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ABSTRACT
The Space Technology 5 (ST-5) Project, which is part of the New Millennium Program (NMP), will involve a constellation of three 25-kg class microsatellites in an elliptical polar orbit with a perigee altitude of 300 km and an apogee altitude of 4500 km.  The three spacecraft, which are currently undergoing integration and testing, are slated to be launched on a Pegasus XL in February/March 2006.  This paper describes the design and analysis of the spacecraft’s completely passive Thermal Control System (TCS).

INTRODUCTION

Table 1.  NMP Technologies

	Technology
	Provider

	Li-Ion Battery
	AEA Technology

	Variable Emittance Thermal Technologies
	GSFC, JHU-APL, Sensortex

	Cold Gas Micro Thruster
	Marotta Scientific Controls

	Ultra Low Power (1/4 V Logic)
	GSFC/UNM-Microelectronics Research Center

	Miniature COMM Components
	AeroAstro


The New Millennium Program (NMP) Space Technology 5 (ST-5) Project is NASA’s pathfinder for highly capable, low-cost small spacecraft, miniaturized subsystems, and constellation mission operations.  ST-5 is a full functional autonomous spacecraft with integrated technologies The spacecraft has a science grade magnetic sensitivity of ~1 nT and is radiation tolerant to 100 Krad-Si TID.  The goals of the ST-5 Project are to:

1. Design, develop, integrate, test and operate three full service spacecraft, each with a mass less than 25kg, through the use of breakthrough technologies.

2. Demonstrate the ability to achieve accurate, research-quality scientific measurements utilizing a nanosatellite with a mass less than 25 kg.

3. Execute the design, development, test and operation of multiple spacecraft to act as a single constellation rather than as individual elements.

MISSION OVERVIEW

The ST-5 nominal mission, as defined in Table 2, will involve a constellation of three microsatellites that will be launched to a polar sun synchronous orbit in February/March 2006.  The spacecraft will fly on a Pegasus XL out of Vandenberg AFB, Lompoc, CA.  ST-5 is spin stabilized at separation with a spin rate of ~25 rpm after deployment of the magnetometer boom.  The RAAN is 42° or so for Feb 15 launch, increasing 1 deg/day for launch later in launch window (full sun 6 AM - 6 PM).  The launch argument of perigee is 160 deg. The rotation of apsides is 1.2° /day with the apogee rotating towards the South Pole.
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Figure 2: Spacecraft Layout (Deployed)

Table 2.  ST-5 Mission Characteristics

	No. of Satellites
	3
	

	Mission Orbit
	
	

	
	Perigee
	300 km (min)

	
	Apogee
	4500km (max)

	
	Inclination
	105.6°

	
	Period
	136 min

	Mission Lifetime
	Minimum 3 months,  goal of 6 months

	Spin Rate
	25 rpm

	Launch System
	Pegasus XL

	Orbit Adjust
	Cold Gas System

	Mass
	≤ 25 kg

	Size
	Diameter ~ 53 cm

Height ~48 

	Power
	~20-25W at 9-10V


~7-9 Ah Battery

	Data Storage
	20 Mbyte

	Attitude Control
	Spin Stabilized, with spin axis perpendicular to sun

	Uplink
	@ 1Kbps / Downlink: @1Kbps or 100Kbps (X-Band)


SPACECRAFT layout and DESIGN

Figure 2 shows the spacecraft layout in the deployed configuration.  In addition to the NMP technologies mentioned above, the ST-5 spacecraft are each flying a science grade magnetometer mounted at the end of a deployable boom, a passive nutation damper, a miniature spinning sun sensor, a composite propulsion tank, a pressure transducer, body mounted solar arrays, and various electronics boxes.  Most components are mounted to the top and bottom decks, except for the nutation damper and solar arrays, which are mounted to the sidewalls and the Variable Emittance Coatings (VEC) and Thruster Control Electronics (TCE), which are mounted to the side of the card cage.  The entire spacecraft bus is aluminum.  The decks, which are a machined aluminum rib structure with 0.050” thick webs, are supported by an investment cast card cage box that houses the power system and command and data handling electronics cards.  The sidewalls, which are 0.050” thick aluminum sheet, are bolted to the decks and the card cage.  This produces a solid structure for good mechanical properties as well as high thermal conduction for minimal gradients.

Thermal CONTROL SYSTEM DESIGN 

The thermal design assumes that the spacecraft is spinning with the spin axis of the spacecraft normal to the ecliptic plane ±5°.  It was sized assuming a spacecraft internal heat dissipation of ~20 watts (37 Watts during ½ hr data transmission) for the worst hot case and ~13 watts for worst cold case.  Electrical power is subtracted off solar arrays and there is no shunting so excess power remains on the solar arrays.  The ST-5 TCS consist of electrically conductive thermal coatings, multilayer insulation (MLI) blankets, temperature sensors, conductive thermal isolators and thermal interface fillers.  Most interior components have been black anodized or painted with Z307 to increase the radiation exchange inside the spacecraft.  The spacecraft is insulated on the top and bottom with windows cutout for passive radiators to allow heat rejection from components located on these surfaces.  

In addition to the decks, MLI is used throughout the spacecraft to provide insulation.  The gaps between adjacent solar array panels and the panels and the spacecraft are closed out using multi-layer insulation.  A 2 layer MLI “skirt” is used around the base of the X-Band antennas, which are mounted to the top and bottom decks.  The Magnetometer Sensor Head is wrapped with MLI.  The rigid boom segments and root adapter are wrapped with MLI.  The battery is wrapped with MLI on five sides and a low e film on the sixth side (facing the deck).

To minimize sources of heat loss/gain, some components are conductively isolated.  The VEC radiators and the X-Band antennas are isolated from the spacecraft decks using G10 standoffs.  The eight solar array panels are conductively isolated from the sidewalls using low conductivity mounting brackets.  However, they are radiatively coupled to sidewalls using a high emittance coating on sidewall (the solar array substrate already has a high emittance).  An earlier study showed the advantage of radiatively coupling the SC and the solar array by uniformly transferring needed heat to the SC without causing gradients that occur if conductively coupled in certain areas..  The magnetometer boom is conductively isolated from the spacecraft and the sensor. The battery has been designed to be conductively isolated from the spacecraft as well.

For certain components it was desirable to have a high interface conductance.  Nusil w/ a thin Teflon release sheet are used to mount the High Power Amplifier and Transponder to the top deck.  The PSE and C&DH cards are heat sunk to the cardcage using a wedgelok along the right and left edges.  Relatively large bolts are used to provide good contact conductance at bolted interface between the card cage and the decks.

The thermal design evolved over the years with the largest change occurring in early 2004.  Up to that point ST5 was designed to accommodate the highly elliptical (240 km x 37000 km) equatorial Geosyncronous Transfer Orbit (GTO).  The mission was changed to a less elliptical (300 km x 4500 km) polar orbit after ST5 became a primary payload on a Pegasus rocket instead of a secondary payload on a Delta or Altlas launch vehicle.  The environmental loading is now more uniform with 100% direct sun, little albedo (high Beta angle) and less Earth IR fluctuation.  This is compared to the old orbit with up to 1-hour of the orbit in shadow.  The amount fluctuation of earth emitted IR energy and albedo (subsolar point at 240 km to none at apogee) is also more uniform in the polar orbit.  The net effect was to increase the radiator area and still have margin in the cold case because there was no longer a need to “ride out the shadow”.

Many trade studies were performed to arrive at this design and or to determine the sensitivity of certain parameters.  A few of these studies included shorting out MLI in several areas, variation of contact and bolt conductance, sensitivity to mass, sensitivity to solar array clip conduction, sensitivity to internal power, etc.  It is felt that the design is adequate and will be re evaluated with results from the SC thermal balance test scheduled for the fall of 2004.

THERMAL ANALYSIS

Design margin was implemented by using conservative hot and cold case modeling assumptions to overestimate the predicted temperature extremes.  Table 3 through 5 shows the assumptions that were used for both the cold and hot cases. In general the worst-case environmental conditions, power profiles, and optical properties were stacked.  Initially, it was assumed that the components dissipated a constant steady state power.  However, as the design evolved, distinct power profiles corresponding to operational scenarios, were developed.
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Figure 4: ST-5 Thermal Control System

A geometric math model (GMM) was built in Thermal Synthesizer System (TSS) to calculate the view factors, radiation couplings, and absorbed fluxes on the external spacecraft surfaces and the radiation couplings between the internal spacecraft surfaces.  The external GMM is shown in Figure 4. Inputs to the model include surface properties and the orbit definitions for the hot and cold cases. TSS cannot import a mechanical drawing; as a result the geometry of the ST-5 was developed independently.

The Radk Application yielded radiation couplings and the Heatrate Application yielded environmental fluxes for the cold and hot cases.  This data was then fed into the thermal math model (TMM) that was built in SINDA.

The TMM represents the thermal system as discrete lumped parameter nodes and was used to calculate transient and steady-state temperatures for various conditions.  Inputs to the model included radiation couplings and absorbed fluxes from the GMM, conduction couplings, and time-varying internal power dissipations.  To minimize the effect of the initial temperature assumptions, the SINDA model was run over 10 orbits.  The temperature data was captured every 

5 minutes so that the environmental effects were easily observed.
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RESULTS

The results are shown in Figures 5 through 8.  Figure 5 plots the temperature of each external node for the hot operational case.  The remaining figures show the maximum and minimum of a component for on orbit operational and several survival cases.  This unique method of presenting results shows both the requirements and results of all cases in one plot.  Most of the main body components are in the 0°C to 35°C range.  The operating limit for many of these components is –20°C to 50°C providing adequate margin for most of the components.  The limiting components with the least amount of margin are the HPA in the hot operational case and the TCE in the cold operational case.  Both cases have approximately 3°C margin.
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SMALL SATELLITEs 

ST5 is classified as a micro satellite.  Although it is only a foot tall by 1 ½ feet wide it still follows the same rules of thermodynamics as a large school bus sized spacecraft.  Energy in + Energy generated is still equal to energy out + energy stored.  The largest difference is with magnitude of numbers.  ST5 has a total energy balance of less than 300 Watts with internal dissipations less than 30 Watts.  Many larger spacecrafts are at least an order of magnitude more.  A few watts to ST5 are equivalent to tens of Watts in a larger SC.  One must pay attention to details.  If a few square inches of your radiator are taken up by a clamp or connector, this must be accounted for.   To keep things in perspective, the sensitivity to internal power for ST5 is ½ °C per Watt.  It is advisable to track down tenths of Watts with spacecrafts of this size.  Another difference is that one cannot use the standard range for blanket effective emittance that one uses for larger SC. Although ST5 has not been thermal balance tested yet, the range of effective emittance used in the analysis is 0.03 to 0.1 as opposed the standard 0.005 to 0.03 commonly used in larger SC.
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Figure 6: ST5 Temperature Margin








Figure 7: ST5 Temperature Margin








Table 4. ST5 Material Properties























Figure 8: ST5 Temperature Margin





Table 3. General Assumptions





Table 5. ST5 Surface Properties
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Figure 5: ST5 Hot Operational Temperature Map
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