc: useful thrust for the control of the rocket. 
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Lt: distance between the centre of gravity and the application point of the thrust (Catia measurements).
I: inertia around the pitch and yaw axis. 
Finally we have got: 
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This system gives the rocket angle (pitch or yaw), when it receives an order of steering in entry.
The order in entry of the rocket block is provided by the actuator, which receives in entry the orders coming from the correction blocks.

Typically, the correction blocks are a proportional gain, coupled with a phase advance corrector.
The experience shows that the corrector must be settled like this:
Ki = 200, a1 = 7.548, tau1 = 0.0052.
The corrector receives in entry the error, provided by the subtraction of the order and the real value of angle.
This real value is given by a gyro meter, which can be synthesized by a second order, with a damping ratio of 0.7 and a natural frequency of 200 rad/s.
We have the following answer for a step of yaw of 4.5°:
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The system answers in approximately 200 ms, which is quite a good result for such a complex interlock.

The Bode diagram in open loop is:
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We have a phase margin of +44.6°, which is what is currently waited for an interlock in automatic. Moreover, this shows that the system is steady in closed loop.

Conclusion: 

The rocket answers in less than 200 ms. The force produced thanks to the orientation of the nozzle is:
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 with a thrust of 643 N.

2. Reaction control system

The technology that could be used for our application is the following one:

Page vannage gaz chauds

This device would be situated in the combustion chamber, before the sonic section of the nozzle.

Sizing of the force needed to reach the desired speed and acceleration of the rocket in pitch and yaw
We will size approximately the force of the thrusters:

The movement of the rocket in pitch and yaw is the same. So we have the same inertia of the rocket: J = 38 kg.m².

Then we will study the movement in pitch. We have a pitch rotation speed
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We consider that the rocket reaches the rotation speed in 200ms,
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So the force is:
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Where AG is the distance between the centre of gravity and the point of application of the force. Here we have 700 mm between these two points.

AN: 
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Then the control of the rocket is the same as the one above, except the transfer function that changes. Indeed, it’s no more between the steering angle of the nozzle and the pitch angle; in our case here it’s between the opening state of the valve on each axis (open or closed) and the pitch angle.

Different options concerning the steadiness of our SRV (put it before what’s above)
See above the computations made about the force needed for the thrusters (for the 2 solutions presented above).

It’s quite obvious to say that if our SRV, with the same mass of 200 kg, has got a low centre of gravity, the force needed to satisfy the Fundamental Principle of Dynamics (conserve the same angle acceleration) will be much higher rather than if the SRV had a high centre of gravity. See the picture below explaining that:
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[image: image104]
To have a conservation of the angle acceleration of our rocket, we need to conserve the torque around the considered axis. So we need to conserve the product F*d.

If we have a low centre of gravity, we will need a higher force to conserve the torque. If we have d1 = 3*d2, we will need a force of F2 = 3*F1. If we look much closer at the computations made above, we won’t be able to provide an effort of 156 N (3*53 N) by an orientation of the nozzle.

So it’s obvious to have a centre of gravity situated the highest possible. After having considered that, appears the problem of steadiness. The handiness of our rocket is inversely proportional to its steadiness. Indeed we have to find a compromise between the steadiness and the handiness. We know that during the come back to earth, we will need a very precise and handy rocket. The studies above show that for the configuration of the SRV chosen, the rocket is steady (the phase margin is +44.6°).

Design of the nozzle orientation system (protection of the connection)
We will design in this part the system for the orientation of the nozzle. The main goal is to get a solution conserving the most possible the thrust flow created by the nozzle.

Solution joint caoutchouc tient la route niveau thermique ? Recherche sur Internet de caoutchoucs résistant à cette température.

Appendix H- Communications

Data Transfer Calculations from LOW to LRO
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Appendix I - Concept of Operations
	ConOPS: Team Eclipse

	 
	 
	 
	 
	 

	Day
	Task
	Light/Dark
	Site 
Conditions
	Charge

	1
	Landing, Unload, System Check, Send 'OK' Signal
	Light
	 
	 

	2
	Site 1 Experiments, Send Site 1 Data
	Light
	Light 1
	 

	3
	Travel to Site 2, Send Site 1 Data
	Light
	 
	 

	4
	Travel to Site 2, Send Site 1 Data
	Light
	 
	 

	5
	Travel to Site 2, Send Site 1 Data
	Light
	 
	 

	6
	Travel to Site 2, Send Site 1 Data
	Light
	 
	 

	7
	Travel to Site 2, Complete Site 1 Data Transfer, 
Site 2 Experiments, Send Site 2 Data
	Light
	Light 2
	 

	8
	Travel to Site 3, Send Site 2 Data
	Light
	 
	 

	9
	Travel to Site 3, Send Site 2 Data
	Light
	 
	 

	10
	Travel to Site 3, Send Site 2 Data
	Light
	 
	 

	11
	Travel to Site 3, Send Site 2 Data
	Light
	 
	 

	12
	Travel to Site 3, Complete Site 2 Data Transfer, 
Site 3 Experiments
	Light
	Light 3
	 

	13
	Travel to Site 4, Send Site 3 Data
	Light
	 
	 

	14
	Travel to Site 4, Send Site 3 Data
	Light
	 
	 

	15
	Travel to Site 4, Send Site 3 Data
	Dark
	 
	Battery

	16
	Travel to Site 4, Send Site 3 Data
	Dark
	 
	Battery

	17
	Travel to Site 4, Send Site 3 Data, Site 4 Experiments
	Dark
	Dark 1
	Battery

	18
	Travel to Site 5, Complete Site 3 Data Transfer, 
Send Site 4 Data
	Dark
	 
	Battery

	19
	Travel to Site 5, Send Site 4 Data
	Dark
	 
	Battery

	20
	Travel to Site 5, Send Site 4 Data
	Dark
	 
	Battery

	21
	Travel to Site 5, Send Site 4 Data
	Dark
	 
	Battery

	22
	Travel to Site 5, Send Site 4 Data
	Dark
	 
	Battery

	23
	Awaiting Sunlight
	Dark
	 
	 

	24
	Awaiting Sunlight
	Dark
	 
	 

	25
	Awaiting Sunlight
	Dark
	 
	 

	26
	Awaiting Sunlight
	Dark
	 
	 

	27
	Awaiting Sunlight
	Dark
	 
	 

	28
	Awaiting Sunlight
	Dark
	 
	 

	29
	Charge Batteries, Complete Site 4 Data Transfer
	Light
	 
	 

	30
	Charge Batteries, Site 5 Experiments, 
Send Site 5 Data
	Light
	Light 4
	 

	31
	Charge Batteries, Travel to Site 6, Send Site 5 Data
	Light
	 
	 

	32
	Charge Batteries, Travel to Site 6, Send Site 5 Data
	Light
	 
	 

	33
	Charge Batteries, Travel to Site 6, Send Site 5 Data
	Light
	 
	 

	34
	Charge Batteries, Travel to Site 6, Send Site 5 Data
	Light
	 
	 

	35
	Charge Batteries, Travel to Site 6, 
Complete Site 5 Data, Site 6 Experiments, 
Send Site 6 Data
	Light
	Light 5
	 

	36
	Charge Batteries, Send Site 6 Data
	Light
	 
	 

	37
	Charge Batteries, Send Site 6 Data
	Light
	 
	 

	38
	Charge Batteries, Send Site 6 Data
	Light
	 
	 

	39
	Charge Batteries, Send Site 6 Data
	Light
	 
	 

	40
	Charge Batteries, Complete Site 6 Data Transfer, 
Travel to Site 7
	Light
	 
	 


Charge Batteries, Travel to Site 7, 

	Send Any Remaining Data
	Light
	 
	 
	

	42
	Charge Batteries, Travel to Site 7, 
Send Any Remaining Data
	Light
	 
	 

	43
	Travel to Site 7
	Dark
	 
	Battery

	44
	Travel to Site 7, Site 7 Experiments, Send Site 7 Data
	Dark
	Dark 2
	Battery

	45
	Travel to Site 8, Send Site 7 Data
	Dark
	 
	Battery

	46
	Travel to Site 8, Send Site 7 Data
	Dark
	 
	Battery

	47
	Travel to Site 8, Send Site 7 Data
	Dark
	 
	Battery

	48
	Travel to Site 8, Send Site 7 Data
	Dark
	 
	Battery

	49
	Travel to Site 8, Site 8 Experiments, 
Complete Site 7 Data, Send Site 8 Data
	Dark
	Dark 3
	Battery

	50
	Travel to Site 9, Send Site 8 Data
	Dark
	 
	Battery

	51
	Awaiting Sunlight
	Dark
	 
	 

	52
	Awaiting Sunlight
	Dark
	 
	 

	53
	Awaiting Sunlight
	Dark
	 
	 

	54
	Awaiting Sunlight
	Dark
	 
	 

	55
	Awaiting Sunlight
	Dark
	 
	 

	56
	Awaiting Sunlight
	Dark
	 
	 

	57
	Charge Batteries, Travel to Site 9, Send Site 8 Data
	Light
	 
	 

	58
	Charge Batteries, Travel to Site 9, Send Site 8 Data
	Light
	 
	 

	59
	Charge Batteries, Send Site 8 Data
	Light
	 
	 

	60
	Charge Batteries, Complete Site 8 Data Transfer
	Light
	 
	 

	61
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	62
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	63
	Charge Batteries
	Light
	 
	 

	64
	Charge Batteries
	Light
	 
	 

	65
	Charge Batteries
	Light
	 
	 

	66
	Charge Batteries
	Light
	 
	 

	67
	Charge Batteries
	Light
	 
	 

	68
	Charge Batteries
	Light
	 
	 

	69
	Charge Batteries
	Light
	 
	 

	70
	Charge Batteries, Travel to Site 9
	Light
	 
	 

	71
	Travel to Site 9
	Dark
	 
	Battery

	72
	Travel to Site 9, Site 9 Experiments, Send Site 9 Data
	Dark
	Dark 4
	Battery

	73
	Travel to Site 10, Send Site 9 Data
	Dark
	 
	Battery

	74
	Travel to Site 10, Send Site 9 Data
	Dark
	 
	Battery

	75
	Travel to Site 10, Send Site 9 Data
	Dark
	 
	Battery

	76
	Travel to Site 10, Send Site 9 Data
	Dark
	 
	Battery

	77
	Travel to Site 10, Site 10 Experiments, 
Complete Site 9 Data Transfer
	Dark
	Dark 5
	Battery

	78
	Travel to Site 11, Send Site 10 Data
	Dark
	 
	Battery

	79
	Awaiting Sunlight
	Dark
	 
	 

	80
	Awaiting Sunlight
	Dark
	 
	 

	81
	Awaiting Sunlight
	Dark
	 
	 

	82
	Awaiting Sunlight
	Dark
	 
	 

	83
	Awaiting Sunlight
	Dark
	 
	 

	84
	Awaiting Sunlight
	Dark
	 
	 

	85
	Charge Batteries, Send Site 10 Data
	Light
	 
	 

	86
	Charge Batteries, Send Site 10 Data
	Light
	 
	 

	87
	Charge Batteries, Send Site 10 Data
	Light
	 
	 

	88
	Charge Batteries, Send Site 10 Data
	Light
	 
	 

	89
	Charge Batteries, Complete Site 10 Data Transfer
	Light
	 
	 

	90
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	91
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	92
	Charge Batteries
	Light
	 
	 

	93
	Charge Batteries
	Light
	 
	 

	94
	Charge Batteries
	Light
	 
	 

	95
	Charge Batteries
	Light
	 
	 

	96
	Charge Batteries, Travel to Site 11
	Light
	 
	 

	97
	Charge Batteries, Travel to Site 11
	Light
	 
	 

	98
	Charge Batteries, Travel to Site 11
	Light
	 
	 

	99
	Travel to Site 11
	Dark
	 
	Battery

	100
	Travel to Site 11, Site 11 Experiments, 
Send Site 11 Data
	Dark
	Dark 6
	Battery

	101
	Travel to Site 12, Send Site 11 Data
	Dark
	 
	Battery

	102
	Travel to Site 12, Send Site 11 Data
	Dark
	 
	Battery

	103
	Travel to Site 12, Send Site 11 Data
	Dark
	 
	Battery

	104
	Travel to Site 12, Send Site 11 Data
	Dark
	 
	Battery

	105
	Travel to Site 12, Site 12 Experiments, 
Complete Site 11 Data Transfer
	Dark
	Dark 7
	Battery

	106
	Travel to Site 13, Send Site 12 Data
	Dark
	 
	Battery

	107
	Awaiting Sunlight
	Dark
	 
	 

	108
	Awaiting Sunlight
	Dark
	 
	 

	109
	Awaiting Sunlight
	Dark
	 
	 

	110
	Awaiting Sunlight
	Dark
	 
	 

	111
	Awaiting Sunlight
	Dark
	 
	 

	112
	Awaiting Sunlight
	Dark
	 
	 

	113
	Charge Batteries, Send Site 12 Data
	Light
	 
	 

	114
	Charge Batteries, Send Site 12 Data
	Light
	 
	 

	115
	Charge Batteries, Send Site 12 Data
	Light
	 
	 

	116
	Charge Batteries, Send Site 12 Data
	Light
	 
	 

	117
	Charge Batteries, Complete Site 12 Data Transfer
	Light
	 
	 

	118
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	119
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	120
	Charge Batteries
	Light
	 
	 

	121
	Charge Batteries
	Light
	 
	 

	122
	Charge Batteries
	Light
	 
	 

	123
	Charge Batteries
	Light
	 
	 

	124
	Charge Batteries, Travel to Site 13
	Light
	 
	 

	125
	Charge Batteries, Travel to Site 13
	Light
	 
	 

	126
	Charge Batteries, Travel to Site 13
	Light
	 
	 

	127
	Travel to Site 13
	Dark
	 
	Battery

	128
	Travel to Site 13, Site 13 Experiments, 
Send Site 13 Data
	Dark
	Dark 8
	Battery

	129
	Travel to Site 14, Send Site 13 Data
	Dark
	 
	Battery

	130
	Travel to Site 14, Send Site 13 Data
	Dark
	 
	Battery

	131
	Travel to Site 14, Send Site 13 Data
	Dark
	 
	Battery

	132
	Travel to Site 14, Send Site 13 Data
	Dark
	 
	Battery

	133
	Travel to Site 14, Site 14 Experiments, 
Complete Site 13 Data Transfer
	Dark
	Dark 9
	Battery

	134
	Travel to Site 15, Send Site 14 Data
	Dark
	 
	Battery

	135
	Awaiting Sunlight
	Dark
	 
	 

	136
	Awaiting Sunlight
	Dark
	 
	 

	137
	Awaiting Sunlight
	Dark
	 
	 

	138
	Awaiting Sunlight
	Dark
	 
	 

	139
	Awaiting Sunlight
	Dark
	 
	 

	140
	Awaiting Sunlight
	Dark
	 
	 

	141
	Charge Batteries, Send Site 14 Data
	Light
	 
	 

	142
	Charge Batteries, Send Site 14 Data
	Light
	 
	 

	143
	Charge Batteries, Send Site 14 Data
	Light
	 
	 

	144
	Charge Batteries, Send Site 14 Data
	Light
	 
	 

	145
	Charge Batteries, Complete Site 14 Data Transfer
	Light
	 
	 

	146
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	147
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	148
	Charge Batteries
	Light
	 
	 

	149
	Charge Batteries
	Light
	 
	 

	150
	Charge Batteries
	Light
	 
	 

	151
	Charge Batteries
	Light
	 
	 

	152
	Charge Batteries, Travel to Site 15
	Light
	 
	 

	153
	Charge Batteries, Travel to Site 15
	Light
	 
	 

	154
	Charge Batteries, Travel to Site 15
	Light
	 
	 

	155
	Travel to Site 15
	Dark
	 
	Battery

	156
	Travel to Site 15, Site 15 Experiments, 
Send Site 15 Data
	Dark
	Dark 10
	Battery

	157
	Travel to Site 16, Send Site 15 Data
	Dark
	 
	Battery

	158
	Travel to Site 16, Send Site 15 Data
	Dark
	 
	Battery

	159
	Travel to Stie 16, Send Site 15 Data
	Dark
	 
	Battery

	160
	Travel to Site 16, Send Site 15 Data
	Dark
	 
	Battery

	161
	Travel to Site 16, Site 16 Experiments, 
Complete Site 15 Data Transfer
	Dark
	Dark 11
	Battery

	162
	Travel to Site 17, Send Site 16 Data
	Dark
	 
	Battery

	163
	Awaiting Sunlight
	Dark
	 
	 

	164
	Awaiting Sunlight
	Dark
	 
	 

	165
	Awaiting Sunlight
	Dark
	 
	 

	166
	Awaiting Sunlight
	Dark
	 
	 

	167
	Awaiting Sunlight
	Dark
	 
	 

	168
	Awaiting Sunlight
	Dark
	 
	 

	169
	Charge Batteries, Send Site 16 Data
	Light
	 
	 

	170
	Charge Batteries, Send Site 16 Data
	Light
	 
	 

	171
	Charge Batteries, Send Site 16 Data
	Light
	 
	 

	172
	Charge Batteries, Send Site 16 Data
	Light
	 
	 

	173
	Charge Batteries, Complete Site 16 Data Transfer
	Light
	 
	 

	174
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	175
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	176
	Charge Batteries
	Light
	 
	 

	177
	Charge Batteries
	Light
	 
	 

	178
	Charge Batteries
	Light
	 
	 

	179
	Charge Batteries
	Light
	 
	 

	180
	Charge Batteries, Travel to Site 17
	Light
	 
	 

	181
	Charge Batteries, Travel to Site 17
	Light
	 
	 

	182
	Charge Batteries, Travel to Site 17
	Light
	 
	 

	183
	Travel to Site 17
	Dark
	 
	Battery

	184
	Travel to Site 17, Site 17 Experiments, 
Send Site 17 Data
	Dark
	Dark 12
	Battery

	185
	Travel to Site 18, Send Site 17 Data
	Dark
	 
	Battery

	186
	Travel to Site 18, Send Site 17 Data
	Dark
	 
	Battery

	187
	Travel to Site 18, Send Site 17 Data
	Dark
	 
	Battery

	188
	Travel to Site 18, Send Site 17 Data
	Dark
	 
	Battery

	189
	Travel to Site 18, Site 18 Experiments, 
Complete Site 17 Data Transfer
	Dark
	Dark 13
	Battery

	190
	Travel to Site 19, Send Site 18 Data
	Dark
	 
	Battery

	191
	Awaiting Sunlight
	Dark
	 
	 

	192
	Awaiting Sunlight
	Dark
	 
	 

	193
	Awaiting Sunlight
	Dark
	 
	 

	194
	Awaiting Sunlight
	Dark
	 
	 

	195
	Awaiting Sunlight
	Dark
	 
	 

	196
	Awaiting Sunlight
	Dark
	 
	 

	197
	Charge Batteries, Send Site 18 Data
	Light
	 
	 

	198
	Charge Batteries, Send Site 18 Data
	Light
	 
	 

	199
	Charge Batteries, Send Site 18 Data
	Light
	 
	 

	200
	Charge Batteries, Send Site 18 Data
	Light
	 
	 

	201
	Charge Batteries, Complete Site 18 Data Transfer
	Light
	 
	 

	202
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	203
	Charge Batteries, Send Any Remaining Data
	Light
	 
	 

	204
	Charge Batteries
	Light
	 
	 

	205
	Charge Batteries
	Light
	 
	 

	206
	Charge Batteries
	Light
	 
	 

	207
	Charge Batteries
	Light
	 
	 

	208
	Charge Batteries, Travel to Site 19
	Light
	 
	 

	209
	Charge Batteries, Travel to Site 19
	Light
	 
	 

	210
	Charge Batteries, Travel to Site 19
	Light
	 
	 

	211
	Travel to Site 19
	Dark
	 
	Battery

	212
	Travel to Site 19, Site 19 Experiments, 
Send Site 19 Experiments
	Dark
	Dark 14
	Battery

	213
	Travel to Site 20 (Shackleton), Send Site 19 Data
	Dark
	 
	Battery

	214
	Travel to Site 20 (Shackleton), Send Site 19 Data
	Dark
	 
	Battery

	215
	Travel to Site 20 (Shackleton), Send Site 19 Data
	Dark
	 
	Battery

	216
	Travel to Site 20 (Shackleton), Send Site 19 Data
	Dark
	 
	Battery

	217
	Travel to Site 20 (Shackleton), 
Complete Site 19 Data Transfer
	Dark
	 
	Battery

	218
	Travel to Site 20 (Shackleton)
	Dark
	 
	Battery

	219
	Awaiting Sunlight
	Dark
	 
	 

	220
	Awaiting Sunlight
	Dark
	 
	 

	221
	Awaiting Sunlight
	Dark
	 
	 

	222
	Awaiting Sunlight
	Dark
	 
	 

	223
	Awaiting Sunlight
	Dark
	 
	 

	224
	Awaiting Sunlight
	Dark
	 
	 

	225
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	226
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	227
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	228
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	229
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	230
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	231
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	232
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	233
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	234
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	235
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	236
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	237
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	238
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	239
	Awaiting Sunlight
	Dark
	 
	 

	240
	Awaiting Sunlight
	Dark
	 
	 

	241
	Awaiting Sunlight
	Dark
	 
	 

	242
	Awaiting Sunlight
	Dark
	 
	 

	243
	Awaiting Sunlight
	Dark
	 
	 

	244
	Awaiting Sunlight
	Dark
	 
	 

	245
	Awaiting Sunlight
	Dark
	 
	 

	246
	Awaiting Sunlight
	Dark
	 
	 

	247
	Awaiting Sunlight
	Dark
	 
	 

	248
	Awaiting Sunlight
	Dark
	 
	 

	249
	Awaiting Sunlight
	Dark
	 
	 

	250
	Awaiting Sunlight
	Dark
	 
	 

	251
	Awaiting Sunlight
	Dark
	 
	 

	252
	Awaiting Sunlight
	Dark
	 
	 

	253
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	254
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	255
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	256
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	257
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	258
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	259
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	260
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	261
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	262
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	263
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	264
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	265
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	266
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	267
	Awaiting Sunlight
	Dark
	 
	 

	268
	Awaiting Sunlight
	Dark
	 
	 

	269
	Awaiting Sunlight
	Dark
	 
	 

	270
	Awaiting Sunlight
	Dark
	 
	 

	271
	Awaiting Sunlight
	Dark
	 
	 

	272
	Awaiting Sunlight
	Dark
	 
	 

	273
	Awaiting Sunlight
	Dark
	 
	 

	274
	Awaiting Sunlight
	Dark
	 
	 

	275
	Awaiting Sunlight
	Dark
	 
	 

	276
	Awaiting Sunlight
	Dark
	 
	 

	277
	Awaiting Sunlight
	Dark
	 
	 

	278
	Awaiting Sunlight
	Dark
	 
	 

	279
	Awaiting Sunlight
	Dark
	 
	 

	280
	Awaiting Sunlight
	Dark
	 
	 

	281
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	282
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	283
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	284
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	285
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	286
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	287
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	288
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	289
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	290
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	291
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	292
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	293
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	294
	Charge Batteries, Travel to Site 20 (Shackleton)
	Light
	 
	 

	295
	Travel to Site 20 (Shackleton)
	Dark
	 
	Battery

	296
	Site 20 (Shackleton) Experiments, Send Site 20 Data
	Dark
	Dark 15 
	Battery

	297
	Send Site 20 Data
	Dark
	 
	Battery

	298
	Send Site 20 Data
	Dark
	 
	Battery

	299
	Send Site 20 Data
	Dark
	 
	Battery

	300
	Send Site 20 Data
	Dark
	 
	Battery

	301
	Complete Site 20 Data Transfer, Launch SRV, 
End of Mission
	Dark
	 
	Battery


Appendix J - Level II Requirements
1. Power subsystem level II requirements

1.1. The LOW Landing phase will divide up the power to the subsystems.

1.1.1. The LOW will require no more then 130 We average during the Landing phase

1.1.2. The LOW Thermal subsystem will require no more then 40 We average during the Landing phase.

1.1.3. The LOW GN&C subsystem will require no more then 50 We average during the Landing phase.

1.1.4. The LOW POWER subsystem will require no more then 10 We average during the Landing phase.

1.1.5. The LOW C&DH subsystem will require no more then 2 We average during the Landing phase.

1.1.6. The LOW Communications subsystem will require no more then 2 We average during the Landing phase.

1.1.7. The LOW Propulsion subsystem will require no more then 5 We average during the Landing phase.

1.1.8. The LOW Mobility subsystem will require no more then 4 We average during the Landing phase.

1.1.9. The LOW Mechanisms subsystem will require no more then 4 We average during the Landing phase.

1.1.10. The LOW Payload subsystem will require no more then 2 We average during the Landing phase.

1.1.11. The LOW SRV subsystem will require no more then 1 We average during the Landing phase.

1.2. The LOW Initializing phase will divide up the power to the subsystems

1.2.1. The LOW will require no more then 150 We average during the Initializing phase.

1.2.2. The LOW Thermal subsystem will require no more then 40 We average during the Initializing phase.

1.2.3. The LOW GN&C subsystem will require no more then 2 We average during the Initializing phase.

1.2.4. The LOW Power subsystem will require no more then 10 We average during the Initializing phase.

1.2.5. The LOW C&DH subsystem will require no more then 20 We average during the Initializing phase.

1.2.6. The LOW Communications subsystem will require no more then 30 We average during the Initializing phase.

1.2.7. The LOW Mobility subsystem will require no more then 10 We average during the Initializing phase.

1.2.8. The LOW Mechanisms subsystem will require no more then 2 We average during the Initializing phase.

1.2.9. The LOW Payload subsystem will require no more then 2 We average during the Initializing phase.

1.2.10. The LOW SRV subsystem will require no more then 1 We average during the Initializing phase.

1.3. The LOW Driving phase will divide up the power to the subsystems.

1.3.1. The LOW Will require no more then 200 We average during the Driving phase

1.3.2. The LOW Thermal subsystem will require no more then 40 We average during the Driving phase.

1.3.3. The LOW GN&C subsystem will require no more then 23 We average during the Driving phase.

1.3.4. The LOW Power subsystem will require no more then 10 We average during the Driving phase.

1.3.5. The LOW C&DH subsystem will require no more then 5 We average during the Driving phase.

1.3.6. The LOW Communications subsystem will require no more then 2 We average during the Driving phase.

1.3.7. The LOW Mobility subsystem will require no more then 100 We average during the Driving phase.

1.3.8. The LOW mechanisms subsystem will require no more then 2 We average during the Driving phase.

1.3.9. The LOW Payload subsystem will require no more then 2 We average during the Driving phase.

1.3.10. The LOW SRV subsystem will require no more then 1 We average during the Driving phase.

1.4. The LOW Science phase will divide up the power to the subsystems.

1.4.1. The LOW Will require no more then 200 We average during the Science phase

1.4.2. The LOW Thermal subsystem will require no more then 40 We average during the Science phase.

1.4.3. The LOW GN&C subsystem will require no more then 15 We average during the Science phase.

1.4.4. The LOW Power subsystem will require no more then 10 We average during the Science phase.

1.4.5. The LOW C&DH subsystem will require no more then 20 We average during the Science phase.

1.4.6. The LOW Communications subsystem will require no more then 2 We average during the Science phase.

1.4.7. The LOW Mobility subsystem will require no more then 10 We average during the Science phase.

1.4.8. The LOW Mechanisms subsystem will require no more then 1 We average during the Science phase.

1.4.9. The LOW Payload subsystem will require no more then 75 We average during the Science phase.

1.4.10. The LOW SRV subsystem will require no more then 1 We average during the Science phase.

1.5. The LOW Communications phase will divide up the power to the subsystems.

1.5.1. The LOW will require no more then 200 We average during the Communications.

1.5.2. The LOW Thermal subsystem will require no more then 40 We average during the Communications phase.

1.5.3. The LOW GN&C subsystem will require no more then 10 We average during the Communications phase.

1.5.4. The LOW Power subsystem will require no more then 10 We average during the Communications phase.

1.5.5. The LOW Thermal subsystem will require no more then 40 We average during the Communications phase.

1.5.6. The LOW C&DH subsystem will require no more then 20 We average during the Communications phase.

1.5.7. The LOW Communications subsystem will require no more then 30 We average during the Communications phase.

1.5.8. The LOW Mobility subsystem will require no more then 10 We average during the Communications phase.

1.5.9. The LOW Mechanisms subsystem will require no more then 2 We average during the Communications phase.

1.5.10. The LOW payload subsystem will require no more then 2 We average during the Communications phase.

1.5.11. The LOW SRV subsystem will require no more then 1 We average during the Communications phase.

1.6. The LOW Sleep phase will divide up the power to the subsystems.

1.6.1. The LOW will require no more then 20 We average during the Sleep phase.

1.6.2. The LOW Thermal subsystem will require no more then 10 We average during the Sleep phase.

1.6.3. The LOW GN&C subsystem will require no more then 1 We average during the Sleep phase.

1.6.4. The LOW Power subsystem will require no more then 1 We average during the Sleep phase.

1.6.5. The LOW C&DH subsystem will require no more then 1 We average during the Sleep phase.

1.6.6. The LOW Communications subsystem will require no more then 1 We average during the Sleep phase.

1.6.7. The LOW Mobility subsystem will require 0 We average during the Sleep phase.

1.6.8. The LOW Mechanisms subsystem will require no more then 1 We average during the Sleep phase.

1.6.9. The LOW Payload subsystem will require no more then 1 We average during the Sleep phase.

1.6.10. The LOW SRV subsystem will require no more then 1 We average during the Sleep phase.

1.7. The LOW EoM & SRV phase will divide up the power to the subsystems.

1.7.1. The LOW will require no more then 100 We average during the EoM & SRV phase.

1.7.2. The LOW Thermal subsystem will require no more then 2 We average during the EoM & SRV phase.

1.7.3. The LOW GN&C subsystem will require no more then 10 We average during the E0M & SRV phase.

1.7.4. The LOW Power subsystem will require no more then 10 We average during the E0M & SRV phase.

1.7.5. The LOW C&DH subsystem will require no more then 40 We average during the E0M & SRV phase.

1.7.6. The LOW Communications subsystem will require no more then 2 We average during the E0M & SRV phase.

1.7.7. The LOW Mobility subsystem will require 10 We average during the E0M & SRV phase.

1.7.8. The LOW Mechanisms subsystem will require no more then 2 We average during the E0M & SRV phase.

1.7.9. The LOW Payload subsystem will require no more then 10 We average during the E0M & SRV phase.

1.7.10. The LOW SRV subsystem will require no more then 10 We average during the E0M & SRV phase.

1.8. The LOW will require Solar cells

1.8.1. The LOW Solar Cell’s mass will be no more the 20 kg

1.8.2. The LOW Solar Cells Area will be no more the 5m2 and no less then 3m2
1.8.3. The LOW Solar Cells worst case output must be not below 455 W

1.9. The LOW will require 24 Lithium-Ion batteries

1.9.1. The LOW Lithium-Ion battery’s mass total not be more then 240 kg

1.9.1.1. The LOW Lithium-Ion battery’s mass each not be more the 10 kg

1.9.2. The LOW Lithium-Ion battery’s capacity total not be less then 48 KWe-hr

1.9.2.1. The LOW Lithium-Ion battery’s capacity can be less then 2 kWe-hr
1.10. The LOW Will require a PCS

1.10.1. The LOW PCS mass is required to be no more than 10 kg

1.10.2. The LOW PCS power usage is to be no more than 7 We 
1.11. The LOW will require Teflon insulated power cables

1.11.1. The LOW power cables will be required to transmit up to 30V

1.11.2. The LOW power cables total length is required to be no more than 20

1.11.3. The LOW power cables total mass is required to be no more than 15 kg

2. Payload level II requirements

2.1. The LOW will require a stereo imaging system.

2.1.1. The LOW’s stereo imaging system will require a mass of 0.8 kg.

2.1.2. The LOW’s stereo imaging system will require power of 6.0 W.

2.1.3. The LOW’s stereo imaging system will include cameras.

2.1.4. The LOW’s stereo imaging system will be capable of taking 360° pictures.

2.1.5. The LOW’s stereo imaging system will require a mast.

2.1.5.1. The LOW’s mast will require a mass of 3.5 kg.

2.1.5.2. The LOW’s mast will require power of 9.5 W.

2.1.5.3. The LOW’s mast will be deployed once at the initial site.

2.1.6. The LOW’s stereo imaging system will require a illumination system.

2.1.6.1. The LOW’s illumination system will have four bulbs at 0.1 kg each.

2.1.6.2. The LOW’s illumination system will require a total mass of 0.4 kg.

2.1.6.3. The LOW’s illumination system will require power of 1.0 W.

2.2. The LOW’s illumination system will be used as needed for dark imaging.

2.3. The LOW will require a beacon for navigation reference.

2.3.1. The LOW’s beacon will require a mass of 1.0 kg.

2.3.2. The LOW’s beacon will require power of 5.0 W.

2.3.3. The LOW’s beacon will be activated when needed.

2.4. The LOW will require a drill system.

2.4.1. The LOW’s drill system will require a mass of 20.0 kg.

2.4.2. The LOW’s drill system will require power of 30.0 W.

2.4.3. The LOW’s drill system will be capable of recovering regolith from a depth of up to 2 m.

2.4.4. The LOW’s drill system will require a belly cam.

2.4.4.1. The LOW’s belly cam will require a mass of 0.4 kg.

2.4.4.2. The LOW’s belly cam will require power of 3.8 W.

2.4.4.3. The LOW’s belly cam will be capable of imaging the drill interface with surface.
2.5. The LOW will require a scoop.

2.5.1. The LOW’s scoop will require a mass of 0.5 kg.

2.5.2. The LOW’s scoop will be capable of recovering regolith from the surface.

2.6. The LOW will require an XRD / XRF system.

2.6.1. The LOW’s XRD / XRF system will require a mass of 2.0 kg.

2.6.2. The LOW’s XRD / XRF system will require power of 10.0 W.

2.6.3. The LOW’s XRD / XRF system will be capable of determining the mineralogy and chemistry of the regolith.
2.7. The LOW will require geotechnical experiments

2.7.1. The LOW’s geotechnical experiments will require a bearing plate with a mass of 1.0 kg.

2.7.2. The LOW’s geotechnical experiments will require three cone penetrometers with a total mass of 1.5 kg.

2.7.3. The LOW’s geotechnical experiments will require a shear vane of with a mass of 0.5 kg.

2.7.4. The LOW’s geotechnical experiments will be capable of determining geotechnical properties such as soil cohesiveness, density, packing, moisture, and heat.

2.8. The LOW will require an gamma ray spectrometer.

2.8.1. The LOW’s gamma ray spectrometer will require a mass of 8.6 kg.

2.8.2. The LOW’s gamma ray spectrometer will detect the presence of thorium and uranium.

2.9. The LOW will require two arms.

2.9.1. Each of the LOW’s arms will require a mass of 13.0 kg.

2.9.2. Each of the LOW’s arms will require power of 43.0 W.

2.9.3. One of the LOW’s arms will be capable of controlling the scoop and the geotechnical experiments and loading the SRV.

2.9.4. One of the LOW’s arms will be capable of controlling the Gamma Ray Spectrometer and the XRD / XRF.

2.10. The LOW will require a photoemission spectrometer (PES).

2.10.1. The LOW’s PES will require a mass of 3.0 kg.

2.10.2. The LOW’s PES will be capable of measuring electrons emitted from the surface.

2.10.3. The LOW’s PES will be deployed at the first site.

2.11. The LOW will require a photoelectric system.

2.11.1. The LOW’s photoelectric system will require a mass of 1.0 kg.

2.11.2. The LOW’s photoelectric system will be capable of determining the intensity of light.

2.11.3. The LOW’s photoelectric system will be deployed at the first site.

2.12. The LOW will require an emission spectrometer.

2.12.1. The LOW’s emission spectrometer will require a mass of 3.0 kg.

2.12.2. The LOW’s emission spectrometer will require power of 7.0 W.

2.12.3. The LOW’s emission spectrometer will be capable of determining the chemical composition from micrometeoric impact flashes. mast will be deployed once at the initial site.

2.12.4. The LOW’s emission spectrometer will be deployed at the first site.

2.13. The LOW will require a witness plate.

2.13.1. The LOW’s witness plate will require a mass of 1.0 kg.

2.13.2. The LOW’s witness plate will be used to observe micrometeorite impacts.

2.14. The LOW will require a langmuir probe.

2.14.1. The LOW’s langmuir probe will require a mass of 3.0 kg.

2.14.2. The LOW’s langmuir probe will require power of 5.0 W.

2.14.3. The LOW’s langmuir probe will be capable of analyzing levitated dust.

2.14.4. The LOW’s photoelectric system will be deployed at the first site.

2.15. The LOW will require a particle probe.

2.15.1. The LOW’s langmuir probe will require a mass of 7.0 kg.

2.15.2. The LOW’s langmuir probe will require power of 7.5 W.

2.15.3. The LOW’s langmuir probe will be capable of analyzing levitated dust.

2.15.4. The LOW’s photoelectric system will be deployed at the first site.

2.16. The LOW will require a neutron spectrometer.

2.16.1. The LOW’s neutron spectrometer will require a mass of 1.0 kg.

2.16.2. The LOW’s neutron spectrometer will require power of 1.8 W.

2.16.3. The LOW’s neutron spectrometer will be capable of determining the H content of regolith.

2.16.4. The LOW’s photoelectric system will be deployed at the first site.

2.17. The LOW will require a Gas Chromatograph Mass Spectrometer (GCMS).

2.17.1. The LOW’s GCMS will require a mass of 19.0 kg.

2.17.2. The LOW’s GCMS will require power of 75.0 W.

2.17.3. The LOW’s GCMS will run for four hours at each site.

2.17.4. The LOW’s GCMS will analyze the compounds and composition of regolith.

2.18. The LOW’s GCMS will require a GCMS sample processing system.

2.18.1. The LOW’s GCMS sample processing system will require a mass of 1.0 kg.

2.18.2. The LOW’s GCMS sample processing system will prepare regolith samples with the GCMS.

2.19. The LOW will require a tunable diode laser.

2.19.1. The LOW’s tunable diode laser will require a mass of 1.0 kg.

2.19.2. The LOW’s tunable diode laser will require power of 10.0 W.

2.19.3. The LOW’s tunable diode laser will determine the amount of water in regolith.

2.20. The LOW will require an electron paramagnetic resonance spectroscope (EPRS).

2.20.1. The LOW’s EPRS will require a mass of 5.0 kg.

2.20.2. The LOW’s EPRS will require power of 5.0 W.

2.20.3. The LOW’s EPRS will determine the reactivity of dust.

2.21. The LOW’s EPRS will require an EPRS sampling processing system.

2.21.1. The LOW’s EPRS sampling processing system will require a mass of 1.0 kg.

2.21.2. The LOW’s EPRS will separate regolith particles based on size (less than and greater than 100 nm). 

2.22. The LOW will require magnets.

2.22.1. The LOW’s magnets will require a mass of 0.5 kg.

2.22.2. The LOW’s magnets will determine the magnetic susceptibility of regolith. 

2.23. The LOW will require an IR bolometer.

2.23.1. The LOW’s IR bolometer will require a mass of 2.0 kg.

2.23.2. The LOW’s IR bolometer will require power of 5.0 W.

2.23.3. The LOW’s IR bolometer will determine surface temperature.

2.24. The LOW will require UV imaging.

2.24.1. The LOW’s UV imaging will require a mass of 5.0 kg.

2.24.2. The LOW’s UV imaging will require power of 5.0 W.

2.24.3. The LOW’s UV imaging view the surface of each site.

2.25. The LOW will require Helium-3 sensors.

2.25.1. The LOW’s 3He sensors will determine the presence of 3He.

2.26. The LOW will require an alpha particle (AP) spectrometer.

2.26.1. The LOW’s AP spectrometer will require a mass of 4.0 kg.

2.26.2. The LOW’s AP spectrometer will require power of 7.0 W.

2.26.3. The LOW’s AP spectrometer will detect APs emitted by radioactive gases leaking from the lunar interior.
3. GN&C Level 2 Requirements

3.1. All GN&C equipment used on the LOW must be space qualified and/or have flight heritage in a space environment.

3.2. The GN&C must include a guidance computer with flight software where all relevant signals are relayed to and interpreted. 

3.3. The GN&C subsystem must make use of an Inertial Measurement Unit in order to stabilize the LOW (during the Terminal Descent Phase) with the following constraints:

3.3.1. Must be no more than 1 kg in mass

3.3.2. Must have a nominal operating power of no more than 15W

3.3.3. Must have a low operating temp of at least -50 ºC and a high operating temp of at least 70 ºC.

3.3.4. MTBF (Mean Time Between Failures) of at least 20,000 hours

3.4. The LOW must be equipped with a star tracker in order to assist with determining its attitude.  The star tracker must have the following qualities:

3.4.1. Must be no more than 3.0kg in weight

3.4.2. Must not exceed 10W in operating power

3.4.3. Must be able to simultaneously track at least 6 stars at one time

3.4.4. Must be highly reliable – a MTBF of at least one million hours

3.5. The LOW must make use of an off-the-shelf technology to provide for a non-GPS type of navigation during descent since there is currently no GPS on the moon.  

3.6. The LOW must make use of an optical remote sensing technology to determine whether or not the landing site terrain is sloped and/or hazardous.

3.7. The Lander must be equipped with a radar altimeter to determine its height above the lunar surface during descent.  The following constraints are to be on said altimeter:

3.7.1. Must be no more than 2kg in mass

3.7.2. Must not exceed 17W in operating power

3.7.3. Must have a MTBF of at least 5000 hours

3.8. In order to assist the ACS Thrusters during the Terminal Descent Phase, the LOW must be equipped with reaction wheels capable of providing an external force, or torque, thus changing its angular momentum.  Reaction wheels are to have the following constraints:

3.8.1. Must be no more than 2 kg in mass

3.8.2. Must have a steady state power consumption of no more than 7W

3.8.3. Must have an operational temperature range of at least -20ºC to 55 ºC.

3.9. The GN&C subsystem must provide for traversing (or navigating) the lunar terrain (Lunar Excursion Phase) by way of cameras.

3.9.1. Must be no more than 0.3 kg in mass (per camera).
3.9.2. The total power used by the cameras must not exceed 20 We.
4. Structures Level 2 Requirements

4.1. Viking I heritage crush pads must be manufactured and sized for the lander legs of the LOW.

4.2. The lander ramps and the rover must utilize explosive bolts to remain secure until the LOW has safely landed on the lunar surface.

4.3. Facilities, equipment, and personnel must be in place for the construction of the large lander and rover assemblies.  At a minimum, the following will be required:

4.3.1. CNC mill with a capacity to mill 3 m stock lengths of material

4.3.2. CNC lathe with the capacity to turn 0.5m diameter and 1m length stock material

4.3.3. Welding equipment to weld both aluminum and titanium.

4.3.4. Rigs to hold up to 1m by 2m sheets on aluminum for welding

4.4. At a minimum, the following list of stock material must be available for the construction of the LOW:

4.4.1. Ramps -  0.6m2 by 10cm thick Aluminum 6061-T6

4.4.2. Lander Base – 2.4 m2 by 10 thick Aluminum 6061-T6

4.4.3. Rover Body – 5.63m2 by 10 cm thick Aluminum 6061-T6

4.4.4. Lander Legs

4.4.4.1. 6m x .05m Ti -6Al-4v bar stock

4.4.4.2. 0.5m x 0.5m Ti -6Al-4v bar stock

4.4.4.3. 5m x 0.1m x 0.1m Ti -6Al-4v plate

4.4.4.4. 2m x 0.25m Ti -6Al-4v bar stock

4.4.4.5. 0.5m x 0.5m x 0.25m Ti -6Al-4v plate

4.4.4.6. 5m x .3m Aluminum 6061-T6 bar stock

4.5. In addition, the materials to construct the propulsion system hydrazine and helium tanks must be available.

5. Thermal Level 2 Requirements

5.1. The Thermal system for the LOW must be no more than 40 kg in mass.

5.2. The total power used by the thermal system during active phase must not exceed 40We. 

5.3. The total power used by the thermal system during sleep phase must not exceed 10We.

5.4. The LOW requires the use of a radiator.

5.4.1. The radiator must dissipate a max of 2000 WT.

5.4.2. The area of the radiator must not exceed 1m2.

5.5. The LOW requires the use heaters.

5.5.1. The heaters must be connected to the heat pipes.

5.5.2. The heaters must be configured in a central location.

5.5.3. The mobility system must have separate heaters.

5.6. The LOW requires external heat pipes connected to batteries (-55ºC to 22ºC) to be constructed from aluminum.

5.6.1. The LOW requires the working fluid of the heat pipes to the batteries to be ammonia.

5.6.2. The LOW requires an open artery wick structure for the batteries.

5.7. The LOW requires external heat pipes connected to the electronics (0º to 40ºC) to be constructed from Aluminum.

5.7.1. The LOW requires the working fluid of the heat pipes to the electronics to be ammonia.

5.7.2. The LOW requires an open artery wick structure for the electronics.

5.8. The LOW requires external heat pipes connected to the power baseplate (-10ºC to 50ºC) to be constructed from Aluminum.

5.8.1. The LOW requires the working fluid of the heat pipes to the power baseplate to be ammonia.

5.8.2. The LOW requires an open artery wick structure for the power baseplate.

5.9. The LOW requires external heat pipes connected to the C&DH (-20º to 60ºC) subsystem to be constructed from Aluminum.

5.9.1. The LOW requires the working fluid of the heat pipes to the C&DH subsystem to be ammonia.

5.9.2. The LOW requires an open artery wick structure for the C&DH subsystem.

5.10. The weight parameter for the aluminum must be 7.5 x 10-7 s2/ft2 
5.11. The LOW requires a minimum of 15 MLI layers.

5.11.1. MLI must have a weight per unit area of 0.021 kg/m2
6. Communications Level 2 Requirements

6.1. The LOW communications subsystem must be capable of transmitting data to the LRO

6.1.1. The LOW and LRO data transfer system must be compatible

6.1.2. The LOW data transfer error should be kept below 3%

6.2. The LOW communications subsystem must have a data transfer rate of at least 72,000 bits/sec

6.3. The LOW must have adequate data storage for the communications subsystem

6.3.1. LOW data storage is a minimum of 300 MB

6.3.2. LOW optimal data storage amount is .5 GB in order to avoid wasted time or data loss

6.4. The LOW communications subsystem requires a maximum power of 30 W

6.5. The LOW communications subsystem must be able to operate at a bandwidth from 1700-2300 MHz

7. ConOPS Level II Requirements

7.1. The LOW requires a landing procedure.

7.1.1. The LOW requires a Systems Check upon landing.

7.1.2. The LOW requires an initializing phase upon landing.

7.1.3. The LOW requires uploading data from earth.

7.1.4. The LOW will require unloading from the landing platform.

7.1.5. The LOW will require dropping a single sight box immediately upon unloading from the landing platform ramp.

7.1.6. The LOW will require the batteries are charged during the daytime.

7.2. The LOW will require beginning Site 1 experiments upon ending initializing of all systems and unloading from the landing platform ramp.

7.2.1. The LOW will require the next 5 days sending data to the LRO.

7.3. The LOW will require a Science procedure for Science Sites 2-19.

7.3.1. The LOW requires no more then 4.5 days traveling to each site from the previous.

7.3.2. The LOW requires no more then 1 day at each science site.

7.3.3. The LOW requires powering into sleep phase upon reaching a site but waiting for sunlight.

7.3.4. The LOW requires 5 days including the Science days to send data to the LRO.

7.3.5. The LOW requires 14 days to charge the batteries during sunlight.

7.4. The LOW will require a special procedure for Science site 20.

7.4.1. The LOW requires no more then 50 days traveling to site 20.

7.4.2. The LOW requires powering down in sleep phase during the dark.

7.4.3. The LOW requires traveling into Shackleton for Site 20.

7.4.4. The LOW will require 5 days sending data to the LRO.

7.4.5. The LOW will launch the SRV at completion of the sending data.

8. Mobility Level II Requirements

8.1. The Mobility mass must not be more then 100 kg.

8.2. The Mobility must be capable of traveling no less then 5 m/hr.

8.3. The Mobility must not use more then 100 We.

8.4. The Mobility requires a 6 wheel rocker bogie configuration.

8.4.1. The Mobility wheels must not exceed 1m diameter.

8.4.2. The Mobility must clear a height of 1 m.

8.4.3. The Mobility must be capable of placing the rover’s body on the ground.

8.5. The Mobility must be capable of a 30º inclination.

8.6. The Mobility must be capable of surviving the conditions of 50 K to 400K.
9. SRV Level 2 Requirements

9.1. The LOW will require an SRV

9.2. The LOW’s SRV requires containment in a box that must not exceed 0.6m x 0.5m x 2.5m.

9.3. The LOW’s SRV requires the capability of launching no less than 1 kg of samples.
9.4. The LOW’s SRV requires accessibility from the robotic arm.

9.5. The LOW’s SRV requires not exceeding power consumption of 1We before launch phase.

9.6. The LOW’s SRV requires not exceeding power consumption of 20We during launch phase.
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		Payload		0.61		341.9		239.33
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phasing

		Average Load		Landing		Initializing		Driving		Science		Communications		Sleep		EoM & SRV

		Thermal		40		40		40		40		40		10		2

		GN&C		50		2		23		15		10		1		10

		Power		10		10		10		10		10		1		10

		C&DH		2		20		5		20		20		1		40

		Communications		2		30		2		2		30		1		2

		Propulsion		5		0		0		0		0		0		0

		Mobility		4		10		100		10		10		0		10

		Mechanisms		4		2		2		2		2		1		2

		Payload		2		2		2		75		2		1		10

		SRV		1		1		1		1		1		1		10

		Total		120		117		185		175		125		17		96

				*if a peak load last longer then 1 hr then consider it an average load
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				percent		amount		Total:		560

						Expected		Budget

		Thermal		0.28		156.8		109.76

		GN&C		0.20		112		78.4

		Power		0.01		5.6		3.92

		CD&H		0.17		95.2		66.64

		Communications		0.23		128.8		90.16

		Propulsion		0.01		5.6		3.92

		Mobility		0.50		280		196

		Mechanisms		0.01		5.6		3.92

		Payload		0.61		341.9		239.33
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I added an extra 30% but if the payload stays as budgeted then it will be 43% of the power
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Sheet1

				Requirement		Details

		2.1.		Total Landed Mass		997.4 kg

		2.1.1.		Propulsion System Dry Mass		64.6 kg

		2.1.2.		Hydrazine Propellant		159.5 kg

		2.1.2.		Helium Pressurant		2.0 kg

		2.1.2.		Propellant tanks		2 spherical 0.55 m diameter

		2.1.2.		Pressurant tanks		2 spherical 0.4 m diameter

		2.1.3.		Propulsion System Motors		2 MR-80B

		2.1.4.		Attitude Control System Motors		12 MR-106

		2.2.		First Mission		Polar Location

		2.3.		Other Missions		Land at other Locations

		2.4.		Cost		Minimize

		2.5.		NLT		Septermber 30, 2012

		2.6.		Mobility		Capability

		2.7.		Mission Life		1 Year

		2.8.		Survivability		All operations

		2.9.		Science Objectives		SMD & ESMD

		2.10.		Landing precision		± 100m 3 σ

		2.10.1.		Terminal Descent Phase		5 km

		2.10.2		Hazard Avoidance		Not Responisble

		2.11.		Landing slope		12 degrees

		2.12.		g-Loads		Maximum

		2.12.1.		g-Loads		Stiffness only

		2.12.2.		Frequency Load		Not Responisble
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