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Executive Summary

The ambition to study the surface of the moon has led Team Frankenstein in creating a Lunar Exploration Transportation System (LETS).  The LETS is being developed for NASA to provide flexibility to conduct different scientific investigations and technology validation tasks at different areas on the moon’s surface.  The goal is to design a transportation system to accomplish the technology and scientific objectives.  The Cyclops, a lunar lander/rover, is capable of performing this mission.  The simplistic design of the Cyclops will keep the safety of the lander/rover extremely high while also allowing for easy integration into NASA’s mission plan.  Team Frankenstein believes in using nothing but the best components, allowing its products to be multi faceted and dependable.  Team Frankenstein’s motto of “there’s no place this thing can’t go” will ultimately allow the Cyclops to exceed and surpass all scientific objectives.  This paper summarizes the final design concept created by Team Frankenstein.
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Nomenclature
	Term
	Definition

	
	

	CDD
	Concept Description Document

	ESTACA
	Ecole Supericure des Techniques Aéronautiques et de Construction Automobile

	ft
	feet

	TRL
	Technology Readiness Level

	in
	inch

	IPT
	Integrated Product Team

	lbs
	pounds

	m
	meter

	nm
	nanometer

	MAE
	Mechanical and Aerospace Engineering

	ESMD
	Exploration Systems Mission Directorate

	SMD
	Systems Mission Directorate

	LETS
	Lunar Exploration Transportation System

	psi
	pounds per square inch

	UAH
	University of Alabama in Huntsville

	PDRA
	Parabolic Dish Reflector Antenna

	FTE
	Friis Transmission Equation

	SSB
	Single Site Box

	LRO
	Lunar Reconnaissance Orbiter

	GCMS
	Gas Chromatograph Mass Spectrometer

	Mini-TES
	Miniature Thermal Emission Spectrometer

	PDA
	Processing and Distribution Assembly

	LPA
	Loading and Pyrolyzing Assembly

	HSA
	Hydrogen Supply Assembly

	MSA
	Mass Spectrometer Assembly

	IDA
	Instrument Data Assembly

	GCA
	Gas Chromatograph Assembly

	SSA
	Surface Sampler Assembly

	SSAA
	Surface Sampler Acquisition Assembly

	SSCA
	Surface Sampler Control Assembly

	NASA
	National Aeronautics and Space Administration

	RTG
	Radioisotope Thermoelectric Generator

	SRV
	Sample Return Vehicle

	CAD
	Computer Aided Design

	MSL
	Mars Science Laboratory

	CATIA
	Computer Aided Three Dimensional Interactive Application

	GN&C
	Guidance, Navigation, and Control

	W
	Watts

	TBD
	To Be Determined

	kg
	kilogram

	cm
	centimeter

	LiDAR
	Laser Imaging Detection And Ranging

	SSI
	Surface Stereo Imager

	N/A
	Not Applicable

	Wh
	Watt hour

	US
	United States

	V
	Volts

	C
	Celsius

	F
	Fahrenheit

	GPa
	Giga Pascal

	g
	gram

	cc
	cubic centimeter

	J
	Joule

	N
	Newton

	s
	second

	NLT
	No Later Than

	nm
	nanometer

	Hz
	Hertz

	IMP
	Imager for Mars Pathfinder

	ACS
	Attitude Control System

	MLI
	Multi Layer Insulation

	MPa
	Mega Pascals

	PMS
	Phase Modulation System

	K
	Kelvin

	hr
	hour

	SU
	Southern University


1.0     Cyclops
1.1  
Overview

For the Spring 2008 Integrated Product Team competition, Team Frankenstein is competing in the design of a Lunar Exploration Transportation System. This system has the ability to land on the moon at a polar location and has mobility while on the moon. For a single site, the lunar lander determines the lighting conditions every two hours over the course of the year, determines micrometeorite flux, and assesses electrostatic dust levitation and its correlation with lighting conditions. The lander system achieves the mobility goals by collecting independent measurement of 15 samples in permanent dark and 5 samples in lighted terrain, determines the composition, geotechnical properties and volatile content of the regolith, and relays all information back to earth.  For the second phase of this competition, Team Frankenstein developed a design consisting of a lander and rover combination based on our baseline design, the Viking lander.  The design is a land-on-wheels concept, Cyclops, that consists of the lander and rover as one vehicle. Cyclops lands and travels on the lunar surface to accomplish the Concept Description Document requirements. The mission statement for the Cyclops is “There is no place this thing can’t go!”, which is the basis for our design. The goal was to build a lander/rover that had the ability to travel anywhere on the lunar surface which this lander is very capable of. The lander has a hexagonal structure with six wheels, penetrators, Li-ion batteries, RTG, computer, radar, transmitter, attitude control, cameras, SRV, and single site box. 

1.2  
The Need

Only small portions of the lunar surface have been explored. The only lunar missions to actually visit the surface were Apollo 11, 12, 14, 15, 16, and 17.  Of those missions only the last 3 missions actually contained a lunar rover.  Much of the lunar surface has yet to be explored. Some satellites and lunar orbiters have been to the moon and have taken surface scans. Galileo, in 1990 and 1992, and Clementine, in 1994, surveyed the lunar topography and conducted multi-spectral imaging of the surface.  They found hints of water at the south pole and in some shadowed craters. When the Lunar Prospector flew by the moon, from 1998 to 1999, it conducted a global mapping of the contents of the lunar surface. This survey found evidence of hydrogen at the poles.  The Lunar Prospector also surveyed the geochemistry of the lunar surface.  It found evidence of iron, thorium, along with other elements.  It was also discovered that the moon has a small iron core.  Although the scientific implications of this new information are immense, no surface mission to the moon has been launched in over thirty years.

The moon is an unexploited record of the history of the solar system. Its recent geological record has not been recently marred by winds, tectonic plates, or other similar forces.    The surface of the moon has been exposed to thousands of meteorite and comet impacts throughout its existence. The lunar surface may contain a record of the evolution of the solar system.  The potential to collect data from the lunar surface is the opportunity to capture a few of the solar system that has been left untouched by plants, animals, or human civilization. Therefore it is a preserved record of the early formation of the solar system. It is hypothesized that the Earth and moon come from a common source.  If scientists can examine and understand how the moon was formed, then they can hypothesis how the Earth was also formed.  

Even with all the advanced technologies of today, approximately six percent of the lunar surface has been sampled.  With all of the scientific data collected by various satellites, a new mission to sample more of the surface is imperative.  Although much data has been collected by various satellites over the years, it is imperative that more sampling of the lunar surface be conducted. The new lunar lander will go to a few unexplored sites of interest, namely the poles and inside some of the craters.  New landers will need to be designed with the ability to operate in any lunar environment.   A mobile lander would lead to a more expansive exploration of the lunar surface.   A new lunar lander would be able to gather samples from these previously unexplored areas of the Moon, and gather data that has never been seen before.   The lander would be able to go into areas of the moon that are so inhospitable, that no human could explore them.  A rugged design of a mobile lander would allow for greater surface exploration and even more discoveries.  If the lander has sample return capabilities, more lunar samples can be sent back to Earth and studied in more detail.  Also, new discoveries about the formation of the Earth and Moon could be made. Lunar exploration could lead to a better understanding of the physical make up of the regolith on the moon.  The theories concerning the existence of either hydrogen or water could also be tested.  With the technological and scientific advances waiting to be discovered; a new lunar lander is a necessity.  A better understanding of the lunar surface could eventually lead to the construction of a permanent lunar base.  The existence of a lunar base would allow for further exploration into the solar system. 

1.3  
The Requirements
The new lunar lander designed must meet several requirements. The propulsion system requirements are as follows. It must fit inside the shroud of an Atlas V – 401 EPF launch vehicle with a landed mass of no more than 997.4kg.  There is to be 64.6kg dedicated to the dry mass of the propulsion system.  The propulsion system must accommodate 159.5 kg of hydrazine (N2H4) propellant and 2.0 kg of helium.  The tanks used to carry the propellant must be two spherical tanks with a diameter of 0.55m and the helium must be in another two spherical tanks 0.4m in diameter.  The propulsion system must be two MR-80B monopropellant liquid rocket engines. The attitude control system must consist of twelve MR-106 monopropellant thrusters.  

The lunar lander must be available to launch no later than September 30, 2012.  The lander must survive both the cruise to the moon and the operations on the moon.  The lander must survive the radiation and thermal stresses along with micrometeoroid hits.  The survivability of the lander must be at least one year. The climate the lander must survive is a high temperature of 107 Celsius to -223 Celsius.  The lander must also accomplish all of the scientific goals to be outlined later.  The lander must also be able to land on a 12° slope. The precision of the landing must land within 100m ± 3 sigma of the intended landing site.  The control of the lander is in mission control’s hands 5 km above the lunar surface.  The lander must survive the g loads felt during launch but the design team is not responsible for the vibration analysis on liftoff.   

The lander must also have the following characteristics.  It must maximize “off the shelf” technology, TRL 9 technology.  The lander must minimize cost across the entire design. For a single site, the lander must determine the lighting conditions every two hours, micrometeorite flux, and dust levitation that correlations with the different lighting conditions. Also, the lander must sample 20 different sites, separated by 500m.  15 of those sites must be in permanently dark sites and 5 of those are in lighted regions. The minimum scientific criteria are to determine the composition, geotechnical properties, and volatile content of the regolith.  Extra criteria are determining the geological context information of all of the sites and vertical composition of the surface for one or more sites.  The final assumption made is that each sample is 300MB and takes one day to acquire. 

1.4  
The Solution

1.4.1 Concept Overview

The concept proposed by team Frankenstein is one of reliability and mission success. The Cyclops is designed to be a fail proof multi-mission lander/rover that not only meets but exceeds the mission parameters of the LETS requirements. The Cyclops offers the ability to meet the mission requirements and exceed them. The Cyclops’ potential allows for possible malfunction during its mission but not total mission failure. During the first stage of the Cyclops’ mission, penetrators are deployed prior to landing. If any of the penetrators fail, the Cyclops will have the ability to acquire any of the missing/needed samples due to its mobility and multi-mission ability. The Cyclops offers not only a high percentage in initial mission success, but reliability in redundancy for mission objectives.

1.4.2 Dimensional Properties
Figure one, figure two, and figure three are the isometric, top, and the side view of the rover package in its transport and descent configuration. In this configuration, the attitude control system and the penetrator launching platform are mounted to the main chassis by one half inch non-fragmenting explosive bolts. The rocker bogie wheels are in their up and stored position in order to give the attitude thruster proper clearance. The penetrators are mounted every twenty four degrees at a four degree dispersion angle.
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Figure 1 - (Transport and Descent Configuration) ISO
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Figure 2 - (Transport and Descent Configuration) Top
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Figure 3 - (Transport and Descent Configuration) Side
The transport and descent configuration consist of the rover in stowed position, the attitude control system, and the penetrator ring platform with its attached penetrators. In this configuration it will be stowed in the Atlas V 4-mLPF. After separation from the Atlas, the attitude control system will navigate to the desired target zone and deploy the penetrators and jettison the ring. 

System Specifications (Auxiliary Systems)

1. Penetrator Ring Platform

a. Outer Diameter- 125.586 in.    

b. Inner Diameter124.586 in.

c. Mounting ring- 13 in. Outer Diameter   (11.5 in. Inner Diameter)

d. Aluminum Construction (6061 T6)

2. Attitude Control

a. Main thrusters-  MR 80B

b. Attitude Control Thrusters-  MR 106

c. Hydrazine Tank x 2-  21.652 Outer Diameter

d. Aluminum Frame (6061 T6)- (112.83in. Max Width) 

       (60.793 Max Length)  (34.597 Max height)
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Figure 4.1-1: Atlas V Payload Interface Options
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Figure 4 - (Deployed Configuration) ISO
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Figure 5 - (Deployed Configuration) Side
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Figure 6 - (Deployed Configuration) Top

Once soft landing has occurred, the attitude control system will detach and use the remainder of its fuel to safely crash land away from the rover. In this configuration the rover can begin to acquire data from the landed penetrators and begin to take samples itself using the scoop arm and depositing said samples into starboard side deposit bay. In addition, once a suitable site is found, the single site box can be deployed along with its attached sample return vehicle.

System Specifications (Main)

1. Rocker Bogie Wheel x 6 

a. 13 in. Outer Diameter (Aluminum Construction-6061 T6)
2. Single Site Box

a. Max Width-60.793 in. 

b. Max Length-27.09 in.

c. Max Height- 14 in.

3. Sample Return Vehicle

a. Max Diameter- 9 in.

b. Max Height- 13 in.
4. Camera

a. Dimensions- 12 x 8 x 6
5. Main Chassis

a. Dimensions- 60.793 x 60.793 x 14 in.

b. Aluminum Frame-1 x 1 in. hollow aluminum stock (6061 T6)
c. Carbon composite exterior 
d. MLI Insulation

6. Rocker Bogie Suspension

a. Custom machined aluminum construction (6061 T6)

b. Maxon EC 60 Brushless DC motor (60mm) x 6

c. Maxon EC 45 Brushless DC motor (45mm) x 

7. Scoop Arm

a. Max Reach- 68in.

1.4.3 Operations Scenarios

While in lunar orbit/descent the Cyclops will deploy fifteen penetrators from a launch ring positioned below the rover and the attitude control system. The penetrators once released, will utilize their kinetic energy in order to impact the lunar surface at targeted dark sites and relay data back to the Cyclops rover once the rover has landed. The attitude control system will then carry the Cyclops out of the dark region where it will land and separate from the attitude control system and the penetrator launch ring. This process is shown in Figure 7 below. Once landed, the Cyclops will rove to a suitable site in order to deploy our single site observation device with the attached sample return vehicle. The Cyclops will then begin its data acquisition from the dark site penetrators and acquiring lighted samples outside the dark region. If any of the launched penetrators fail to operate successfully, the Cyclops rover will then proceed to said dark sites and acquire the lunar samples itself. All data acquired will either be stored for direct transmission to earth or relayed through the LRO if necessary. The single site observation device that was deployed upon lunar landing of the Cyclops will acquire the lighting conditions, micrometeorite flux, and assess the electro static dust conditions. In addition to the recorded data, a sample return vehicle will be integrated with the single site observation device in order to return actual raw material to earth for further study. 
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Figure 7 – Cyclops Decent and Penetrator Deployment in Shackleton Crater

1) Attached to the attitude control system, Cyclops starts descent, 2) Penetrators are released, 3-4) Cyclops continues descent, 5) Cyclops lands, 6) Attitude control system detaches from Cyclops, and 7) Cyclops begins to rove.

1.5  
The Performance

Table 1 – Cyclops Performance Chart
	CDD Requirement
	Requirement
	Assessment
	Remark

	Landed Mass
	932.8 kg
	Exceeds
	Actually 785 kg (16% margin)

	Survive Lunar Cruise 
	28 days
	Exceeds
	Capable of surviving lunar cruise exceeding 28 days

	Operational Period
	1 year
	Exceeds
	TRL 9 materials will remain functional beyond 1 year

	Sample Lunar Surface
	15 dark 

5 lighted
	Exceeds
	Mobility allows roving to as many sites as is needed

	Communication
	Send and Receive (real time)
	Exceeds
	Capable of sending data at 150 Mbps

	Landing Parameters
	12º slope Within 100 m.
	Exceeds
	Six wheel rocker bogey system allows landing on slopes greater than 12 degrees

	Survive Launch of 6 G's
	6 G's
	Exceeds
	Cyclops structure will handle g-loads exceeding 6 g’s

	Technology Requirements
	TRL9
	Meets
	Materials used are TRL 9

	Power Requirements
	Store Power in Dark Conditions
	Exceeds
	RTG can provide the power needed during dark conditions

	Thermal Conditions
	Survive Temperature Changes
	Exceeds
	Materials used will withstand temperatures exceeding the 50K to 380K range

	Sample Return Vehicle
	Sample Return (Goal)
	Exceeds
	Exceeds the sample return expectations

	Mobile
	Roving/Real-Time Mobility
	Exceeds
	6 wheel rocker bogie allows roving in real-time


1.6  
The Implementation

The implementation of the LETS can be subdivided into three basic areas: assembly, testing, and interface.  These three topics will be discussed below.

First the LETS must be assembled.  The lander and its subsystems must be assembled according to this final report.  As with any project this large, the team might run across problems with the interfaces between the systems or issues with the masses.  These problems will come to the surface only when the lander is in the production stage.  If a problem is encountered, the lander or system must be redesigned in order to work with the rest of the systems.

Testing is a critical area for any lunar mission.  Before each component is integrated into the LETS system it will be ran through a variety of tests.  After each component is tested, all the components will be integrated into the LETS system and tested as a whole.  The structures group will require most of the testing because if the structure fails the whole mission will fail.  Due to the number of failed penetrator missions the payload group will require quite a bit of testing as well. 

Interfacing systems is critical function for a successful mission.  All subsystems must interface and work well with each other within the LETS system.  The LETS system as a whole must interface with the Atlas 401.  The interface between the LETS system and the Atlas 401 is the last critical juncture before the mission can be launched.  
2.0  
Technical Description of Methods Used

2.1  
Overview

Team Frankenstein worked extensively in phase three to further develop the Cyclops concept.  In phase three each discipline worked on their own system while collaborating with team members to come up with the most efficient system.  Continuing from phase two the team worked toward proving that the Cyclops concept would perform as indicated in the white paper.  The systems engineer proved to be a precious commodity during the third phase.  Keeping the separate systems functioning together as one is a crucial task in completing the requirements.


The project office worked closely with the customer and the systems engineer to create the best possible product.  Also, the project office served as a liaison to the subcontractors which were utilized to create the mobility package and the SRV.  The systems engineer worked to integrate all of the subsystems so that the final product would meet the CDD criterion.  Also, the systems engineer worked to make sure that the subcontractors systems were up to the teams’ expectations and specifications.  Together, the project office and systems engineer utilized the provided resources to manage the team and deliver the final product.


Each subsystem played a vital role in the robotic lunar mission.  The team picked up where they left off in phase two.  Phase three of the project saw the most team interaction so far in the project, especially between the subsystems.  The structures group had to interact with every subsystem to accommodate for each systems volume and weight requirements.  Along with that task, the structures group designed and verified that the lander would interface with the Atlas 401, survive the cruise and lunar environment, and be able to land on a 12 degree slope.  The GN&C subsystem devised a system to safely land the Cyclops on then moon and also a system to navigate the rover around the surface of the moon.  The power subsystem is utilizing an RTG and lithium ion batteries to power the Cyclops, while a solar panel and lithium ion batteries will suffice for the single site box.  The thermal subsystem is employing multilayer insulation to trap heat in the Cyclops while a system of radiators will emit the excess heat that the RTG will release.  The payload subsystem will make use of 15 Deep Space 2 Penetrators to sample the inside of Shackletons Crater and an onboard system to analyze the 5 lighted region samples.  A single site box will house cameras that will analyze the dust and meteoroid flux.  Payload subsystem was also tasked with communications which was chosen to be multiple antennas and a T-712 transmitter.  Concepts of operations subsystems worked with all of the other subsystems to help drive the design to complete the mission.

2.2  
Project Office

Designing a robotic lunar lander is a multi-step process.  Each individual design group was constantly communicating in order to maintain overall compatibility.  Despite having numerous major objectives to meet for the mission, the heart of the design process was centered on the requirements set fourth by the CDD.  The team decided which requirements were the most important and designed the mission around these requirements.  Once the final concept was chosen, the systems engineer was responsible for ensuring that the mission would be capable of satisfying the requirements set forth in the CDD.  Communication between all departments was critical.  If something was changed with the power system, the whole system would have to be reanalyzed and changes to comply with the CDD, but also work with the rest of the system.  Likewise, the head of structures was required to ensure that the structure could be constructed to house all of the systems and comply with the requirements.  All of this data would then in turn be passed back to the system engineer which passed the data onto all other disciplines.  Throughout the design process problems were incurred and the design was refined in order to remain compliant.  

Throughout the design process there were no major design threatening problems.  Multiple concept designs were discussed which gave the team a variety of options for the final design.  However, the most critical decisions came in picking the most efficient design.  This demonstrated the many trade-offs often found in designing a mission such as this.  The following sections provide a detailed description of the final design and its performance.   

2.3  
Systems Engineering

Systems engineering provides planning for each of the subsystems and lays out the design process.  A Gantt chart was provided in Figure 5 in Appendix C to show the schedule of Frankenstein. This schedule was used by all subsystems to complete the design of the Cyclops.  The design of the Cyclops revolved around meeting the requirements of the customer as outlined in the CDD.  The goal of Frankenstein was to make a feasible lunar lander/rover.  The team began by choosing disciplines for each team member according to that member’s perceived intellectual strengths.  Once disciplines were assigned, each team member set out to learn about the requirements in the CDD that directly affected each discipline.  Countless hours were spent with mentors and colleagues understanding the requirements set, and what it would take to meet those requirements. 
The team then set out to achieve the goal.  The team functioned in a manner like the flow chart shown in Figure 9 in Appendix C.  Many ideas flowed back and forth between team members about improving the design.  The team met twice a week for at least two hours to discuss and implement design changes.  In addition, many team members spent considerable time outside of the designated meetings working on the design and its associated parameters.  The key performance parameters for the Cyclops were calculated for each subsystem of the design, which is shown in Table 2 in Appendix C. The Project Office ensured that everyone was focused on meeting the requirements of the CDD while disciplines communicated data back and forth to optimize Cyclops’ design.
The driving requirements for the systems engineer are to first estimate and withhold mass contingencies based on the maximum mass and then to allot each discipline their maximum allowable subsystem mass.  Table 3 in Appendix C shows the figures of merit for the Cyclops which included the number of surface objectives accomplished, percentage of mass allocated to payload, percentage of mass allocated to the power system, ratio of off the shelf technology, etc. The reason for withholding a mass contingency is that historically every spacecraft has experienced a mass growth as the design matures.  The systems engineer then performed similar calculations for power for contingencies and allotments.  The systems engineer was also responsible for ensuring each design solution met or exceeded the mission’s requirements.  Finally, it was the systems engineer who was responsible for communication with ESTACA.  

Frankenstein’s partner, ESTACA, was responsible for the SRV.  In the beginning of phase 2, the initial plan for ESTACA was to communicate daily by email and weekly by phone.  For whatever reason communication did not turn out to be this good.  ESTACA, however, did provide Frankenstein with a CAD drawing of the SRV in CATIA.  The drawing is shown in Figure 10 in Appendix C of the report.  The SRV consists of a nozzle, oxidizer tank, fuel tank, storage room, cap, two helium tanks, and an engine frame.
Several things in systems engineering could be improved if more time was given.  With total mass being the prime driver, a large portion of the listed components are only an estimated mass that may not even be within an order of magnitude to a true mass.  However, each subsystem has been integrated into the Cyclops for mission completion.
2.4  
Power
The power system design was developed based on the CDD requirements, mission requirements and the moon environment that will be encountered. The main goal of the power subsystem is to supply power to the computer, radar, transmitter, attitude control and all other systems aboard the lander/rover. The lander/rover supplies the power to the mobility, payload, GN&C, thermal, and communication equipment. The lander/rover is used upon landing with mobile functionality as a backup for penetrator failure and to achieve our goals for the five light sites. Since the penetrator payload is being used on the descent of the lander/rover and each have their own supplied Li-ion battery power, this will free some of the space and mass on the lander/rover that can now be used for other science to achieve the lunar surface objectives which will require additional power. Since only one power system is being used instead of two completely different systems for a lander and rover, money will be saved. The main reason is the lander/rover also has built in mobility, concept of Land-On-Wheels. Otherwise, there would have to be enough power to power two individual vehicles. The lander/rover would need power for the science and communication systems and so would the rover which is double the amount of power. The rover also needs power for the mobility and to provide heat for the temperature delta. The lander/rover supplies continuous power to the systems as required from their peak output supplies. The main obstacle to overcome is the large temperature delta, the lack of sunlight and the inability to effectively use a solar powered source especially in the permanently dark regions. The power supplies a continuous heat source to the lander/rover to maintain complete functionality, maintenance of systems and instruments, and data transfer.

To design the power system, a block diagram was designed to set up the power system and which components would require power. The power block diagram in the figure below was used to help break down the power system into subsystem blocks. From the diagram the RTG is the main source of power and heat even if battery failure is seen. The RTG also recharges the batteries but can also bypass the battery power and can power the system itself. Each block represents a system and from where the power will be supplied. In case of a failing system, electronic switches were incorporated so that system can be shut off without inadvertently affecting the system which could lead to mission failure. Switches were placed on both sides of the voltage regulators. The switch between the lithium-ion batteries and the voltage regulators allows them to be used when needed. The next switch was incorporated to prevent the voltage regulator from a current overload. The voltage regulators are used to regulate the voltage to each system. The systems were designed so the power management regulator is on at all times and never causes a mission failure. 
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Figure 11 - Power Block Diagram: This is a subset of the power block diagram that was used to determine the necessary power components of the Cyclops.

Calculations using the MSL average velocity of 75 meters/hour on the moon provide that a power supply of approximately 243.65 W will be needed for the mobility system on the lander/rover to travel 500 meters to one of the sites alone
. The amount of power required appeared to be sufficient and ensured that the system would not only handle the environment but complete the mission requirements and future missions of landing and exploring other areas of the lunar surface. During Phase 2, our selection criteria determined that two - RTGs would be the primary power source and utilize a rechargeable set of eight - lithium-ion batteries as secondary.  With more research and mentor advice, the lander/rover will be powered by one RTG and two lithium-ion batteries. Due to the cost and estimated time of manufacture, one RTG has been chosen. With new improvements in RTG, the power supply has increased since the Viking Lander which allows the lander/rover to be supplied by only one RTG based on the Cassini
. The lander/rover will also consist of a Single Site Box and Sample Return Vehicle which will be powered using a small solar cell panel.  The RTG will be the main source of power generation which will be adequate and clearly satisfy the specifications laid out in the CDD. The two lithium-ion batteries would provide power supply for the peak outputs of a limited amount of redundancy in case of some primary failure, and a buffer that can assist with transient current demands, especially when drive motors are engaged.

2.5  
Guidance, Navigation, and Control
For landing the Cyclops, a Laser Imaging Detection And Ranging (LiDAR) system will be used
. LiDAR has the capabilities of measuring distance, speed, rotation, and the chemical composition and concentration of the lunar surface. During flight, the LiDAR sensor pulses a narrow, high frequency laser beam toward the moon. The LiDAR sensor then records the time difference between the emission of the laser beam and the return of the reflected laser signal to the spacecraft. The reflected laser light from the ground follows the reverse optical path and is directed into a small Cassegrainian telescope. A moving mirror produces a conical sampling pattern beneath the spacecraft over a thirty degree wide swath, thus permitting the collection of topographic information over a strip approximately three hundred meters (approximately 1000 feet) in width from the nominal six hundred meter (2000 feet) data collection altitude. The LiDAR has two sounding modes: active and acoustic. In order to locate and characterize ice and dust hazes, light pulses are emitted and their return is timed. This is done to a level of 2 to 3 kilometers. To record the returning sound, an acoustic device known as a Mars Microphone will be used. 

The LiDAR was designed in a bi-static scheme with a separate transmitter and two receiver channels. Its three assemblies consist of a sensor assembly, an electronic assembly, and the interconnecting cables. The total mass of the instrument is nine hundred and forty grams (approximately 2 pounds) and the total volume is nine hundred and fifty cubic centimeters in both assemblies. Power consumption is a maximum of four Watts during ten minute measurements. Engineers designed the LiDAR to operate in the temperature range from -100 to 50 degrees Celsius (-148 to 122 degrees Fahrenheit) under lower pressures, near one millibar. Since the LiDAR is only used for landing the Cyclops, the colder lunar temperatures will not effect operations of the LiDAR. 

The laser transmitter is a gallium-aluminum-arsenic pulse laser diode emitting one micro Joule in twenty nanosecond long pulses at a wavelength of eight hundred and ninety nanometers. The laser beam has a linear polarization and a two milli-radian divergence with an output clear aperture of 54x34 mm​2. The laser operates with a repetition rate of approximately 20 to 25 kHz.

Outside daylight background irradiance is the main source of noise inside the one mrad field-of-view of the receiver channel. Background irradiance is reduced by an optical interference filter with a bandwidth of ten nm (FWHM) at eight hundred and ninety nm with fifty percent transmission and a clear aperture of fifteen millimeter.

The full sounding distance of the LiDAR is seven hundred and fifty meters (2,461 feet) with five meters resolution along the trace or the thirty two second total integrating time. The single cycle has a ten minute duration and consists of three active measurements by each channel simultaneously and twelve passive measurements of sky brightness. A picture of the LiDAR system is shown in Figure 12 in Appendix E. 

To capture a view of the penetrator dispersion and of the Cyclops landing, a Mars Descent Imager will be mounted on the bottom of Cyclops
. This imager is the same imager that was used on the 1998 Mars surveyor lander. The MARDI can provide imager over three orders of magnitude in scale, correlating post-landing surface images to pre-landing orbital images. The MARDI uses short exposure time to reduce image blurring from spacecraft motion. It has a high-definition, video like data acquisition, with 1600x1200 pixels at five frames/sec, and a large internal storage of 256 MB SRAM and an 8 GB flash. Since the imager will only be used during the landing, the MARDI will not need any thermal provisions.

Since the Cyclops will be controlled manually from earth by a joystick, a panoramic periscope camera will be needed to see how to guide the lunar/rover. A Surface Stereo Imager or SSI will serve as the Landers "eyes" for the lunar mission, providing high-resolution, stereo, panoramic images of the lunar surface
. Using an advanced optical system, SSI will survey the lunar surface for geological context, provide range maps in support of sampling operations, and make lunar dust cloud measurements. Resolution for the SSI will be twenty meters at best.   The SSI will be mounted on top of an extended mast, which is attached to the Cyclops. SSI simulates the human eye with a two optical lens system that will give a three-dimensional view of the lunar surface. This instrument will also simulate the resolution of human eyesight using a charged-coupled device that produces high density 1024 x 1024 pixel images. The SSI actually exceeds the capabilities of the human eye by using optical and infrared filters, allowing multi-spectral imaging at twelve wavelengths of geological interest. Using narrow-band imaging of the Sun, the imager will estimate density of the lunar dust. SSI will also look at the Lander itself to assess any damage to the spacecraft and also the amount of wind-blown dust deposits. This is critical to engineers who are concerned about any vehicle damage, the amount of deposited dust on the vehicle, and also associated power degradation. 

Shown in Figure 13 in Appendix E is a picture of an SSI that will be used on the Cyclops.  The two black squares on the front are the cameras “eyes”. Shown in Figure 14 in Appendix E is a picture of Mars taken by the SSI’s predecessor the Imager for Mars Pathfinder or IMP. The images taken by the SSI will be even clearer than this. 

The SSI will be mounted on a one meter high mast which is raised by an electric motor. There will be a light mounted on the front of the Cyclops for operations in the darker areas. 

For this project, it is assumed that the Cyclops will be set down at a given, known location, around Shackleton Crater. Knowing this, the Cyclops will be navigated by using the SSI to look around at landmarks. These landmarks will be compared to detailed images of the moon to determine the Cyclops exact location. 

The on-board control system will be built around an Intel 80C85 processor
. This processor was selected for its low cost and resistance to single-event upsets from certain types of radiation that may exist on the moon. The Intel 80C85 is an 8- bit processor which runs at about 100,000 instructions per second. According to development information, this processor will suffice the Cyclops needs so long as the Cyclops is operated at slow speeds. This same processor was used on the Pathfinder Mars rover and can also be found on a Tandy TRS-80 Model 100 portable computer. 

To drive the Cyclops, six heated electric motors will be used. For steering, four heated electric steering motors will be used. To save energy, Cyclops will not steer and drive at one time. Instead, it will completely stop, steer then begin to move again.  Since Cyclops will be operated manually from the earth, the current operator, using the SSI, will serve as the hazard detection and avoidance system. Should the Cyclops lose communications with ground control, the system will place itself into a hold mode until communications with earth ground control can be reestablished. 

After calculating the mass flow rate and the side velocity from the ACS thrusters, the horizontal distance that Cyclops will be able to travel with the amount of propellant supplied is approximately 1.7km. Therefore, Cyclops will descend to approximately 1.6km from the edge of Shackleton at an altitude of five km, disperse fifteen penetrators, then thrust 1.6km to the outside of Shackleton and land on its wheels. Calculations for this maneuver are given in Figure 15 in Appendix E.
2.6  
Thermal

For the thermal design and control for the Frankenstein Rover assumptions will be made. The thermal systems used on the rover are TRL 9 therefore functionality is assumed.  Using standard RTG estimates, it will output 2250 watts of heat at a constant rate once activated. This heat will then be utilized to ensure temperature-sensitive components are maintained at their needed temperatures.  One problem to overcome will be all the extra heat generated.

The heat output is transferred to a pipe filled with ammonia, run by a pump.  The pump has a max power draw of 5 watts.  Ammonia is used for the temperature ranges that it can operate under. The RTG and heat pipes are assumed to be at 300 Kelvin, this is assumed to be the ideal temperature for the whole system. Using heat transfer techniques, the area around the rover is considered to be a black body.  Due to the inherent design of an RTG the looped pipe system will lie below the base structure used to store all instruments. Conduction will be used to transfer the heat along the structure.  The top of the lander will be covered with an MLI, this will protect the system from solar radiation.

The instrumentation and onboard computer all must be maintained from 258 Kelvin to 303 Kelvin. Therefore an assumed ideal temperature of 300 Kelvin will be used. Two types of heat switches are used to control the temperature.  The heat switches are placed on either side of the main compartment and when the temperature inside the compartment rises above the recommended operating temperature for that component the heat switch conduct heat to the radiator which transfers the heat to the atmosphere lowering the temperature inside of the compartment. The switches will have a peak power draw of 50 Watts. The top of the lander is also lined with multi-layer insulation (MLI) to ensure the heat switches control heat loss. The number of layers selected was thirteen. This was chosen due to the performance drop off of adding additional layers.   The overall spacecraft will not use the estimated amount of MLI, the large amount was used for initial mass estimations, this leaves a margin for any extra MLI needed. There is enough MLI to cover the entire space craft where applicable. This design creates multiple factors s of redundancy, and after testing, it may be determined that there is not a need for so much redundancy. 

2.7  
Structure

The materials chosen for the Cyclops were chosen for their 1) lightweight properties, 2) cost effectiveness, and 3) ability to withstand the extreme hot and cold temperatures of the lunar surface.  The materials chosen for the lander/rover structure are aluminum 6061 T6 and carbon fiber.  Aluminum will be used for the main lander/rover structure while carbon fiber will be used around the electronic components.  It is important that the lander/rover structure be lightweight while still having the strength required to maintain structural integrity.  Aluminum 6061 T6 and carbon fiber are lightweight materials with specific gravities of 2.7 of 1.81 respectively.
  The aluminum and carbon fiber will both be able to handle the temperature range of 123K to 373K.
  Aluminum easily transfers heat and is able to maintain structural integrity in both hot and cold environments.  Carbon fiber is an excellent thermal insulator and will handle the temperature range encountered on the lunar surface.  Even though carbon fiber is a more expensive material than the aluminum, the carbon fiber can be used in areas that require higher thermal insulation.  Another advantage of the materials used, the aluminum 6061 T6 and carbon fiber are both TRL 9.  This provides historical data that shows that the materials used in the construction of the Cyclops are capable of remaining reliable for the mission duration.

The Cyclops will be capable of surviving the maximum g-loads under which it will operate.  These g-loads occur at launch and will maximize at 6 g’s during booster engine cutoff.
  The calculations used to verify survivability under this g-load can be found in Appendix G.  The Cyclops uses a six wheel rocker bogey system for its mobility on the surface of the moon.  Using this mobility system, the lander/rover will have the capability to land on a twelve degree slope.  This will be possible even under the worst-case landing scenario in which the Cyclops lands with its wheels perpendicular to the landing slope.  The calculations showing the ability to land on a twelve degree slope are located in Appendix G.

2.8  
Payload

The payload or science for the Cyclops will be similar to that of the Viking. One part of the payload that will be reused is the Gas Chromatograph Mass Spectrometer the second is the surface sampler assembly. The portion that is being added is the use of penetrators, Miniature Thermal Emission Spectrometer (Mini-TES) and a single site box. The following sections will discuss each of these in greater detail.


The Gas Chromatograph Mass Spectrometer (GCMS) is used on the rover to perform atmospheric and organic analysis of the lunar surface.
 This analysis is important to know the organic content of the moon. These methods will be done through gas chromatographic and mass spectral methods. This system will be capable of analyzing compounds between 0.1 ppm and 2500 ppm by weight of the samples. One function of the GCMS will use an instrument to analyze the atmosphere by opening an inlet valve for a period of time to allow the moons atmosphere to equilibrate in GCMS. A second function of the GCMS is to perform molecular analyses. This is done by a PDA that will deliver ground samples of moon surface material to the GCMS. A portion of the sample will then be loaded into an oven inside the LPA for further analysis. The GCMS will consist of two major assemblies. The first  major assembly being a sensor subset that will house a hydrogen supply assembly (HSA), a loading and pyrolyzing assembly (LPA), a gas chromatograph assembly (GCA), an atmospheric filter assembly, and mass spectrometer assembly (MSA). The HSA portion of the first assembly will consist of a hydrogen tank containing 
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 at pressure of approximately 5.2 MPa, a one-shot valve, a pressure transducer, and two high-pressure valves. The hydrogen is used for the LPA to provide pressurant for the pyrolyzed sample. The GCA serves to control and separate the flow of the vapor products of the sample of interest as it travels from the pyrolysis oven to the MSA. One major assembly that will be used is the instrument data assembly (IDA), which initiates and controls the GCMS sequences in response to commands, and will digitize both engineering and mass spectral data and then transmits the data to the data acquisition system. The mass of the GCMS is 19 kg and the dimensions are 10cm x 10cm x 8cm. The power required by the GCMS is 60 W. This system mentioned above can be seen in Figure 16.
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Figure 16 - Gas Chromatograph Mass Spectrometer (GCMS)

The surface sampler assembly (SSA) has a primary purpose to acquire process and distribute samples from the moon’s surface to the GCMS
. It secondary functions are to include physical properties, magnetic properties, and meteorology investigations. The main components of the SSA include the SSAA, GCMS PDA, and the SSCA. The SSAA consists of a controlled 3-axis 3-m furlable tube boom and collector head capable of acquiring surface samples at any location within 12.1
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 area in front of the rover. This collector head and boom can be seen in Figure 17. The GCMS PDA will receive 
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particle size samples from the SSAA then grinds them down even smaller to 
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particle size then delivers the sample to the GCMS for testing. The SSCA will consist of the electronics necessary to provide control functions and data acquisition for the SSAA. The mass of the SSA is 15.5 kg and the dimensions of the 110 X 10 X 10 cm.
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Figure 17 - Surface Sampler Assembly (SSA)

There will be fifteen penetrators fired into the Shackletons crater; this will be the mission’s main source of data acquisition in the permanent dark regions. These penetrators similar to those of Deep Space 2 (DS2) will have a total mass of 3.572 kg each and will consist of threes parts the aftbody, forbody and a launch mechanism.
 The aftbody is a short cylinder 100mm high and 136mm in diameter, which will contain the primary batteries, pressure sensors, atmospheric accelerometer, and communications equipment, including a 130mm omnidirectional antenna. The aftbody is designed to remain above the surface after impact to provide radio communications to rover. The forebody, or penetrator, is a long thin cylinder 100mm long and 37.54mm diameter with a mass of .67 kg. One set of thermal properties equipment, including a temperature sensor, are housed near the front of the cylinder. Above this at the center of the cylinder is the drill motor surrounded by the electronics and microcontroller. Above the drill motor is the drill apparatus, soil sample chamber, and the heating and ice and water vapor detection equipment. At the top of the penetrator is a 3-axis impact accelerometer. The forebody fits in the aftbody in its stowed position and is designed to separate on impact with the surface. It has a rounded front end in order to penetrate into the ground. Both of these parts of the probe are designed to withstand extreme decelerations. The power uses two lighium-thionyl chloride batteries providing 600 milliamp-hours. The probe confuration can be seen in Figure 18 below. The last part of the probe is the ejection system which consists of mechanism that will catapult the probe away from the rover. The penetrator will then procede to freefall to the bottom of the crater at a velocity of approximately 151.5 m/s and penetrate to a depth of .096 m.
 The probes are designed to survive an impact of up to 180 m/s. Calculations for these can be seen in Appendix H. 
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Figure 18 - Deep Space 2 Probe

The Miniature Thermal Emission Spectrometer (Mini-TES) will be mounted on the rover. The Mini-TES has a main objective to provide measurements of minerals and thermo physical properties on the moon. It does this by colleting high resolution infrared spectra over the wavelengths where distinctive vibrational spectral bands are best observed.  The Mini-TES covers the spectral range 5-29
[image: image16.wmf]m

m

 with a spectral sample interval of 9.99
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 The telescope is approximately 6.5 cm in diameter and is used to feed a flat-plate moving mirror mounted on a voice-coil motor assembly. The overall Mini-TES envelope is 23.5 x 16.3 x 15.5 cm and has a mass of 2.4 kg. The parameters and description for the Mini- TES that the group has chosen can be seen in Table 4.

Table 4 – Mini-TES Details
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Spectral Range

339.50 to 1997.06 cm’ (5.01-29.45
i)

Spectral Sampling Interval

9.99 et

Field of View 8 and 20 mrad
Telescope Aperture 6.35 cm diameter Cassegrain
Detectors Uncooled Alonine doped Deuterated

Triglycine Sulphate (AIDTGS)
Pyroelectric detector
D*>6x 10° at 20 Hz

Michelson Mirror Travel

-0.25-0.25 mm

Mirror Velocity (physical travel)

0.0325 cm/sec

Laser Fringe Reference Wavelength

978 = 2 nanometers

Interferometer Sample Rate

645 samples/sec

Cyele Time per Measurement

2 seconds (1.8 seconds Michelson mirror
forward scan: 0.2 second retrace)

Number of Scans to Achieve 400 SNR at

2/(20 mrad): 80 (8 mrad)

1000 em™; 270 K Scene Temperature: 0°
C Instrument temperature

Number Samples per Interferogram 1024
Number Bits per Sample - Interferogram 16
Number Samples per Spectrum 167
Number Bits per Sample — Spectrum 12

Dimensions 9.25% 6.4 x 6.1 inches (23.5x 16.3 x
15.5 cm)

Mass 240 kg

Power 5.6 Watts (operating). 0.3 Watt (daily
average)

Operational Temperature Range | Survival and Operability -43, +50C:

(Instrument Temperature)

Performance within Spec -10, +30C





The last part of the science is the Single Site Box (SSB), which will be used to determine lighting conditions every 2 hours over the course of one year, micrometeorite flux, and assess electrostatic dust levitation and its correlation with lighting conditions. The SSB will house a Surface Stereo Imager (SSI). This instrument simulates the human eye with a two optical lens system that will give three-dimensional views. It will also simulate the resolution of human eyesight using a charged-coupled device that produces high density 1024 x 1024 pixel images.
 The SSI will exceed the capabilities of the human eye by using optical and infrared filters, allowing multispectral imaging at 12 wavelengths of geological interest and atmospheric interest. This SSI will also be used to estimate the optical properties of the moon’s atmosphere around the drop off site. Using narrow-band imaging of the Sun, the imager will estimate density of atmospheric dust, optical depth of airborne aerosols, and abundance of atmospheric water vapor. The power for SSB will be provided by a solar panel. The overall mass of the SSB will be approximately 35 kg. A picture of the SSI can be seen in Figure 19.
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Figure 19 - Surface Stereo Imager (SSI)
The payload is extremely important to the success of this mission. The payload for the Cyclops will utilize off the shelf technology, except for the penetrator launch system. The overall weight of the payload for the Cyclops will be approximately 278 kg. These systems working in parallel ensure that the mission goals will be completed on time. 
2.9  
Communication

The purpose of this section of the report is to give an overview of the communication system. This section will examine and discuss the types of communication devices needed to complete the mission. The rover will use a parabolic dish reflector antenna (PDRA) to send and receive signals. This antenna will allow the rover to stay in contact with the LRO and the penetrators. The penetrators and the single site box (SSB) will have omnidirectional antennas that will be used to send data to the rover. This data will then be sent to Earth via LRO.
After researching many different antenna designs, a parabolic dish reflector antenna was chosen, based on its relative ease of design, analysis, and implementation. The critical factor for a dish is efficiency, since uniform illumination is not possible. Thus spillover, illumination, and feed blockage losses will have to be considered in order to maximize overall efficiency. Figure 20 was used to determine the parameters needed to maximize efficiency.
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Figure 20 – Efficiency for Parabolic Dish

Analyzing the above figure, the maximum possible efficiency for a reflector with a diameter of ten wavelengths and a feed diameter of one wavelength is 80%, with a corresponding focal length to diameter ratio of 0.45.
 At 8 GHz, the free space wavelength was calculated to be 0.0375 meters, so the dish diameter will be 0.375 meters and feed diameter will be 0.0375 meters. Thus, the required focal length will be 0.16875 meters, which gives the placement of the feed antenna. The required symmetrical cosinen (n is an integer) radiation pattern for the feed antenna can be very closely approximated with a step-less, dual-mode conical horn antenna, which will require a circular waveguide input. With this information, the maximum directive gain (or directivity) can be calculated. Assuming both the transmitting and receiving antennas have exactly the same dimensions, the directivity for both will be 789.587, which in decibels is equal to 28.974. With this information and the perilune distance of 100 km, The Friis transmission equation (FTE) can be used to determine the power received by the receiving antenna, given the transmitted power, which is 4.8 Watts (due to the 80% antenna efficiency). Using this equation (assuming the reflectors are circular), the maximum received power was calculated to be 2.13 Watts (taking into count the 80% efficiency of the receiving antenna). The data storage on board the rover will be a 10 GB flash memory. A picture of PDRA can be seen in Figure 21.
[image: image21.jpg]



Figure 21 - Parabolic Dish Reflector Antenna (PDRA)
The transmitter needs to be space qualified, which means the system must be radiation-hardened to protect it from high-energy background cosmic radiation that would otherwise severely damage the electronics. The transmitter selected was the T-712 high data rate X-band transmitter manufactured by L3 Communications. This transmitter is specifically designed for the rover and orbiter applications. Table 5 lists the specifications for the T-712.
Table 5 – Specifications for the T-712
	Frequency Range
	X-band, 8.0-8.5 GHz

	Frequency Source
	DRO phase-locked to TCXO

	Modulation
	SQPSK

	Data Rate
	5 Mbps to 150 Mbps

	Input Power
	66 Watts primary power

	RF Output Power
	6 Watts

	Operating Voltage
	22 to 38 Vdc

	Inputs
	I-channel data (AC-Coupled PECL), Q-channel data (AC-Coupled PECL), Reference clock (AC-Coupled PECL), Unit on command (pulsed), Unit off command (pulsed)

	Outputs
	Reference clock (AC-Coupled PECL), RF output power telemetry, Unit temperature telemetry, Secondary voltage telemetry

	Weight
	8 lbs (3.63 kg)

	Radiation Hardening
	20 krad total dose


Since the antenna has a high directive gain, it will need to be pointed as close to the LRO as possible to obtain a successful transmission. Thus, a gimble system will be needed to point the antenna at the LRO as well as a method to determine the relay satellite’s current position. The conical scanning technique is a commonly used technique in RADAR applications. This technique involves re-positioning the beam slightly off-center from the midline of the antenna, then rotating it at a constant rate. By observing the peaks in the received signal, the direction that the antenna needs to be pointed can be determined. Two versions of this method are available, a rotated feed and a nutated feed. With a rotated feed, the feed is set slightly off the focal point, and then is rotated around the focal point. The other method is involved is called a nutated feed, in which the feed is fixed and the reflector is rotated around the focal point. The primary difference between the two is polarization change. With a rotated feed, a polarization change will occur while with a fixed feed, no polarization will occur.
 More analysis is required to determine which method is best for this particular application. In addition, a proper beacon signal for the relay satellite will need to be selected whose auto-correlation pattern will be easily distinguishable from the received background noise.
Each of the penetrators uses a miniaturized radio transmitter and receiver system weighing less than 50 grams. The area that this transmitter and receiver occupy is a little more than 64
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, and consumes less 2 watts in transmit mode. The antenna on the penetrators will be an omnidirectional antenna. The communication bandwidth will be S-band. This S-band system operates in the S-band portion of the RF spectrum of 1,700 to 2,300 MHz.
 The subsystem is the S-band Phase Modulation System (PMS), and it is used to transmit information to the rover at a data rate of 8 Kb per second.
 This transmitter is tuned to 2,250.0 MHz. The parabolic dish reflector antenna on the rover is used to downlink data from the 15 different penetrator’s one at a time. The data storage on the penetrators will be 300 MB .A figure of an omnidirectional can be seen in Figure 22.
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Figure 22 - Omnidirectional Antenna
The communication system on board the Single Site Box (SSB) will be similar to that used on the penetrators. It will have an omnidirectional antenna with a miniaturized radio transmitter.  It will also be using S-band communication bandwidth. This S- band system will operate in the RF spectrum of 1,700 to 2,300 MHz..
  The subsystem of the antenna system is the S-band Phase Modulation System (PMS), and it is used to transmit information at a data rate of 8 Kb per second to the LRO. The SSB will have the data storage of 1 GB.

The communication is the most important portion of the project. If no communication can be made then the mission is a failure. Using the PDRA and the T-712 transmitter along with the omnidirectional antennas on board the penetrators and the SSB will make the system to be less vulnerable to failure and will ensure that data gathered will be sent back to earth complete.

2.10 Concept of Operations
The operations of the mission are as follows. The lander will launch at 12:00 noon on September 30, 2012.  The lander will then go into a hibernation state for the trip to the moon. Five days later the lander will arrive at the moon and wake up.  It will then perform a system diagnostic to make sure all systems are operating at nominal levels. The next day, October 8, the lander will begin its decent onto the rim of the Shackleton crater. When over the center of Shackleton crater, the lander will launch 15 penetrators into the crater.  After waiting for 30 seconds to allow the penetrators to clear the lander, the lander will then continue it’s decent on to the rim of the crater.  Upon landing, the lander will then perform another system diagnostic to make sure no systems were damaged upon decent. The lander will drop of a box called the “single site box.” The “single site box” will take samples of lighting conditions every two hours, assess micrometeorite flux, and dust levitation as it correlates to the lighting conditions.  

The lander will then take a day to rove to the rim of Shackleton crater to await the information from the penetrators. While the lander is continuing its decent, the penetrators will begin theirs.  The penetrators will fall from the lander and impact the bottom of Shackleton crater.  Upon impact, the penetrators will sample the site they landed.  The penetrators will then relay their data to the lander.  The lander will then relay the data to the LRO who will relay the data to Earth.  The antenna that will be used is a parabolic dish reflector antenna mounted on the rover.  The penetrators will have an omni-directional antenna.  The operation of the penetrators will be as follows.  From Thursday October 11through Thursday October 18, the penetrators will relay their data to the lander.  The next day, Friday October 19, the lander will relay its data from the penetrators to the LRO.  The LRO will relay the data to Earth.  The data will take 5 orbits to transmit.  For the lighted sites, the rover will move to the first lighted site on Monday October 22.  On Tuesday October 23, the lander will sample the first lighted site.  The next day, Wednesday October 24, the lander will relay the sample data from the site to the LRO.  The pattern will repeat for 28 lighted sites.  The lander will then rove to the site designated for the sample to be returned via the Sample Return Vehicle on March 5, 2013.  The sample will be taken on March 6 and the Sample Return Vehicle will launch back to Earth on March 7, 2013.  The sampling of lighted sights will then recommence on March 8. The sampling will continue in the previously mentioned fashion until July 22. A total of 59 lighted sites will be sampled.  From July 23 to 25, the lander will rove back the rim of Shackleton Crater. In the event the penetrators fail, the following timeline will be used.  On Friday, July 26, the rover will move to the first dark site. The rover will sample the first dark site on July 29. The data will be relayed back to Earth the next day, July 30. This sequence will repeat until all the sites not sampled by the penetrators are sampled, up to 15 sites. On September 30, 2013, the rover will power down. A map is located in Figure 23. A detailed timeline is located in Table 10 in Appendix J.
Mission Control will be located in Huntsville, AL.  Located at Mission Control will be a Flight Director, Rover Operator, Data Analyst, Data Archivist, Scientist, Communication Specialist, two Troubleshooters, and a Mission Planner. The Flight Director is responsible for the overall accomplishment of the mission. It is his responsibility to make sure all the objectives are accomplished. The responsibility of the Rover Driver is to navigate the rover to all of the predetermined sites on the moon.  The Rover Driver will use a Surface Stereo Imager (SSI) camera in order to see the surface of the moon.  The Data Analyst will analyze the data collected by the rover to make sure nothing has gone wrong during the tests and also send the data to the appropriate scientists. The Data Archivist will maintain the archives of all the data collected over the entire mission.  There will be two Troubleshooters on hand to troubleshoot any problems that may arise during the mission. They will have manuals and schematics on hand to handle any problems.  They will also be responsible for the system checks that happen every Saturday.  The system checks are diagnostics that cover the entire lander systems to make sure they are operating within normal parameters. The Scientist on hand will help the Data Analyst analyze the data to make sure all the data makes sense.  He will then take the data and analyze it for his own research.  The Mission Planner is in charge of the entire mission planning.  He will oversee the day to day operations of the mission.  If problems were to arise and the mission timeline need to be altered, he is the one to handle the changes.  
	Position
	Work Description
	Work Type

	Flight Director
	Oversees entire mission
	2 Shifts

	Rover Operator
	Operates Camera to see where the rover is going and drive the rover on the surface of the moon
	2 Shifts

	Data Analyst
	Analyses the data sent back to Mission Control
	2 Shifts

	Data Archivist
	Archives the data collected
	2 Shifts

	Scientist
	Controls Experiments and data collection
	2 shifts

	Communication Specialist
	Controls the communications with the rover
	2 Shifts

	Troubleshooter 1
	Troubleshoots any problems that arise
	2 Shifts

	Troubleshooter 2
	Troubleshoots any problems that arise
	2 Shifts

	Mission Planner
	Plans the next day’s missions
	2 Shifts


2.11 Systems Interactions


The chain of command starts with the project office which communicates directly with the customer and the systems engineer.  In turn, the systems engineer works directly with the subsystems.  Interaction of the subsystems is a key component in the design of a successful product.  Each subsystem had their own objectives to meet but required interaction with other subsystems to meet these objectives.  A specific subsystem would have to meet the requirements set forth for their role but also compromise with other subsystems so that the subsystems would work together when integrated.  The Cyclops was no different requiring compromises between the subsystems to produce the final product.  Team interaction for the completion of this project went well for the most part.  The team worked well together along with the subcontractors at Southern University (SU) and ESTACA in France.


Interactions between the team here at UAH and the subcontractors were the most challenging as far as communication goes.  The students at SU and ESTACA are intelligent, but it is hard to convey the message of what the group needs when the teams are so far apart.  Communications between the teams included telephone conversations and conversations over Gmail.  When the project started the project office set up a Google Group for all team members to share information.  Also each member set up a Gmail account so that team members could easily communicate over the internet.  This proved to be the most efficient tool for communication because team members could instantaneously send information and figures to each other.  


The responsibility of mobility was handed off to Southern University.  The students at SU had to interact with many subsystems here at UAH to engineer a solid mobility system for Cyclops.  SU worked closely with the systems engineer to convey information concerning the thermal, power, and structural requirements for the Cyclops.  The team at UAH decided to utilize the Rocker Bogie suspension system because it was simple and has proven invaluable on the Mars Exploration Rovers.  SU came up with the final suspension, wheel, and drive motor configurations based on the Rocker Bogie design.


The SRV is an optional piece of equipment on the Cyclops rover.  The SRV can be removed to minimize the mass of the total system or more science can be added in place of the SRV.  Communication with ESTACA was harder to accomplish because phone calls cost much more.  Interaction with ESTACA was completed solely through Gmail and the teams Google Group.  ESTACA displayed their talent as engineers when a stand alone system was created to return valuable samples of regolith to earth safely with only 153kg to work with.  ESTACA’s system required interaction between the structures, thermal, and power subsystems here at UAH to complete their requirements.


The power system designed for the Cyclops has to accommodate many subsystems.  An RTG was chosen by the whole team simply because the difference in temperature on this particular position on the moon.  The RTG and power system was designed around the other subsystems requirements.  The power subsystem worked closely with the thermal subsystem due to the fact that the RTG put out a great amount of heat which is pertinent to keeping the rover warm in cold conditions.


Interaction with the thermal subsystem was critical in keeping the rover at an optimum temperature.  The biggest issue that the thermal system had to deal with is dissipating heat from the rover due to the heat put out by the RTG.  The thermal subsystem had to interact with other subsystems to provide warmth during the cold stints that the lunar environment gives.  


Concept of operations planned around the CDD constraints and the team’s ideas for the sequence of data collection.  The ConOps subsystem was also in charge of knowing the terrain and environmental conditions in the environment.  With this knowledge every other subsystem consulted the ConOps group to confirm compliance with the environmental conditions.  


Along with the purpose of exploration, the science and payload are the reason for the need of this mission.  The payload has to be able to perform the objectives set by the CDD in a way that works with the ConOps plan.  The payload has power, thermal, and communication needs as well as a structure to protect it from the elements.  Along with the payload this group also designed the communication system.


Guidance, navigation, and control subsystem guides the Cyclops down to the surface of the moon and provides a system to navigate the rover while on the moon.  GN&C has many requirements to operate which led to interaction between GN&C and most of the other subsystems.  The hardware that the GN&C subsystem is utilizing requires an area on the structure as well as thermal and power requirements.


The Cyclops main body was designed to safely house all of the subsystems and to survive the environment to complete the ConOps.  The structures subsystem had to compromise with every other subsystem to house their components and keep them safe while keeping the overall design parameters in mind.  The land on wheels concept will also put tremendous amounts of stress on the main structure.  The force that travels up the wheels and suspension system will eventually transmit to the body of the rover.  The points where the suspension attaches to the body must be able to survive the landing.         

3.0  
Implementation Issues

3.1  
Schedule

The equipment on the rover is readily available.  The penetrators that will be utilized for this mission have been extensively tested on earth and have flown in space.  The propulsion system used for Cyclops has also been used before and is a off the shelf technology.  The system that will guide the Rover to the ground has been used before in space so it is rated a TRL of 9.  The configuration used for the thermal system is a proven arrangement that has been used on many applications with an RTG as a power source.  The most important part of the thermal system is to get rid pf the excess heat generated by the RTG.  The communication system used in this application has also been used on many missions.  The main structure for the system is a lander/rover that is based off the MSL that is set to launch in 2009.  This is the only system of the Cyclops that can not be classified as off the shelf technology.  After the MSL lands on Mars and performs as expected the concept of a lander/rover will be rated at TRL 9.  The mobility portion of the lander is based on the rocker bogie design.  This system has been used on numerous rovers in many different environments.  Since the system has been used so many times replication will not be a problem.  The structure that will be lowering Cyclops to the lunar surface is a simple from which will require nominal time to construct.


The integrated system will take a short time to construct.  The main structure, mobility, and decent system will be built in less than a year.  All of the rest of the subsystems are off the shelf technology so they will take a short time to produce and will be ready for incorporated into the system.  Again, the only item that will keep the Cyclops from making the deadline is the RTG.  


The figure below shows the production schedule for the Cyclops’ mission.  This schedule shows the multiple reviews required to satisfy the customer and contractors needs.  The schedule also shows the different phases of design that are critical to mission success.  Fabrication and assembly are included in the schedule as well which should take less than a year to construct.  The final evaluation and launch requires less than a year because the majority of the components used are TRL 9 and have already been tested.


3.2  
Hardware Development
For the most the systems used on the Cyclops will be TRL9, but a few need more development. One that will require more development is the penetrators. The Deep Space 2 (DS2) penetrators that will be on Cyclops have been used before but the probe missions were unsuccessful and no contact was ever made. More testing and development should help insure that the penetrators will work successfully. One system of the Cyclops that is not TRL9 is the land on wheels system that is part of its structure. This idea has not been developed before, and requires extensive testing. It is believe that the concept will work, because the Cyclops structure was based on the Mars Science Laboratory (MSL) and it has been proven to take large impact at the wheel base of its structure. The Sky Crane design is also an issue that needs further development. Again it was originally planned for the MSL, but through testing this idea of the propulsion system being above the lander/rover should be a good design. 


One further issue of landing of the Cyclops is the ability of the propulsion system to jet the entire structure laterally after the penetrators have been deployed. The MSL’s Sky Crane was designed let the structure straight down longitudinally. The Cyclops propulsion will have to be development and adapted to give thrust to lower itself horizontally and vertically at the same time in order to land just on the edge on the Shackletons crater.

4.0  
Team Capabilities
4.1  
Team Overview

Frankenstein is a very unique group.  The group has thrived off of great team work.  The team dynamics was the key to success.  It was a direct result of the hard work and contributions from many people. These people include 14 engineers from all over. The University of Alabama in Huntsville was the home group with 9 engineers with two disciplines, mechanical and aerospace engineering. The team also has two members from ESTACA outside of Paris, France, and also has two members from Southern University in Baton Rouge, Louisiana. The final, but equally essential member of the team is the team’s technical editor. 

Our main sources of communication are group meetings and email through Google groups. While these are the main sources of communication there are times where it is necessary to have a meeting via teleconference. Group meetings and independent study were the bulk of the tasks occurred. The multiple group meetings a week allowed team members to work out any problems not solvable via email between meetings. This system is tremendously effective because there are no more than a few days in between group face-to-face meetings. This helps the overall team efficiency by reducing the amount of time one person must wait for others to complete their work.

4.2  
Personnel Description

Listed below are the primary members of Frankenstein. Beneath each of their names and titles are highlights and the contributions they made.
· Mr. Matthew Isbell – Project Manager

Mr. Isbell is a mechanical engineer and the project manager for our team. He has been the liaison between the customer, and our satellite team. Like the others on the team, he has worked extremely hard and put in many long hours to ensure that the design is the best possible solution to the customer’s problem.

· Mr. Kevin Dean – Systems Engineer

Mr. Dean is a mechanical engineer and the systems engineer for our team. He has been instrumental in keeping the project under the mass and power requirements. He has made sure that the many subsystems would not interfere with each other and has also worked diligently on the many reports generated for the customer.

· Mr. Tyler Smith – Power System Engineer

Mr. Smith is a mechanical engineer responsible for the design of power systems for the team. He has been very dedicated and thorough during the design of the power system. 

· Mr. Matthew Pinkston– Structures Engineer

Mr. Matthew Pinkston is a mechanical engineer responsible for the design of the main structures for the lander.  Mr. Pinkston was very helpful in providing research to back the design chosen along with applying it to a dimensioned product.

· Mr. Robert Baltz – Structures 

Mr. Baltz worked closely with Mr. Pinkston as a support to the design.  Mr. Baltz used his time to gather information on previous designs, along with his plethora of knowledge on NASA history. 

· Mr. Thomas Talty – Thermal Engineer

Mr. Talty is an aerospace engineer who designed the thermal systems for the team. His expertise has been invaluable to them team especially in the area of thermal systems due to the rough environment that must be endured.

· Ms. Audra Ribordy – Con-ops

Ms. Ribordy is a mechanical engineer in charge of the Con-ops.  Ms. Ribordy has proven herself to be a precious commodity through the design phase.  She has not only handled a group full of male engineers, but has also managed the daily operations of the entire exploratory mission.

· Mr. Christopher Brunton – Payload Engineer

Mr. Brunton is a mechanical engineer who designed payload delivery and data collection.  Mr. Brunton has done research beyond what was expected and is using unorthodox design.  Although his choice was risky, when it is successful it will prove doubters of the technology wrong.

· Mr. Joesph Woodall – GN&C

Mr. Woodall is an aerospace engineer who designed communication systems for the team. Mr. Woodall has gone above and beyond to design a communication to meet the requirements set by the team. His dedication to the team and the customer has proven to be exceptionally helpful and much appreciated by the other members of the team

5.0  
Summary and Conclusions
Frankenstein’s design was based off of redundancy, reliability, and realization. Through the initial trade studies through the analysis results of the final system, the design was guided by the requirement of the lander. The lander was developed to with stand any environment or point of failure that might arise.  The analysis of the concepts led to the final design. Each of the subsystems were designed separately and in the end the system was looked at as a whole.

The overall system was broken down into subsystems for analysis. The structure subsystem resulted in a high safety factors when analyzed under the conditions the lander would be operating. The structure was shown to perform well under stress and strain calculations. Further work could be done to model and test the rover design in a simulation package, to increases the confidence level of the accuracy of the calculations.

Thermal control system relies on passive systems. The passive system reduces the amount of risk in the spacecraft operations and system failure. The heat switches have been space tested and are reliable. The system also uses the MLI insulation system to customize the temperature of each compartment for the components in the particular area of the rover. The only active system for the system is a pump to move the excess heat from the RTG to other parts of the spacecraft to provide heat to maintain the operating temperature of equipment. This system lowers the chance of failure, if a heater system had been chosen.  The system could be developed to reduce the amount of weight by integrating the heat pipe into the structures.

The communications system uses a parabolic dish reflector antenna (PDRA) and a T-712 transmitter. The PDRA is used to receive data from the penetrators and single site box.  The T-712 transmitter sends the data gathered by the PDRA to the LRO.  The penetrators and the single site box will be using S-band communication band width.
The power system is composed of two components. The power production will be done from a RTG to produce a sufficient amount of power for a long time and allows for the extension of the mission. The RTG removes all mechanical parts form the power production system, making mechanical failure unlikely. The second component of the system is the power storage. The storage system allows for high peak power during times of need such as long roving distances.  

The payload consisted of all the required science systems, a Sample Return Vehicle, and penetrators.  The payload goes beyond the expectations of the system, it provides redundancy with the data retrieval systems and provides a way to return not only information but physical samples.

The design of the subsystems ultimately lead to the overall design. The subsystems were designed with integration in mind. The integration of the subsystems was taken care of with routine meeting and contact between the different system designers. The overall mass and power requirements were kept track of and were checked against different subsystems to validate some of the assumptions made during the design process.
6.0  
Recommendations
The structural engineer believes the mass of the structure can be reduced by using material that would not be considered TRL 9.  If further testing is done, a new composite or alloy might prove to be lighter and stronger. The thermal engineer recommends designing the system to handle changes from light to dark in a more uniform manner.  As of now the system would slowly adjust which in certain anomalies could put the instruments out of there ranges. The drive system engineer recommends the design of custom wheels for lunar operation, and a modeling of the rocker bogie for climbing effectiveness. He also recommends more testing of the motors in the expected conditions.  The power engineer recommends research into the feasibility of making the RTG detachable for use on future lunar missions. The payload engineer recommends possibly adding a power hookup for the penetrators, which would allow for optimum battery charge before deploying the penetrators into Shackleton’s crater.                            
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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
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Appendix C – Systems Engineering

Figure 8 – Gantt Chart

Figure 9 – Outline of the Design Methodology
Table 2 – Key Performance Parameters for the Cyclops
	Parameter
	Unit
	Notes

	Overall Vehicle

	Mission duration
	At least 1 year
	Should exceed mission duration

	Total mass
	785 kg
	16% mass margin

	Number of sites visited
	74 visited sites
	59 lighted

15 permanent dark

	Single site goal mass
	10 kg
	N/A

	Payload Subsystem

	Total mass
	90 kg
	N/A

	SMD mass
	13 kg
	N/A

	ESMD mass
	7.7 kg
	N/A

	Payload percentage of total mass
	11.11%
	N/A

	Power Subsystem

	Type (solar, battery, RTG)
	Solar, Lithium-ion, RTG
	N/A

	Total mass
	63.62 kg
	N/A

	Total power required
	431.35 W
	N/A

	Number of solar arrays
	1
	N/A

	Solar array mass/solar array
	1.13 kg
	N/A

	Solar array area/solar array
	0.12 square meter
	N/A

	Number of batteries
	2
	Lithium Ion

	Battery mass/battery
	3.25 kg
	N/A

	Number of RTGs
	1
	Will utilize heat dissipation for thermal 

	RTG Mass/RTG
	56 kg
	N/A

	Structure Subsystem

	Total mass
	80 kg
	N/A

	Maximum “g” load
	6
	N/A

	Thermal Subsystem

	Operating temperature range
	273K-303K
	N/A

	Non-operating temperature range
	273-288K
	N/A

	Total mass
	15 kg
	N/A

	Passive/Active system
	Passive
	N/A

	GN&C Subsystem

	Total mass
	23.42 kg
	N/A

	Accuracy
	95%
	N/A

	Power required
	115.5 W
	N/A

	Communication Subsystem

	Total mass
	19.68 kg
	Includes penetrators, SSB, PDRA, and transmitter

	Type (UHF, S-band, X-band)
	S-band and X-band
	N/A

	Bandwidth
	8 kbps and 150 mbps
	S-band and X-band respectively

	Power required
	70.8 W
	Includes penetrators, SSB, PDRA, and transmitter

	Storage capacity
	12 GB
	N/A

	Mobility Subsystem

	Type
	Rocker Bogie
	N/A

	Maximum velocity
	75 km/hr
	N/A

	Total mass
	N/A
	N/A

	Power required
	112.15 W
	N/A


Table 3 – Figures of Merit for the Cyclops

	Figure of Merit
	Goal
	Design

	Number of surface objectives accomplished
	15 samples in permanent dark and 5 samples in lighted terrain
	15 penetrators taking samples in permanent dark and 5 lighted samples taken by Cyclops

	Percentage of mass allocated to payload
	Higher is better
	35.4%

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

	Efficiency of getting data in stakeholders hands vs. capability of mission
	Higher is better
	95%

	Percentage of mass allocated to power system
	Lower is better
	8.2%

	Ratio of off-the-shelf hardware to new development hardware
	Higher is better
	85%



Figure 10 – ESTACA’s CATIA Drawing of the SRV
Appendix D – Power

RTGs have been used many times in past space missions (TRL 9) such as on the Viking Lander which can be seen in the Radisotope Missions Figure in the Power Appendix and come in a variety of sizes, and output capacities based on design specifications
. Using the supplied specifications, a custom power source can be design to meet the lander/rover’s exact requirements. The table below has the estimated power requirements, dimensions, and mass required by each system and components on the lander/rover.

	Table 6: Power Analysis 
	 
	 
	 

	Component
	Subcomponents
	Consumption (W)
	Mass (kg)
	Dimensions (cm)

	Mobility
	 
	112.15
	215
	 

	SRV
	 
	1
	153
	 

	GN&C
	 
	115.5
	23.5
	 

	 
	LIDAR
	39
	16.9
	9.65x9.65x9.65

	 
	SSI
	7.8
	1
	7x7x6

	 
	SSI mast
	12.4
	4.6
	100

	 
	SSI light
	1.3
	0.5
	15x15x15

	 
	Ground Track Camera
	5
	0.5
	17.5x17.5x15

	 
	Processor
	50
	0.25
	10x15x1.25

	Payload
	 
	76.9
	125
	 

	 
	GCMS
	60
	6
	10x10x8

	 
	SSA:Arm & Scoop
	3.5
	15.5
	110x10x10

	 
	Mini-TES
	5.6
	2.4
	23.5x16.3x15.5

	 
	Penetrators (Not included self-powered)
	4.5
	53.58
	13.6Dx10L

	 
	SSB
	7.8
	35
	15x15x15

	Communications
	 
	70.8
	20
	 

	 
	PDR antenna
	4.8
	4
	37.5D

	 
	Transmitter
	66
	3.63
	5x10x5

	Thermal
	 
	55
	11.4
	 

	 
	Pump
	5
	 
	 

	 
	Switches
	50
	 
	 

	Operations
	 
	0
	0
	 

	Structures
	 
	0
	173.1
	 

	Totals
	 
	431.35
	784.7
	 

	Power Supply
	 
	 
	63.7
	 

	 
	RTG
	300
	56
	 

	 
	Li-Ion Battery
	975W-h
	6.5
	 

	 
	Solar Cell
	10
	1.2
	1.2 square meter


The peak power required for generating the lander/rover’s power is calculated to be 279.2 W during data collection, and the total power required for the lander/rover is 431.35 W. However, the peak power at one time should be no more than 300 W. In order to provide an adequate power supply to accomplish the mission, the lander/rover must supply enough power during roving and while collecting and achieving lunar surface goals.  Based on simple physics and kinematics calculations, the lander/rover would require 112.15 W of power to rove 500 meters to a sampling site just as the mobility requirement which is the worse case scenario because it was based on the dry mass of 785 kg instead of the roving mass of approximately 500 kg. This was calculated using the dry mass, revolutions per min, and distance traveled to determine the power to travel a given distance. The power will not exceed 280 W at any one time due to all science instruments would be cut off during roving with the exception of the mobility, GN&C, and thermal systems. During stand still times, the mobility will be off, and the science and other necessary systems will be running. If all systems were operating simultaneously, the total power requirements would exceed 431.35 W. However, a contingency RTG power supply with a factor of 7% percent has been factored in for a total power supply of 300 W.

A set of lithium-ion rechargeable batteries will provide a power supply as back up and to meet the peak power.  A lithium-ion battery provides 150 W-h/kg and each battery will weigh approximately 3.25 kg a piece and a combined power output of 975W-h. These batteries will be built using the desired power outputs from the battery W-h/kg specification. This style of rechargeable battery was incorporated into the rover design for its energy/weight ratio of 150 W-h/kg, a 99.9% discharge efficiency, a time durability of 24-36 months (exceeds mission life), and a small degradation of charge at lower temperatures which is a huge factor with the lunar environment the lander/rover will be interfacing
. Other specifications are listed in Table 7 below.
Table 7 - Li-Ion Battery Specifications

	Energy/weight
	160 Wh/kg

	Energy/size
	270 Wh/l

	Power/weight
	70 W/kg

	Charge/discharge efficiency
	99.9%[1]

	Energy/consumer-price
	2.8-5 Wh/US$[2]

	Self-discharge rate
	5%-10%/month

	Time durability
	(24-36) months

	Cycle durability
	~1200 cycles[citation needed]

	Nominal Cell Voltage
	3.6 / 3.7 V


[image: image24.jpg]



Figure 24 - Li-Ion Battery: This is a sample picture of a lithium-ion battery. Lithium-ion batteries range in all sizes depending on the desired power output. The batteries for the lander would be much smaller than this due to the number of batteries and power required.
The RTG is based on the Cassini which will provide 300 W of power with the latest data provided by the technical advisor from an IEEE Explore website. The RTG for the lander/rover will be built by the manufacturer using the same specifications as the Cassini specified in the IEEE report producing the desired power above for the given weight. The 300W is quite an improvement from the 25 W RTGs that were used to power the Viking.  This will also produce approximately 700 W of heat and a weight of approximately 56 kg
. This in itself will be enough to power the entire rover while roving and collecting data, but with the use of the batteries as a back up and a peak power supplier, the RTG will be used to produce the heat and a constant power supply to even the batteries to maintain their charge.
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Figure 25 - RTG: This is a diagram of an RTG and its components of composition.
Since the Single Site Box will be used in the light areas to capture images and run a camera, the box will be powered by a solar panel or photovoltaic panel which will supply electricity required for functionality. The Single Site Box will require 7.8 W and 1 W for the Sample Return Vehicle to ignite for a total of 8.8 W which is all provided by a 10 W solar panel. A 10 watt solar panel with a built-in blocking diode and a ten foot UV resistant output cable was chosen to power the SSB and SRV. The solar cells are laminated between sheets of ethylene vinyl acetate (EVA) with a stainless steel substrate. It has a power output of 10W, 17.3V, and 0.58A. The solar area is .12 square inches and weighs 1.12 kg
.
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Figure 26 - Solar Panel: This is a sample solar panel or photovoltaic panel much similar to the one that will be used on the single site box. It is a Sundance Solar 10 Watt Solar Panel - 12V Stainless Steel.
The Space Mission Analysis and Design Book was used to help set up an initial estimate for the power supply. Basic power allotments were used to guide the designers towards the power goals. Each subsystem did not require power and because not all of the systems will be running at the same time the power can be adjusted to meet the peak power during a particular part of the mission, i.e. collecting samples or roving
. The amount of power on the rover from the combined battery and RTG provides more than enough to power the entire system at one time for a short period of time if needed, but the system was designed to either rove or collect samples not both. This method of operation was chosen so the lander/rover runs from the RTG and batteries while the RTG recharges the batteries and also provides the needed heat for the lander/rover. The 7% RTG contingency of power is factored in so that if one method of power fails there is enough backup to complete the mission and if any additional power is needed. For example if a battery fails, the RTG will be able to supply enough power to continue functionality during roving and data collection and transmission. Due to the fact that the design was a lander/rover, the power system was questionable because the power requirements are directly based on its operations.  
[image: image27.emf]
Figure 27 - RTG Missions: This is a diagram of all the RTG missions that have been used and successful in space applications for decades.

	
	
	

	Day Operation
	Systems Required
	Power Required

	Cruise to Moon 
	 
	 

	 
	No Systems
	 

	Moon Arrival
	 
	 

	 
	No Systems
	 

	System Initialize and Check
	 
	 

	 
	GN&C
	115.5

	 
	Communications
	7.63

	 
	 
	123.13

	Decent and Penetrator Launch
	 
	 

	 
	GN&C
	115.5

	 
	Communications
	70.8

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	241.3

	Landing
	 
	 

	 
	GN&C
	115.5

	 
	Communications
	70.8

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	241.3

	Penetrator Impact
	 
	 

	 
	Payload
	None - Self Powered

	Drop of Single Site Box and Sample Return Vehicle
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	202.3

	System Check
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Payload
	76.9

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	279.2

	System Check
	 
	 

	 (Rove 5m)
	Mobility
	1.1215

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	132.6215

	Rove to Light Site (500m) (Repeat 29 Sites)
	 
	 

	 (Calculated using Force, Power and Torque Equations)
	Mobility
	112.15

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	243.65

	Collect Data from Light Site (Repeat 29 Sites)
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Payload
	76.9

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	279.2

	Rove to SRV Site
	 
	 

	 
	Mobility
	112.15

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	243.65

	Collect SRV Data
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Payload
	76.9

	 
	Thermal 
	55

	 
	SRV - Solar Power
	1

	 
	Power
	N/A

	 
	 
	279.2

	
	
	

	Rove to Light Site (500m) (Repeat 30-59 Sites)
	 
	 

	 
	Mobility
	112.15

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	243.65

	Collect Data from Light Site (Repeat 30-59 Sites)
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Payload
	76.9

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	279.2

	Rove to Rim of Shackleton (500m) 
	 
	 

	 
	Mobility
	112.15

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	243.65

	Rove to Alternate Dark Site (500m) (Repeat 15 Sites)
	 
	 

	 
	Mobility
	112.15

	 
	GN&C
	76.5

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	243.65

	Collect Data from Dark Site (Repeat 15 Sites)
	 
	 

	 
	GN&C
	76.5

	 
	Communications
	70.8

	 
	Payload
	76.9

	 
	Thermal 
	55

	 
	Power
	N/A

	 
	 
	279.2

	System Shutdown
	 
	 

	 
	MISSION COMPLETE


The table above shows the detailed power supply requirements during the different missions while on the moon. As discussed before, while roving, the science equipment will not be drawing power and vice-versa. From the table, it can be seen that the max power is while roving to the 500 meter sites, 243.65 and max when collecting data, 279.2. 

The following calculations were used to determine the power required to travel a certain distance. The power was determined to be .22431 W for every meter traveled for a total of 112.15 W for the 500 meter distance.

  
[image: image28.wmf]W

m

power

rev

lb

ft

n

T

hp

rev

rev

m

m

C

v

n

m

h

m

v

lb

ft

m

kg

T

kg

gravity

mass

m

rev

m

m

wheel

C

meter

moon

diameter

15

.

112

22431

.

500

22431

.

5252

min

25

.

1

46

.

942

5252

min

25

.

1

1

min

25

.

1

min

25

.

1

75

46

.

942

1

*

3

.

130

3

.

130

62

.

1

785

1

1

*

500

=

×

=

=

×

×

=

×

=

=

=

=

=

=

×

=

=

=

×

=

×

=

=

=

=

p


Appendix E– Guidance, Navigation, and Control

Figure 12 - LIDAR system which will be used for landing the Cyclops

Figure 13 - Surface Stereo Imager (SSI) will be used for navigating the Cyclops and for analyzing the lunar dust.


[image: image29]
Figure 14 - This is an image taken by the Imager for Mars Pathfinder or IMP.


Figure 15 – Penetrator Dispersement in Shackleton Crater

[image: image30.wmf]spaces

16

:=


[image: image31.wmf]penetrators

500

m

:=


[image: image32.wmf]circumference

spaces

penetrators

×

8

km

=

:=


[image: image33.wmf]DiameterofDispersement

circumference

p

2.546

km

=

:=


[image: image34.wmf]RadiusofDispersement

DiameterofDispersement

2

1.273

km

=

:=


[image: image35.wmf]a

F

m


[image: image36.wmf]m

m

n

1

-

m

dot

-


[image: image37.wmf]V

V

n

1

-

a

+


[image: image38.wmf]DistanceTraveled

distance

n

1

-

V

+

1

2

a

´

+

1.667

km


	time
	mass
	acceleration (m/s^2)
	velocity (m/s)
	distance traveled (m)

	0
	944.9
	0.047075881
	4.558075881
	0

	1
	943.57
	0.047142236
	4.605218117
	4.628789236

	2
	942.24
	0.047208779
	4.652426897
	9.304820522

	3
	940.91
	0.04727551
	4.699702406
	14.02816068

	4
	939.58
	0.04734243
	4.747044836
	18.79887673

	5
	938.25
	0.047409539
	4.794454375
	23.61703588

	6
	936.92
	0.047476839
	4.841931214
	28.48270551

	7
	935.59
	0.04754433
	4.889475544
	33.39595322

	8
	934.26
	0.047612014
	4.937087558
	38.35684679

	9
	932.93
	0.04767989
	4.984767448
	43.36545418

	10
	931.6
	0.04774796
	5.032515409
	48.42184357

	11
	930.27
	0.047816225
	5.080331634
	53.52608332

	12
	928.94
	0.047884686
	5.12821632
	58.67824198

	13
	927.61
	0.047953342
	5.176169663
	63.87838831

	14
	926.28
	0.048022196
	5.224191859
	69.12659127

	15
	924.95
	0.048091248
	5.272283107
	74.42292

	16
	923.62
	0.048160499
	5.320443606
	79.76744386

	17
	922.29
	0.048229949
	5.368673555
	85.16023239

	18
	920.96
	0.0482996
	5.416973156
	90.60135534

	19
	919.63
	0.048369453
	5.465342609
	96.09088268

	20
	918.3
	0.048439508
	5.513782116
	101.6288845

	21
	916.97
	0.048509766
	5.562291882
	107.2154313

	22
	915.64
	0.048580228
	5.61087211
	112.8505935

	23
	914.31
	0.048650895
	5.659523006
	118.534442

	24
	912.98
	0.048721768
	5.708244774
	124.2670476

	25
	911.65
	0.048792848
	5.757037622
	130.0484817

	26
	910.32
	0.048864136
	5.805901758
	135.8788155

	27
	908.99
	0.048935632
	5.854837389
	141.7581207

	28
	907.66
	0.049007338
	5.903844727
	147.6864691

	29
	906.33
	0.049079254
	5.952923981
	153.6639327

	30
	905
	0.049151381
	6.002075362
	159.6905838

	31
	903.67
	0.049223721
	6.051299083
	165.7664947

	32
	902.34
	0.049296274
	6.100595357
	171.8917382

	33
	901.01
	0.049369041
	6.149964399
	178.0663871

	34
	899.68
	0.049442024
	6.199406422
	184.2905146

	35
	898.35
	0.049515222
	6.248921645
	190.5641938

	36
	897.02
	0.049588638
	6.298510283
	196.8874984

	37
	895.69
	0.049662272
	6.348172554
	203.2605021

	38
	894.36
	0.049736124
	6.397908678
	209.6832789

	39
	893.03
	0.049810197
	6.447718875
	216.1559028

	40
	891.7
	0.04988449
	6.497603365
	222.6784484

	41
	890.37
	0.049959006
	6.547562371
	229.2509903

	42
	889.04
	0.050033744
	6.597596115
	235.8736033

	43
	887.71
	0.050108707
	6.647704822
	242.5463625

	44
	886.38
	0.050183894
	6.697888716
	249.2693431

	45
	885.05
	0.050259307
	6.748148024
	256.0426208

	46
	883.72
	0.050334948
	6.798482971
	262.8662713

	47
	882.39
	0.050410816
	6.848893787
	269.7403705

	48
	881.06
	0.050486913
	6.899380701
	276.6649946

	49
	879.73
	0.050563241
	6.949943942
	283.6402202

	50
	878.4
	0.0506398
	7.000583741
	290.6661238

	51
	877.07
	0.05071659
	7.051300332
	297.7427824

	52
	875.74
	0.050793615
	7.102093946
	304.8702732

	53
	874.41
	0.050870873
	7.152964819
	312.0486735

	54
	873.08
	0.050948367
	7.203913186
	319.2780608

	55
	871.75
	0.051026097
	7.254939283
	326.5585132

	56
	870.42
	0.051104065
	7.306043348
	333.8901085

	57
	869.09
	0.051182271
	7.357225619
	341.2729253

	58
	867.76
	0.051260717
	7.408486336
	348.707042

	59
	866.43
	0.051339404
	7.45982574
	356.1925374

	60
	865.1
	0.051418333
	7.511244073
	363.7294907

	61
	863.77
	0.051497505
	7.562741579
	371.317981

	62
	862.44
	0.051576921
	7.6143185
	378.958088

	63
	861.11
	0.051656583
	7.665975083
	386.6498913

	64
	859.78
	0.051736491
	7.717711573
	394.3934712

	65
	858.45
	0.051816646
	7.76952822
	402.1889077

	66
	857.12
	0.051897051
	7.82142527
	410.0362815

	67
	855.79
	0.051977705
	7.873402975
	417.9356733

	68
	854.46
	0.05205861
	7.925461585
	425.8871642

	69
	853.13
	0.052139768
	7.977601353
	433.8908354

	70
	851.8
	0.052221179
	8.029822532
	441.9467686

	71
	850.47
	0.052302844
	8.082125376
	450.0550454

	72
	849.14
	0.052384766
	8.134510142
	458.2157479

	73
	847.81
	0.052466944
	8.186977086
	466.4289585

	74
	846.48
	0.052549381
	8.239526467
	474.6947596

	75
	845.15
	0.052632077
	8.292158544
	483.0132342

	76
	843.82
	0.052715034
	8.344873578
	491.3844653

	77
	842.49
	0.052798253
	8.397671831
	499.8085362

	78
	841.16
	0.052881735
	8.450553566
	508.2855307

	79
	839.83
	0.052965481
	8.503519047
	516.8155325

	80
	838.5
	0.053049493
	8.55656854
	525.3986257

	81
	837.17
	0.053133772
	8.609702312
	534.0348949

	82
	835.84
	0.053218319
	8.662920631
	542.7244247

	83
	834.51
	0.053303136
	8.716223767
	551.4673001

	84
	833.18
	0.053388223
	8.769611991
	560.2636062

	85
	831.85
	0.053473583
	8.823085574
	569.1134285

	86
	830.52
	0.053559216
	8.876644789
	578.0168529

	87
	829.19
	0.053645124
	8.930289913
	586.9739654

	88
	827.86
	0.053731307
	8.98402122
	595.9848523

	89
	826.53
	0.053817768
	9.037838989
	605.0496002

	90
	825.2
	0.053904508
	9.091743497
	614.1682959

	91
	823.87
	0.053991528
	9.145735024
	623.3410267

	92
	822.54
	0.054078829
	9.199813853
	632.56788

	93
	821.21
	0.054166413
	9.253980266
	641.8489434

	94
	819.88
	0.054254281
	9.308234547
	651.1843051

	95
	818.55
	0.054342435
	9.362576982
	660.5740533

	96
	817.22
	0.054430875
	9.417007858
	670.0182766

	97
	815.89
	0.054519604
	9.471527462
	679.5170639

	98
	814.56
	0.054608623
	9.526136085
	689.0705043

	99
	813.23
	0.054697933
	9.580834018
	698.6786873

	100
	811.9
	0.054787535
	9.635621553
	708.3417026

	101
	810.57
	0.054877432
	9.690498985
	718.0596403

	102
	809.24
	0.054967624
	9.745466609
	727.8325907

	103
	807.91
	0.055058113
	9.800524722
	737.6606445

	104
	806.58
	0.0551489
	9.855673622
	747.5438926

	105
	805.25
	0.055239988
	9.91091361
	757.4824262

	106
	803.92
	0.055331376
	9.966244986
	767.4763368

	107
	802.59
	0.055423068
	10.02166805
	777.5257164

	108
	801.26
	0.055515064
	10.07718312
	787.6306571

	109
	799.93
	0.055607366
	10.13279048
	797.7912512

	110
	798.6
	0.055699975
	10.18849046
	808.0075917

	111
	797.27
	0.055792893
	10.24428335
	818.2797715

	112
	795.94
	0.055886122
	10.30016947
	828.607884

	113
	794.61
	0.055979663
	10.35614914
	838.992023

	114
	793.28
	0.056073518
	10.41222265
	849.4322824

	115
	791.95
	0.056167687
	10.46839034
	859.9287566

	116
	790.62
	0.056262174
	10.52465252
	870.4815402

	117
	789.29
	0.056356979
	10.58100949
	881.0907282

	118
	787.96
	0.056452104
	10.6374616
	891.7564158

	119
	786.63
	0.056547551
	10.69400915
	902.4786988

	120
	785.3
	0.056643321
	10.75065247
	913.2576729

	121
	783.97
	0.056739416
	10.80739189
	924.0934345

	122
	782.64
	0.056835838
	10.86422772
	934.9860801

	123
	781.31
	0.056932588
	10.92116031
	945.9357067

	124
	779.98
	0.057029667
	10.97818998
	956.9424115

	125
	778.65
	0.057127079
	11.03531706
	968.0062921

	126
	777.32
	0.057224824
	11.09254188
	979.1274464

	127
	775.99
	0.057322904
	11.14986479
	990.3059727

	128
	774.66
	0.05742132
	11.20728611
	1001.541969

	129
	773.33
	0.057520076
	11.26480618
	1012.835536

	130
	772
	0.057619171
	11.32242535
	1024.186771

	131
	770.67
	0.057718608
	11.38014396
	1035.595774

	132
	769.34
	0.05781839
	11.43796235
	1047.062645

	133
	768.01
	0.057918517
	11.49588087
	1058.587486

	134
	766.68
	0.058018991
	11.55389986
	1070.170395

	135
	765.35
	0.058119814
	11.61201967
	1081.811474

	136
	764.02
	0.058220989
	11.67024066
	1093.510826

	137
	762.69
	0.058322516
	11.72856318
	1105.26855

	138
	761.36
	0.058424398
	11.78698758
	1117.08475

	139
	760.03
	0.058526637
	11.84551421
	1128.959527

	140
	758.7
	0.058629234
	11.90414345
	1140.892985

	141
	757.37
	0.058732192
	11.96287564
	1152.885227

	142
	756.04
	0.058835511
	12.02171115
	1164.936356

	143
	754.71
	0.058939195
	12.08065035
	1177.046476

	144
	753.38
	0.059043245
	12.13969359
	1189.215691

	145
	752.05
	0.059147663
	12.19884125
	1201.444106

	146
	750.72
	0.059252451
	12.25809371
	1213.731826

	147
	749.39
	0.059357611
	12.31745132
	1226.078956

	148
	748.06
	0.059463145
	12.37691446
	1238.485602

	149
	746.73
	0.059569054
	12.43648352
	1250.95187

	150
	745.4
	0.059675342
	12.49615886
	1263.477867

	151
	744.07
	0.05978201
	12.55594087
	1276.063699

	152
	742.74
	0.059889059
	12.61582993
	1288.709473

	153
	741.41
	0.059996493
	12.67582642
	1301.415298

	154
	740.08
	0.060104313
	12.73593073
	1314.181281

	155
	738.75
	0.060212521
	12.79614325
	1327.00753

	156
	737.42
	0.06032112
	12.85646437
	1339.894155

	157
	736.09
	0.06043011
	12.91689448
	1352.841265

	158
	734.76
	0.060539496
	12.97743398
	1365.848969

	159
	733.43
	0.060649278
	13.03808326
	1378.917376

	160
	732.1
	0.060759459
	13.09884272
	1392.046599

	161
	730.77
	0.060870041
	13.15971276
	1405.236747

	162
	729.44
	0.060981027
	13.22069378
	1418.487931

	163
	728.11
	0.061092417
	13.2817862
	1431.800263

	164
	726.78
	0.061204216
	13.34299042
	1445.173856

	165
	725.45
	0.061316424
	13.40430684
	1458.608821

	166
	724.12
	0.061429045
	13.46573589
	1472.105271

	167
	722.79
	0.06154208
	13.52727797
	1485.66332

	168
	721.46
	0.061655532
	13.5889335
	1499.283082

	169
	720.13
	0.061769403
	13.6507029
	1512.964669

	170
	718.8
	0.061883695
	13.7125866
	1526.708198

	171
	717.47
	0.061998411
	13.77458501
	1540.513782

	172
	716.14
	0.062113553
	13.83669856
	1554.381537

	173
	714.81
	0.062229124
	13.89892769
	1568.31158

	174
	713.48
	0.062345125
	13.96127281
	1582.304025

	175
	712.15
	0.06246156
	14.02373437
	1596.35899

	176
	710.82
	0.062578431
	14.0863128
	1610.476592

	177
	709.49
	0.062695739
	14.14900854
	1624.656948

	178
	708.16
	0.062813488
	14.21182203
	1638.900177

	179
	706.83
	0.062931681
	14.27475371
	1653.206397

	180
	705.5
	0.063050319
	14.33780403
	1667.575726


Appendix F – Thermal


Table 8 - Comparison of the Louver and Heat Switch Radiators

[image: image39.png]Table 10.2. Comparison of Heat-Switch Radiators and Louver (no solar illumination)

Louver Heat-switch radiators
Characteristics (16-blade) (Bve in parallel)

Maximum power dissipation (W) a7 50
Heal-switch conductance ratio NA 107:1
Louver effective emittance ratio* 7.1:1 NA

Overall power turndown ratio® 7:1 20:1
Radiating area (cm?) 1425 330

Mass (2) 75 733

Mass of heat switches only (g) NA %

“Louver maximun effective emittance 0.78, misimum ellctive crnttance 0.1
"Bower wrdown raco based on 10 20°C acceptble emperatre b
“Louver mass does notinclude rdiator (sstmes existing strueture used for raditor),
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Figure 28 - Radiator Heat Switch 
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Figure 29 - Heat Switch to be used to Control Temperature in the Rover

Appendix G – Structure
The above diagram shows the Atlas V 400 Series Launch System that is used to launch the lander.  The payload fairing information was especially useful in designing the lunar lander for launch.

The above diagram shows the Atlas V payload interface options.

The above diagram shows the Atlas V 401 Ascent Profile.
The diagram below shows the spacecraft limit load factors for the Atlas V 400 and V 500.

These calculations show the force acting on each wheel of the lander at launch.

The force at launch will be the greatest amount of force seen by the structure.

Free Body Diagram
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Force acting on each side of the lander rocker bogey during launch
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Force acting on each wheel during launch
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Since f2 is less than fmax, the structure will be able to handle the maximum force seen at launch

These calculations show that the lander is capable of landing on a 12 degree slope.

The calculations are done on the worst case scenario for the lander.
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Since the magnitude of T1 is less than the magnitude of T2, the lander will safely land on a 12 degree angle.

 Aluminum 6061 T6

	Density
	2.7 g/cc
	0.0975 lb/in³
	 AA; Typical

	[image: image65.png]


Mechanical Properties



	Hardness, Brinell
	95
	95
	 AA; Typical; 500 g load; 10 mm ball

	Hardness, Knoop
	120
	120

	 Converted from Brinell Hardness Value

	Hardness, Rockwell A
	40
	40
	 Converted from Brinell Hardness Value

	Hardness, Rockwell B
	60
	60
	 Converted from Brinell Hardness Value

	Hardness, Vickers
	107
	107
	 Converted from Brinell Hardness Value

	Ultimate Tensile Strength
	310 MPa
	45000 psi
	 AA; Typical

	Tensile Yield Strength
	276 MPa
	40000 psi
	 AA; Typical

	Elongation at Break
	12 %
	12 %
	 AA; Typical; 1/16 in. (1.6 mm) Thickness

	Elongation at Break
	17 %
	17 %
	 AA; Typical; 1/2 in. (12.7 mm) Diameter

	Modulus of Elasticity
	68.9 GPa
	10000 ksi
	 AA; Typical; Average of tension and compression. Compression modulus is about 2% greater than tensile modulus.

	Notched Tensile Strength
	324 MPa
	47000 psi
	 2.5 cm width x 0.16 cm thick side-notched specimen, Kt = 17.

	Ultimate Bearing Strength
	607 MPa
	88000 psi
	 Edge distance/pin diameter = 2.0

	Bearing Yield Strength
	386 MPa
	56000 psi
	 Edge distance/pin diameter = 2.0

	Poisson's Ratio
	0.33
	0.33
	 Estimated from trends in similar Al alloys.

	Fatigue Strength
	96.5 MPa
	14000 psi
	 AA; 500,000,000 cycles completely reversed stress; RR Moore machine/specimen

	Fracture Toughness
	29 MPa-m½
	26.4 ksi-in½
	 KIC; TL orientation.

	Machinability
	50 %
	50 %
	 0-100 Scale of Aluminum Alloys

	Shear Modulus
	26 GPa
	3770 ksi
	 Estimated from similar Al alloys.

	Shear Strength
	207 MPa
	30000 psi
	 AA; Typical
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Electrical Properties



	Electrical Resistivity
	3.99e-006 ohm-cm
	3.99e-006 ohm-cm
	 AA; Typical at 68°F
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Thermal Properties



	CTE, linear 68°F
	23.6 µm/m-°C
	13.1 µin/in-°F
	 AA; Typical; Average over 68-212°F range.

	CTE, linear 250°C
	25.2 µm/m-°C
	14 µin/in-°F
	 Estimated from trends in similar Al alloys. 20-300°C.

	Specific Heat Capacity
	0.896 J/g-°C
	0.214 BTU/lb-°F
	 

	Thermal Conductivity
	167 W/m-K
	1160 BTU-in/hr-ft²-°F
	 AA; Typical at 77°F

	Melting Point
	582 - 652 °C
	1080 - 1205 °F
	 AA; Typical range based on typical composition for wrought products 1/4 inch thickness or greater; Eutectic melting can be completely eliminated by homogenization.

	Solidus
	582 °C
	1080 °F
	 AA; Typical

	Liquidus
	652 °C
	1205 °F
	 AA; Typical
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	Solution Temperature
	529 °C
	985 °F
	 

	Aging Temperature
	160 °C
	320 °F
	 Rolled or drawn products; hold at temperature for 18 hr

	Aging Temperature
	177 °C
	350 °F
	 Extrusions or forgings; hold at temperature for 8 hr


 Carbon Fiber Material Properties

	Physical Properties
	Metric
	English
	Comments

	Density
	1.81 g/cc
	0.0654 lb/in³
	

	Mechanical Properties
	Metric
	English
	Comments

	Tensile Strength, Ultimate
	3800 MPa
	551000 psi
	Tow Tensile Test

	Modulus of Elasticity
	228 GPa
	33100 ksi
	In Tension; Tow Tensile Test

	Electrical Properties
	Metric
	English
	Comments

	Electrical Resistivity
	0.00155 ohm-cm
	0.00155 ohm-cm
	

	Material Components Properties
	Metric
	English
	Comments

	Carbon, C
	95.0 %
	95.0 %
	


Explosive bolts

	Representative Part Numbers and Characteristics
 

Part Number
Thread
Type
Tensile Strength
Material
Figure (Typical)
056003
1/2-20
Fragmenting
5,000 lbf
4130 Steel, Cadmium Plated
Figure 1
056038
10-32
Non-Fragmenting
1,400 lbf
300 Series Stainless Steel
Figure 2
056222
3/8-24
Non-Fragmenting
6,000 lbf
18-8 Stainless Steel
Figure 3
057018
7/8-14
Fragmenting
80,250 lbf
Inconel
718
Figure 4
9090020
3/4-16
Non-Fragmenting Undersea
18,000 lbf
Stainless Steel
Figure 5
9090038
M20-2.5 (Metric)
Non-Fragmenting Undersea
15,000 lbf
17-4PH Stainless Steel
Figure 6

 
Representative Outlines
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Appendix H – Payload
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Appendix I – Communication

Table 9 - Equations Used 

	Free space wavelength
	( = c/f (where f is frequency in Hz and c is the phase velocity of light in free space in m/s2)

	Maximum directive gain for a parabolic reflector with respect to an isotropic radiator (in dB)
	GdBi = 10 log10 ((n 4 ( A) / (2 )

(where n is the antenna’s efficiency, A is the aperture area, and ( is wavelength)

	Friis transmission equation
	Pr = Gdt Gdr (( / (4 ( r))2 Pt

(where ( is wavelength, r is distance, Gdt is the directive gain of the transmitter, Gdr is the directive gain of the receiver, Pr is the received power, and Pt is the transmitted power

	Plank’s blackbody radiation intensity equation
	I((,T) = ( (2 ( h c2)/((5(e(hc/(kT) – 1)) d( (where c is the phase velocity of light in free space, h is Plank’s constant, ( is the wavelength, k is Boltzmann’s constant, and T is temperature in Kelvin)

	Signal to noise ratio (in dB)
	Signal to noise ratio = 10 log( Ps / Pn ) (where Ps is the signal power and Pn is the noise power)
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Appendix J – Concept of Operations
Table 10 – Mission Timeline

	Date
	Activity 1
	Activity 2
	Activity 3

	Sun Sep 30, 2012
	Launch
	 
	 

	Mon Oct 01, 2012
	Cruise to Moon
	 
	 

	Tue Oct 02, 2012
	Cruise to Moon
	 
	 

	Wed Oct 03, 2012
	Cruise to Moon
	 
	 

	Thu Oct 04, 2012
	Cruise to Moon
	 
	 

	Fri Oct 05, 2012
	Cruise to Moon
	 
	 

	Sat Oct 06, 2012
	Arrive at Moon
	 
	 

	Sun Oct 07, 2012
	System Check
	 
	 

	Mon Oct 08, 2012
	Decent
	Launch Penetrators
	Landing

	Tue Oct 09, 2012
	System Check
	Drop of single site box
	 

	Wed Oct 10, 2012
	Rove to Rim of Shackleton Crater
	 
	 

	Thu Oct 11, 2012
	Collect Data from Penetrators
	 
	 

	Fri Oct 12, 2012
	Collect Data from Penetrators
	 
	 

	Sat Oct 13, 2012
	System check
	 
	 

	Sun Oct 14, 2012
	Sunday's Off
	 
	 

	Mon Oct 15, 2012
	Collect Data from Penetrators
	 
	 

	Tue Oct 16, 2012
	Collect Data from Penetrators
	 
	 

	Wed Oct 17, 2012
	Collect Data from Penetrators
	 
	 

	Thu Oct 18, 2012
	Collect Data from Penetrators
	 
	 

	Fri Oct 19, 2012
	Relay Data from Penetrators to LRO
	 
	 

	Sat Oct 20, 2012
	System check
	 
	 

	Sun Oct 21, 2012
	Sunday's Off
	 
	 

	Mon Oct 22, 2012
	Rove to Lighted Site 1
	 
	 

	Tue Oct 23, 2012
	Collect Data from Lighted Site 1
	 
	 

	Wed Oct 24, 2012
	Relay Data from Lighted Site 1
	 
	 

	Thu Oct 25, 2012
	Rove to Lighted Site 2
	 
	 

	Fri Oct 26, 2012
	Collect Data from Lighted Site 2
	 
	 

	Sat Oct 27, 2012
	System check
	 
	 

	Sun Oct 28, 2012
	Sunday's Off
	 
	 

	Mon Oct 29, 2012
	Relay Data from Lighted Site 2
	 
	 

	Tue Oct 30, 2012
	Rove to Lighted Site 3
	 
	 

	Wed Oct 31, 2012
	Collect Data from Lighted Site 3
	 
	 

	Thu Nov 01, 2012
	Relay Data from Lighted Site 3
	 
	 

	Fri Nov 02, 2012
	Rove to Lighted Site 4
	 
	 

	Sat Nov 03, 2012
	System check
	 
	 

	Sun Nov 04, 2012
	Sunday's Off
	 
	 

	Mon Nov 05, 2012
	Collect Data from Lighted Site 4
	 
	 

	Tue Nov 06, 2012
	Relay Data from Lighted Site 4
	 
	 

	Wed Nov 07, 2012
	Rove to Lighted Site 5
	 
	 

	Thu Nov 08, 2012
	Collect Data from Lighted Site 5
	 
	 

	Fri Nov 09, 2012
	Relay Data from Lighted Site 5
	 
	 

	Sat Nov 10, 2012
	System check
	 
	 

	Sun Nov 11, 2012
	Sunday's Off
	 
	 

	Mon Nov 12, 2012
	Rove to Lighted Site 6
	 
	 

	Tue Nov 13, 2012
	Collect Data from Lighted Site 6
	 
	 

	Wed Nov 14, 2012
	Relay Data from Lighted Site 6
	 
	 

	Thu Nov 15, 2012
	Rove to Lighted Site 7
	 
	 

	Fri Nov 16, 2012
	Collect Data from Lighted Site 7
	 
	 

	Sat Nov 17, 2012
	System check
	 
	 

	Sun Nov 18, 2012
	Sunday's Off
	 
	 

	Mon Nov 19, 2012
	Relay Data from Lighted Site 7
	 
	 

	Tue Nov 20, 2012
	Rove to Lighted Site 8
	 
	 

	Wed Nov 21, 2012
	Thanksgiving Break
	 
	 

	Thu Nov 22, 2012
	
	 
	 

	Fri Nov 23, 2012
	
	 
	 

	Sat Nov 24, 2012
	System check
	 
	 

	Sun Nov 25, 2012
	Sunday's Off
	 
	 

	Mon Nov 26, 2012
	Collect Data from Lighted Site 8
	 
	 

	Tue Nov 27, 2012
	Relay Data from Lighted Site 8
	 
	 

	Wed Nov 28, 2012
	Rove to Lighted Site 9
	 
	 

	Thu Nov 29, 2012
	Collect Data from Lighted Site 9
	 
	 

	Fri Nov 30, 2012
	Relay Data from Lighted Site 9
	 
	 

	Sat Dec 01, 2012
	System check
	 
	 

	Sun Dec 02, 2012
	Sunday's Off
	 
	 

	Mon Dec 03, 2012
	Rove to Lighted Site 10
	 
	 

	Tue Dec 04, 2012
	Collect Data from Lighted Site 10
	 
	 

	Wed Dec 05, 2012
	Relay Data from Lighted Site 10
	 
	 

	Thu Dec 06, 2012
	Rove to Lighted Site 11
	 
	 

	Fri Dec 07, 2012
	Collect Data from Lighted Site 11
	 
	 

	Sat Dec 08, 2012
	System check
	 
	 

	Sun Dec 09, 2012
	Sunday's Off
	 
	 

	Mon Dec 10, 2012
	Relay Data from Lighted Site 11
	 
	 

	Tue Dec 11, 2012
	Rove to Lighted Site 12
	 
	 

	Wed Dec 12, 2012
	Collect Data from Lighted Site 12
	 
	 

	Thu Dec 13, 2012
	Relay Data from Lighted Site 12
	 
	 

	Fri Dec 14, 2012
	Rove to Lighted Site 13
	 
	 

	Sat Dec 15, 2012
	System check
	 
	 

	Sun Dec 16, 2012
	Sunday's Off
	 
	 

	Mon Dec 17, 2012
	Collect Data from Lighted Site 13
	 
	 

	Tue Dec 18, 2012
	Relay Data from Lighted Site 13
	 
	 

	Wed Dec 19, 2012
	Rove to Lighted Site 14
	 
	 

	Thu Dec 20, 2012
	Collect Data from Lighted Site 14
	 
	 

	Fri Dec 21, 2012
	Relay Data from Lighted Site 14
	 
	 

	Sat Dec 22, 2012
	System check
	 
	 

	Sun Dec 23, 2012
	Christmas Break
	 
	 

	Mon Dec 24, 2012
	
	 
	 

	Tue Dec 25, 2012
	
	 
	 

	Wed Dec 26, 2012
	
	 
	 

	Thu Dec 27, 2012
	
	 
	 

	Fri Dec 28, 2012
	Rove to Lighted Site 15
	 
	 

	Sat Dec 29, 2012
	System check
	 
	 

	Sun Dec 30, 2012
	Sunday's Off
	 
	 

	Mon Dec 31, 2012
	New Year's Break
	 
	 

	Tue Jan 01, 2013
	
	 
	 

	Wed Jan 02, 2013
	
	 
	 

	Thu Jan 03, 2013
	Collect Data from Lighted Site 15
	 
	 

	Fri Jan 04, 2013
	Relay Data from Lighted Site 15
	 
	 

	Sat Jan 05, 2013
	System check
	 
	 

	Sun Jan 06, 2013
	Sunday's Off
	 
	 

	Mon Jan 07, 2013
	Rove to Lighted Site 16
	 
	 

	Tue Jan 08, 2013
	Collect Data from Lighted Site 16
	 
	 

	Wed Jan 09, 2013
	Relay Data from Lighted Site 16
	 
	 

	Thu Jan 10, 2013
	Rove to Lighted Site 17
	 
	 

	Fri Jan 11, 2013
	Collect Data from Lighted Site 17
	 
	 

	Sat Jan 12, 2013
	System check
	 
	 

	Sun Jan 13, 2013
	Sunday's Off
	 
	 

	Mon Jan 14, 2013
	Relay Data from Lighted Site 17
	 
	 

	Tue Jan 15, 2013
	Rove to Lighted Site 18
	 
	 

	Wed Jan 16, 2013
	Collect Data from Lighted Site 18
	 
	 

	Thu Jan 17, 2013
	Relay Data from Lighted Site 18
	 
	 

	Fri Jan 18, 2013
	Rove to Lighted Site 19
	 
	 

	Sat Jan 19, 2013
	System check
	 
	 

	Sun Jan 20, 2013
	Sunday's Off
	 
	 

	Mon Jan 21, 2013
	Martin Luther King's Birthday
	 
	 

	Tue Jan 22, 2013
	Collect Data from Lighted Site 19
	 
	 

	Wed Jan 23, 2013
	Relay Data from Lighted Site 19
	 
	 

	Thu Jan 24, 2013
	Rove to Lighted Site 20
	 
	 

	Fri Jan 25, 2013
	Collect Data from Lighted Site 20
	 
	 

	Sat Jan 26, 2013
	System check
	 
	 

	Sun Jan 27, 2013
	Sunday's Off
	 
	 

	Mon Jan 28, 2013
	Relay Data from Lighted Site 20
	 
	 

	Tue Jan 29, 2013
	Rove to Lighted Site 21
	 
	 

	Wed Jan 30, 2013
	Collect Data from Lighted Site 21
	 
	 

	Thu Jan 31, 2013
	Relay Data from Lighted Site 21
	 
	 

	Fri Feb 01, 2013
	Rove to Lighted Site 22
	 
	 

	Sat Feb 02, 2013
	System check
	 
	 

	Sun Feb 03, 2013
	Sunday's Off
	 
	 

	Mon Feb 04, 2013
	Collect Data from Lighted Site 22
	 
	 

	Tue Feb 05, 2013
	Relay Data from Lighted Site 22
	 
	 

	Wed Feb 06, 2013
	Rove to Lighted Site 23
	 
	 

	Thu Feb 07, 2013
	Collect Data from Lighted Site 23
	 
	 

	Fri Feb 08, 2013
	Relay Data from Lighted Site 23
	 
	 

	Sat Feb 09, 2013
	System check
	 
	 

	Sun Feb 10, 2013
	Sunday's Off
	 
	 

	Mon Feb 11, 2013
	Rove to Lighted Site 24
	 
	 

	Tue Feb 12, 2013
	Collect Data from Lighted Site 24
	 
	 

	Wed Feb 13, 2013
	Relay Data from Lighted Site 24
	 
	 

	Thu Feb 14, 2013
	Rove to Lighted Site 25
	 
	 

	Fri Feb 15, 2013
	Collect Data from Lighted Site 25
	 
	 

	Sat Feb 16, 2013
	System check
	 
	 

	Sun Feb 17, 2013
	Sunday's Off
	 
	 

	Mon Feb 18, 2013
	President's Day Off
	 
	 

	Tue Feb 19, 2013
	Relay Data from Lighted Site 25
	 
	 

	Wed Feb 20, 2013
	Rove to Lighted Site 26
	 
	 

	Thu Feb 21, 2013
	Collect Data from Lighted Site 26
	 
	 

	Fri Feb 22, 2013
	Relay Data from Lighted Site 26
	 
	 

	Sat Feb 23, 2013
	System check
	 
	 

	Sun Feb 24, 2013
	Sunday's Off
	 
	 

	Mon Feb 25, 2013
	Rove to Lighted Site 27
	 
	 

	Tue Feb 26, 2013
	Collect Data from Lighted Site 27
	 
	 

	Wed Feb 27, 2013
	Relay Data from Lighted Site 27
	 
	 

	Thu Feb 28, 2013
	Rove to Lighted Site 28
	 
	 

	Fri Mar 01, 2013
	Collect Data from Lighted Site 28
	 
	 

	Sat Mar 02, 2013
	System check
	 
	 

	Sun Mar 03, 2013
	Sunday's Off
	 
	 

	Mon Mar 04, 2013
	Relay Data from Lighted Site 28
	 
	 

	Tue Mar 05, 2013
	Rove to site to Collect Sample for SRV
	 
	 

	Wed Mar 06, 2013
	Collect Sample for SRV
	 
	 

	Thu Mar 07, 2013
	Launch SRV
	 
	 

	Fri Mar 08, 2013
	Rove to Lighted Site 29
	 
	 

	Sat Mar 09, 2013
	System check
	 
	 

	Sun Mar 10, 2013
	Sunday's Off
	 
	 

	Mon Mar 11, 2013
	Collect Data from Lighted Site 29
	 
	 

	Tue Mar 12, 2013
	Relay Data from Lighted Site 29
	 
	 

	Wed Mar 13, 2013
	Rove to Lighted Site 30
	 
	 

	Thu Mar 14, 2013
	Collect Data from Lighted Site 30
	 
	 

	Fri Mar 15, 2013
	Relay Data from Lighted Site 30
	 
	 

	Sat Mar 16, 2013
	System check
	 
	 

	Sun Mar 17, 2013
	Sunday's Off
	 
	 

	Mon Mar 18, 2013
	Rove to Lighted Site 31
	 
	 

	Tue Mar 19, 2013
	Collect Data from Lighted Site 31
	 
	 

	Wed Mar 20, 2013
	Relay Data from Lighted Site 31
	 
	 

	Thu Mar 21, 2013
	Rove to Lighted Site 32
	 
	 

	Fri Mar 22, 2013
	Collect Data from Lighted Site 32
	 
	 

	Sat Mar 23, 2013
	System check
	 
	 

	Sun Mar 24, 2013
	Sunday's Off
	 
	 

	Mon Mar 25, 2013
	Relay Data from Lighted Site 32
	 
	 

	Tue Mar 26, 2013
	Rove to Lighted Site 33
	 
	 

	Wed Mar 27, 2013
	Collect Data from Lighted Site 33
	 
	 

	Thu Mar 28, 2013
	Relay Data from Lighted Site 33
	 
	 

	Fri Mar 29, 2013
	Good Friday Off
	 
	 

	Sat Mar 30, 2013
	System Check
	 
	 

	Sun Mar 31, 2013
	Easter Sunday's Off
	 
	 

	Mon Apr 01, 2013
	Easter Vacation Off
	 
	 

	Tue Apr 02, 2013
	Rove to Lighted Site 34
	 
	 

	Wed Apr 03, 2013
	Collect Data from Lighted Site 34
	 
	 

	Thu Apr 04, 2013
	Relay Data from Lighted Site 34
	 
	 

	Fri Apr 05, 2013
	Rove to Lighted Site 35
	 
	 

	Sat Apr 06, 2013
	System check
	 
	 

	Sun Apr 07, 2013
	Sunday's Off
	 
	 

	Mon Apr 08, 2013
	Collect Data from Lighted Site 35
	 
	 

	Tue Apr 09, 2013
	Relay Data from Lighted Site 35
	 
	 

	Wed Apr 10, 2013
	Rove to Lighted Site 36
	 
	 

	Thu Apr 11, 2013
	Collect Data from Lighted Site 36
	 
	 

	Fri Apr 12, 2013
	Relay Data from Lighted Site 36
	 
	 

	Sat Apr 13, 2013
	System check
	 
	 

	Sun Apr 14, 2013
	Sunday's Off
	 
	 

	Mon Apr 15, 2013
	Rove to Lighted Site 37
	 
	 

	Tue Apr 16, 2013
	Collect Data from Lighted Site 37
	 
	 

	Wed Apr 17, 2013
	Relay Data from Lighted Site 37
	 
	 

	Thu Apr 18, 2013
	Rove to Lighted Site 38
	 
	 

	Fri Apr 19, 2013
	Collect Data from Lighted Site 38
	 
	 

	Sat Apr 20, 2013
	System check
	 
	 

	Sun Apr 21, 2013
	Sunday's Off
	 
	 

	Mon Apr 22, 2013
	Relay Data from Lighted Site 38
	 
	 

	Tue Apr 23, 2013
	Rove to Lighted Site 39
	 
	 

	Wed Apr 24, 2013
	Collect Data from Lighted Site 39
	 
	 

	Thu Apr 25, 2013
	Relay Data from Lighted Site 39
	 
	 

	Fri Apr 26, 2013
	Rove to Lighted Site 40
	 
	 

	Sat Apr 27, 2013
	System check
	 
	 

	Sun Apr 28, 2013
	Sunday's Off
	 
	 

	Mon Apr 29, 2013
	Collect Data from Lighted Site 40
	 
	 

	Tue Apr 30, 2013
	Relay Data from Lighted Site 40
	 
	 

	Wed May 01, 2013
	Rove to Lighted Site 41
	 
	 

	Thu May 02, 2013
	Collect Data from Lighted Site 41
	 
	 

	Fri May 03, 2013
	Relay Data from Lighted Site 41
	 
	 

	Sat May 04, 2013
	System check
	 
	 

	Sun May 05, 2013
	Sunday's Off
	 
	 

	Mon May 06, 2013
	Rove to Lighted Site 42
	 
	 

	Tue May 07, 2013
	Collect Data from Lighted Site 42
	 
	 

	Wed May 08, 2013
	Relay Data from Lighted Site 42
	 
	 

	Thu May 09, 2013
	Rove to Lighted Site 43
	 
	 

	Fri May 10, 2013
	Collect Data from Lighted Site 43
	 
	 

	Sat May 11, 2013
	System check
	 
	 

	Sun May 12, 2013
	Sunday's Off
	 
	 

	Mon May 13, 2013
	Relay Data from Lighted Site 43
	 
	 

	Tue May 14, 2013
	Rove to Lighted Site 44
	 
	 

	Wed May 15, 2013
	Collect Data from Lighted Site 44
	 
	 

	Thu May 16, 2013
	Relay Data from Lighted Site 44
	 
	 

	Fri May 17, 2013
	Rove to Lighted Site 45
	 
	 

	Sat May 18, 2013
	System check
	 
	 

	Sun May 19, 2013
	Sunday's Off
	 
	 

	Mon May 20, 2013
	Collect Data from Lighted Site 45
	 
	 

	Tue May 21, 2013
	Relay Data from Lighted Site 45
	 
	 

	Wed May 22, 2013
	Rove to Lighted Site 46
	 
	 

	Thu May 23, 2013
	Collect Data from Lighted Site 46
	 
	 

	Fri May 24, 2013
	Relay Data from Lighted Site 46
	 
	 

	Sat May 25, 2013
	System check
	 
	 

	Sun May 26, 2013
	Sunday's Off
	 
	 

	Mon May 27, 2013
	Memorial Day
	 
	 

	Tue May 28, 2013
	Rove to Lighted Site 47
	 
	 

	Wed May 29, 2013
	Collect Data from Lighted Site 47
	 
	 

	Thu May 30, 2013
	Relay Data from Lighted Site 47
	 
	 

	Fri May 31, 2013
	Rove to Lighted Site 48
	 
	 

	Sat Jun 01, 2013
	System check
	 
	 

	Sun Jun 02, 2013
	Sunday's Off
	 
	 

	Mon Jun 03, 2013
	Collect Data from Lighted Site 48
	 
	 

	Tue Jun 04, 2013
	Relay Data from Lighted Site 48
	 
	 

	Wed Jun 05, 2013
	Rove to Lighted Site 49
	 
	 

	Thu Jun 06, 2013
	Collect Data from Lighted Site 49
	 
	 

	Fri Jun 07, 2013
	Relay Data from Lighted Site 49
	 
	 

	Sat Jun 08, 2013
	System check
	 
	 

	Sun Jun 09, 2013
	Sunday's Off
	 
	 

	Mon Jun 10, 2013
	Rove to Lighted Site 50
	 
	 

	Tue Jun 11, 2013
	Collect Data from Lighted Site 50
	 
	 

	Wed Jun 12, 2013
	Relay Data from Lighted Site 50
	 
	 

	Thu Jun 13, 2013
	Rove to Lighted Site 51
	 
	 

	Fri Jun 14, 2013
	Collect Data from Lighted Site 51
	 
	 

	Sat Jun 15, 2013
	System check
	 
	 

	Sun Jun 16, 2013
	Sunday's Off
	 
	 

	Mon Jun 17, 2013
	Relay Data from Lighted Site 51
	 
	 

	Tue Jun 18, 2013
	Rove to Lighted Site 52
	 
	 

	Wed Jun 19, 2013
	Collect Data from Lighted Site 52
	 
	 

	Thu Jun 20, 2013
	Relay Data from Lighted Site 52
	 
	 

	Fri Jun 21, 2013
	Rove to Lighted Site 53
	 
	 

	Sat Jun 22, 2013
	System check
	 
	 

	Sun Jun 23, 2013
	Sunday's Off
	 
	 

	Mon Jun 24, 2013
	Collect Data from Lighted Site 53
	 
	 

	Tue Jun 25, 2013
	Relay Data from Lighted Site 53
	 
	 

	Wed Jun 26, 2013
	Rove to Lighted Site 54
	 
	 

	Thu Jun 27, 2013
	Collect Data from Lighted Site 54
	 
	 

	Fri Jun 28, 2013
	Relay Data from Lighted Site 54
	 
	 

	Sat Jun 29, 2013
	System check
	 
	 

	Sun Jun 30, 2013
	Sunday's Off
	 
	 

	Mon Jul 01, 2013
	Rove to Lighted Site 55
	 
	 

	Tue Jul 02, 2013
	Collect Data from Lighted Site 55
	 
	 

	Wed Jul 03, 2013
	Relay Data from Lighted Site 55
	 
	 

	Thu Jul 04, 2013
	July 4th Holiday
	 
	 

	Fri Jul 05, 2013
	Rove to Lighted Site 56
	 
	 

	Sat Jul 06, 2013
	System check
	 
	 

	Sun Jul 07, 2013
	Sunday's Off
	 
	 

	Mon Jul 08, 2013
	Collect Data from Lighted Site 56
	 
	 

	Tue Jul 09, 2013
	Relay Data from Lighted Site 56
	 
	 

	Wed Jul 10, 2013
	Rove to Lighted Site 57
	 
	 

	Thu Jul 11, 2013
	Collect Data from Lighted Site 57
	 
	 

	Fri Jul 12, 2013
	Relay Data from Lighted Site 57
	 
	 

	Sat Jul 13, 2013
	System check
	 
	 

	Sun Jul 14, 2013
	Sunday's Off
	 
	 

	Mon Jul 15, 2013
	Rove to Lighted Site 58
	 
	 

	Tue Jul 16, 2013
	Collect Data from Lighted Site 58
	 
	 

	Wed Jul 17, 2013
	Relay Data from Lighted Site 58
	 
	 

	Thu Jul 18, 2013
	Rove to Lighted Site 59
	 
	 

	Fri Jul 19, 2013
	Collect Data from Lighted Site 59
	 
	 

	Sat Jul 20, 2013
	System check
	 
	 

	Sun Jul 21, 2013
	Sunday's Off
	 
	 

	Mon Jul 22, 2013
	Relay Data from Lighted Site 59
	 
	 

	Tue Jul 23, 2013
	Rove to Rim of Shackleton Crater
	 
	 

	Wed Jul 24, 2013
	Rove to Rim of Shackleton Crater
	 
	 

	Thu Jul 25, 2013
	Rove to Rim of Shackleton Crater
	 
	 

	Fri Jul 26, 2013
	Alternate Rove to Penetrator Site 1
	 
	 

	Sat Jul 27, 2013
	System check
	 
	 

	Sun Jul 28, 2013
	Sunday's Off
	 
	 

	Mon Jul 29, 2013
	Alternate Collect Data from Penetrator Site 1
	 
	 

	Tue Jul 30, 2013
	Alternate Relay Data from Penetrator Site 1
	 
	 

	Wed Jul 31, 2013
	Alternate Rove to Penetrator Site 2
	 
	 

	Thu Aug 01, 2013
	Alternate Collect Data from Penetrator Site 2
	 
	 

	Fri Aug 02, 2013
	Alternate Relay Data from Penetrator Site 2
	 
	 

	Sat Aug 03, 2013
	System check
	 
	 

	Sun Aug 04, 2013
	Sunday's Off
	 
	 

	Mon Aug 05, 2013
	Alternate Rove to Penetrator Site 3
	 
	 

	Tue Aug 06, 2013
	Alternate Collect Data from Penetrator Site 3
	 
	 

	Wed Aug 07, 2013
	Alternate Relay Data from Penetrator Site 3
	 
	 

	Thu Aug 08, 2013
	Alternate Rove to Penetrator Site 4
	 
	 

	Fri Aug 09, 2013
	Alternate Collect Data from Penetrator Site 4
	 
	 

	Sat Aug 10, 2013
	System check
	 
	 

	Sun Aug 11, 2013
	Sunday's Off
	 
	 

	Mon Aug 12, 2013
	Alternate Relay Data from Penetrator Site 4
	 
	 

	Tue Aug 13, 2013
	Alternate Rove to Penetrator Site 5
	 
	 

	Wed Aug 14, 2013
	Alternate Collect Data from Penetrator Site 5
	 
	 

	Thu Aug 15, 2013
	Alternate Relay Data from Penetrator Site 5
	 
	 

	Fri Aug 16, 2013
	Alternate Rove to Penetrator Site 6
	 
	 

	Sat Aug 17, 2013
	System check
	 
	 

	Sun Aug 18, 2013
	Sunday's Off
	 
	 

	Mon Aug 19, 2013
	Alternate Collect Data from Penetrator Site 6
	 
	 

	Tue Aug 20, 2013
	Alternate Relay Data from Penetrator Site 6
	 
	 

	Wed Aug 21, 2013
	Alternate Rove to Penetrator Site 7
	 
	 

	Thu Aug 22, 2013
	Alternate Collect Data from Penetrator Site 7
	 
	 

	Fri Aug 23, 2013
	Alternate Relay Data from Penetrator Site 7
	 
	 

	Sat Aug 24, 2013
	System check
	 
	 

	Sun Aug 25, 2013
	Sunday's Off
	 
	 

	Mon Aug 26, 2013
	Alternate Rove to Penetrator Site 8
	 
	 

	Tue Aug 27, 2013
	Alternate Collect Data from Penetrator Site 8
	 
	 

	Wed Aug 28, 2013
	Alternate Relay Data from Penetrator Site 8
	 
	 

	Thu Aug 29, 2013
	Alternate Rove to Penetrator Site 9
	 
	 

	Fri Aug 30, 2013
	Alternate Collect Data from Penetrator Site 9
	 
	 

	Sat Aug 31, 2013
	System check
	 
	 

	Sun Sep 01, 2013
	Sunday's Off
	 
	 

	Mon Sep 02, 2013
	Labor Day Off
	 
	 

	Tue Sep 03, 2013
	Alternate Relay Data from Penetrator Site 9
	 
	 

	Wed Sep 04, 2013
	Alternate Rove to Penetrator Site 10
	 
	 

	Thu Sep 05, 2013
	Alternate Collect Data from Penetrator Site 10
	 
	 

	Fri Sep 06, 2013
	Alternate Relay Data from Penetrator Site 10
	 
	 

	Sat Sep 07, 2013
	System check
	 
	 

	Sun Sep 08, 2013
	Sunday's Off
	 
	 

	Mon Sep 09, 2013
	Alternate Rove to Penetrator Site 11
	 
	 

	Tue Sep 10, 2013
	Alternate Collect Data from Penetrator Site 11
	 
	 

	Wed Sep 11, 2013
	Alternate Relay Data from Penetrator Site 11
	 
	 

	Thu Sep 12, 2013
	Alternate Rove to Penetrator Site 12
	 
	 

	Fri Sep 13, 2013
	Alternate Collect Data from Penetrator Site 12
	 
	 

	Sat Sep 14, 2013
	System check
	 
	 

	Sun Sep 15, 2013
	Sunday's Off
	 
	 

	Mon Sep 16, 2013
	Alternate Relay Data from Penetrator Site 12
	 
	 

	Tue Sep 17, 2013
	Alternate Rove to Penetrator Site 13
	 
	 

	Wed Sep 18, 2013
	Alternate Collect Data from Penetrator Site 13
	 
	 

	Thu Sep 19, 2013
	Alternate Relay Data from Penetrator Site 13
	 
	 

	Fri Sep 20, 2013
	Alternate Rove to Penetrator Site 14
	 
	 

	Sat Sep 21, 2013
	System check
	 
	 

	Sun Sep 22, 2013
	Sunday's Off
	 
	 

	Mon Sep 23, 2013
	Alternate Collect Data from Penetrator Site 14
	 
	 

	Tue Sep 24, 2013
	Alternate Relay Data from Penetrator Site 14
	 
	 

	Wed Sep 25, 2013
	Alternate Rove to Penetrator Site 15
	 
	 

	Thu Sep 26, 2013
	Alternate Collect Data from Penetrator Site 15
	 
	 

	Fri Sep 27, 2013
	Alternate Relay Data from Penetrator Site 15
	 
	 

	Sat Sep 28, 2013
	System check
	 
	 

	Sun Sep 29, 2013
	Sunday's Off
	 
	 

	Mon Sep 30, 2013
	Power Down
	 
	 


Appendix K – Level II Requirements
· The Cyclops will have a parabolic dish reflector antenna (PDRA) capable of receiving data at 2 MB per second.

· The Cyclops will have a transmitter capable of sending data at 5 MB to 150 MB per second.

· The Cyclops penetrators will have an omnidirectional antenna capable of sending data at a rate of 2MB per second and can stored 300 MB of data.

· The Cyclops SSB will have an omnidirectional antenna capable of sending data at a rate of 2MB per second and the ability to store the 1 GB of data at a time.

· The Cyclops will have a Gas Chromatograph Mass Spectrometer (GCMS) collecting data from the remaining 5 sites.
· The Cyclops will have a surface sampler assembly (SSA) that has the primary purpose to acquire process and distribute samples from the moon’s surface to the GCMS.
· The Cyclops will have fifteen penetrators capable of collecting data from the permenant dark region and sending this data back to the rover and each will be power by two lithium ion batteries.
· The Cyclops will have Miniature Thermal Emission Spectrometer (Mini-TES) capable of providing measurements of minerals and thermo physical properties on the moon.
· The Cyclops will have Single Site Box (SSB) that will be dropped off at landing and will be power by a solar panel and will have a Surface Stereo Imager (SSI) capable of estimating the density of atmospheric dust, optical depth of airborne aerosols, and abundance of atmospheric water vapor.
· The Cyclops shall have a landed mass of 810 kg.
· The Cyclops shall be designed so that 64.6 kg of the total landed mass is devoted to the propulsion system dry mass.

· The Cyclops 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.

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

· The Cyclops attitude control system shall be designed for twelve (12) MR-106 monopropellant thrusters.
· The Cyclops shall use materials that can survive the temperatures at a polar location.
· The Cyclops shall be designed with the capability to land at other lunar locations.

· The Cyclops shall minimize cost across the design by using Aluminum 6061 T6 for a majority of the structure.

· The Cyclops shall have the capability to move on the surface.

· The Cyclops shall be designed to survive for one year on the surface of the moon.

· The Cyclops shall survive the proposed concept of operations.

· The Cyclops shall be capable of landing at a slope of 12 degrees.

· The Cyclops shall be designed for the maximum g-loads of 6g’s.

· The Cyclops 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.
· The Cyclops 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. 

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

· This includes temperatures ranging from 107 Celsius to -223  Celsius
· Including conditions experienced in the lunar environment.
· The Cyclops shall maximize the use of off-the-shelf technology with a technology readiness level of 9 through the use of Aluminum 6061 T6 and carbon fiber.

· The Cyclops will require 112.15 W of power for mobility.
· The Cyclops will require 243.65 W of power to rove 500 meters to a site goal.
· The Cyclops will require 1 W of power for the SRV.
· The Cyclops will require 115.5 W of power for GN&C.
· The Cyclops will require 76.9 W of power for the payload and 4.5 W for the penetrators but will be self-powered by Li-ion batteries.
· The Cyclops will require 70.8 W of power for communication.
· The Cyclops will require 55 W of power for thermal.
· The Cyclops will require a minimum of 431.35 W of power for the total system.
· The Cyclops will require a 279.2 W of power for the science equipment to collect data from a site goal.
· The Cyclops will require a contingency supply of power. 
· The Cyclops will have a RTG.

· The RTG will be based on the Cassini RTG.

· The RTG will be capable of producing 300 W of power

· The RTG will be capable of producing 700 W of heat.

· The RTG will have a weight of 56 kg.

· The Cyclops will have Lithium ion batteries.

· The Cyclops will have two batteries.

· The Lithium-ion batteries will produce 150 W-h/kg of energy.

· The Lithium-ion batteries will produce 975 W-h/kg of power. 

· The Lithium-ion batteries will weigh 3.25 kg each.

· The Cyclops will have a solar panel to supply power to the Single Site Box and Sample Return Vehicle.

· The Single Site Box will require 7.8 W of power.

· The Sample Return Vehicle will require 1 W of power to ignite.

· The solar cell will produce 10 W of power.

· The solar cell will be .2667m x .4445m.

· The solar cell will weigh 1.13kg.

· The Cyclops shall land to a precision of ± 100m 3 sigma of the predicted location.

· The Cyclops shall provided guidance, navigation, and control for the terminal descent phase, beginning at 5 km above the surface of the moon.

· The Cyclops shall utilize a LiDAR system for landing.
· The Cyclops shall utilize the Mars Descent Imager for capturing views of the penetrator dispersion and of the landing site.

· The Cyclops shall utilize a Surface Stereo Imager for manual guidance of the Cyclops and for analyzing lunar dust.

· The Cyclops shall utilize an Intel 80C85 processor for all controls processing. 
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Figure 23 - Map of Sample Sites
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