2.1 Power

2.1.1 Methods and Assumptions

(Tech Description)
The power system design was developed based on the mission 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. The lander supplies the power to the mobility, payload, GN&C, thermal, and communication equipment. The lander is used upon landing with mobile functionality as a backup for penetrator failure and to achieve our goals for the five lighted sites. Since the penetrator payload is being used on the descent of the lander and each have their own supplied Li-ion battery power, this will free some of the space and mass on the lander 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. Money will be saved since this lander also has mobility. Otherwise, there would have to be enough power to power two individual vehicles. The lander 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 temperature delta. The lander supplies continuous power to the systems as required from there 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 as 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 hopefully never causes a mission failure. 
Figure 1: Power Block Diagram: This is a subset of the power block diagram that was used to determine the necessary power components of the Cyclops. 
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Calculations using the MSL average velocity on the moon provide that a power supply of approximately 350W will be needed for driving the lander/rover 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 2 - RTGs would be the primary power source and utilize a rechargeable set of 8 - Lithium-ion batteries as secondary.  With more research and mentor advice, the lander 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 Landers which allows the lander to be supplied by only one RTG. The lander will also consist of a single site box 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 primary failure, and a buffer that can assist with transient current demands, especially when drive motors are engaged.

APPENDIX
RTGs have been used in past space missions (TRL9) such as on the Viking Landers which can be seen in Figure 4 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’s exact requirements. In Table 1 below are the estimated power requirements, dimensions, and mass required by each system and components on the lander.

	Table 1: Power Analysis 
	 
	 
	 

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

	Mobility
	 
	342.625
	 
	 

	SRV
	 
	25
	 
	 

	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
	 
	34.6
	33.9
	 

	 
	GCMS
	17.7
	6
	10x10x8

	 
	SSA:Arm & Scoop
	3.5
	15.5
	110x10x10

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

	 
	Penetrators (Self-powered)
	4.5
	53.58
	13.6Dx10L

	 
	SSB
	7.8
	10
	15x15x15

	Communications
	 
	70.8
	7.63
	 

	 
	PDR antenna
	4.8
	4
	37.5D

	 
	Transmitter
	66
	3.63
	5x10x5

	Thermal
	 
	55
	13
	 

	 
	Pump
	5
	 
	 

	 
	Switches
	50
	 
	 

	Operations
	 
	0
	0
	 

	Power Supply
	 
	865
	47.63
	 .12 square meter

	
	RTG
	400
	40
	 

	 
	Li-ion Battery
	455
	6.5
	 

	
	Solar Cell
	10
	1.13
	

	Minimum Totals
	 
	643.525
	78.03
	 

	Contingency Supply
	33%
	212.36325
	 
	 

	Total
	 
	855.88825
	 
	 


The peak power required for generating the lander’s power is calculated to be 275.9W and the total mass form components needing power is calculated to be 78.03kg without the power for mobility or the SRV which would be a total of 643.525W. However the peak power at one time should be no more than approximately 350W.
In order to provide an adequate power supply to accomplish the mission, the lander must supply enough power during roving and while collecting and achieving lunar surface goals.  Currently, 275.9W is required without our mobility and SRV customers actual power requirements factored in. Based on simple physics calculations, the lander would require 342.625W of power to rove 500 meters to a sampling site. The power would normally never exceed approximately 350W at any one time due to all science instruments would be cut off during roving with the exception of the mobility and GN&C 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 approximately 643.525W. However, a contingency power supply with a factor of 15% percent has been factored in for a total power supply of 740W.
A set of Lithium-ion rechargeable batteries will provide a power supply as back up and to meet our peak power.  A Lithium-ion battery provides 70W/kg and each battery will weigh approximately 3.25 kg a piece and a combined power output of 455W. These batteries will be built using the desired power outputs from the battery W/kg specification. This style of rechargeable battery was incorporated into the rover design for its energy/weight ratio of 160Wh/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 will be interfacing. Other specifications are listed in Table 2 below.

Table 2: 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
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Figure 1: 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 will provide 400W of power with the latest data on the RTG which was provided by the technical advisor from an IEEE Explore website. The RTG for the lander will be built by the manufacturer using the same specifications as the one specified in the IEEE report producing the desired power above for the given weight. The 400W is quite an improvement from the 25W RTGs that were used to power the Viking.  This will also produce approximately 700W of heat and a weight of approximately 40kg. This in itself will be enough to power the entire rover, 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 charge.
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Figure 2: RTG: This is a diagram of an RTG and its components of composition.
 Since the single sight 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 approximately 10W provided by the 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 single site box. 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 dimensions are 10.5”x17.5” and weighs 2.5 lbs.
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Figure 3: 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 use 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 if needed, but the system was designed to either rove or collect samples not both. This method of operation was chosen so the lander runs from the batteries and the RTG recharges the batteries and provides heat to the lander. The 33% contingency of power was 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 the batteries fail, 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 the operations of the lander/rover. 
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Figure 4: RTG Missions: This is a diagram of all the RTG missions that have been used and successful in space applications for decades.
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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 Off Single Site Box

GN&C 115.5

Communications 70.8

Thermal 55

Power N/A

241.3

System Check

GN&C 115.5

Communications 70.8

Payload 34.9

Thermal 55

Power N/A

276.2

System Check

   (Rove 5m) Mobility 31.29545455

GN&C 115.5

Power N/A

146.7954545

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

    (Calculated using Force and Power Equations Mobility 172.125

GN&C 115.5

Thermal 55

Power N/A

342.625

Collect Data from Lighted Site (Repeat 29 Sites)

GN&C 115.5

Communications 70.8

Payload 34.9

Thermal 55

Power N/A

276.2
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Mobility 172.125

GN&C 115.5

Thermal 55

Power N/A

342.625

Collect SRV Data 

GN&C 115.5

Communications 70.8

Payload 34.9

Thermal 55

SRV 25

Power N/A

301.2

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

Mobility 172.125

GN&C 115.5

Thermal 55

Power N/A

342.625

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

GN&C 115.5

Communications 70.8

Payload 34.9

Thermal 55

Power N/A

276.2

Rove to Rim of Shackleton (500m)

Mobility 172.125

GN&C 115.5

Thermal 55

Power N/A

342.625

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

Mobility 172.125

GN&C 115.5

Thermal 55

Power N/A

342.625

Collect Data from Dark Site (Repeat 15 Sites)

GN&C 115.5

Communications 70.8

Payload 34.9

Thermal 55

Power N/A

276.2

System Shutdown

MISSION COMPLETE


Table 3 above is a 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, 342.625 and max when collecting data for the SRV launch, 301.2.  
LEVEL II REQUIREMENTS
Power
· The Cyclops will require 342.625W of power for mobility.
· The Cyclops will require 25W of power for the SRV.
· The Cyclops will require 115.5W of power for GN&C.
· The Cyclops will require 34.6W of power for the payload and 4.5W for the penetrators but will be self-powered by Li-ion batteries.
· The Cyclops will require 70.8W of power for communication.
· The Cyclops will require 55W of power for thermal.
· The Cyclops will require a minimum of 643.525W of power for the total system.
· The Cyclops will require a minimum of 342.625W of power for roving 500 meters to a site goal.
· The Cyclops will require a 276.2W of power for the science equipment to collect data from a site goal.
· The Cyclops will require a 301.2W of power for the science equipment to collect data for the SVR launch.
· The Cyclops will require a contingency supply of power. 
· The Cyclops will have a RTG.

· The RTG will be capable of producing 400W of power
· The RTG will be capable of producing 700W of heat.

· The RTG will have a weight of 40kg.
· The Cyclops will have Lithium ion batteries.

· The Cyclops will have two batteries.

· The Lithium-ion batteries will produce 455W 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.
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