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Introduction

NASA is developing a new manned spaceflight launch vehicle that will replace the Space Shuttle.  The new Ares launch vehicle architecture is leveraging off of many of the heritage components currently used by the Space Shuttle system.  A major component being adapted for use on the Ares launch vehicle is the Space Shuttle Reusable Solid Rocket Booster (RSRB).  NASA has selected ATK Incorporated to modify the existing four segment booster into a five segment booster that will achieve the new Ares program requirements.  This new five segment booster is referred to as the RSRMV.

One of the sub-systems of the RSRMV is the Thrust Vector Control (TVC) system.  The currently base-lined designed solution for meeting the Ares TVC requirements is the heritage RSRB TVC system in use on the Space Shuttle RSRB.  This system has been in use since the beginning of the Shuttle program, and has exceeded all Space Shuttle technical requirements.  The heritage system has proven itself to be robust, reliable and has never suffered an in-flight failure.

The heritage TVC system does have some shortcomings.

· The system assembly and testing at the launch site is very labor intensive.

· The hardware is aging and the vendor base that supports this hardware is eroding.

· The system requires a great deal of logistics support at the launch site.

· The system is a reusable design that has not been in production for 20 years.  The Ares launch architecture may seek expendable launch vehicle solutions and the cost associated with production of new heritage hardware would be prohibitive.

· The system currently uses hydrazine fuel.  This is classified as a hazardous material and requires special handling.

The Ares First Stage Project Office (FSPO) is currently seeking TVC design solutions that address these shortcomings and maintain the level of safety and reliability delivered by the heritage system.  NASA has performed several trade studies, internally and with the cooperation of our First Stage contractor, ATK Inc.  The outcome of these trade studies revealed that the best system to eliminate the use of hydrazine and minimize life-cycle costs was a compact electric TVC system.  The compact electric TVC system has a great deal of cost, schedule and technical risk associated with its development, but has the greatest opportunity for eliminating the shortcomings associated with the heritage TVC system and maximizing the return on investment.

To minimize the risk associated with flight system design, development, test and evaluation of an electric TVC design solution, the FSPO has decided to perform a risk reduction project that will mitigate the forward risk associated with flight system development.  The electric TVC risk reduction project will be focused on addressing the technical design risks associated with the TVC sub-system only.  A prototype system will be tested to ensure the feasibility and suitability of a compact electric TVC architecture to meet current and future Ares launch vehicle requirements.
This risk reduction project is focused on the mitigation of design and development risks associated with the TVC sub-system only.  While the project shall be mindful of higher level system requirements (i.e. mass, volume, packaging), this project shall focus on TVC sub-system level requirements to the extent that the proposed prototype system could be reasonably expected to be extensible to future manned launch vehicle applications.
Electric TVC Trade Study Results

The NASA/ATK trade studies have focused on a compact electric architecture that is comprised of three major sub-elements.  The architecture consists of a pair of actuators, a motor control unit that will modulate power flow to the actuators and a rechargeable battery to store sufficient energy to meet system duty cycle demands.

While the NASA/ATK trade focused mainly on Electro-Hydrostatic Actuation (EHA) end-effectors, we also considered Electro-Mechanical Actuation (EMA) concepts.  EHA presented the best chance of developing an actuator that could be refurbished after exposure to the high impact shock associated with splashdown of the RSRMV.  EMA actuators should be considered for this risk reduction activity due to the potential life cycle cost improvements that can be realized by manufacturing new units for each flight versus sending the units back through refurbishment.

The battery design solution studied by NASA/ATK was the Li-ion chemistry.  Advances in Li-ion chemistries, power densities and power demand capabilities have demonstrated the promise for this technology to meet Ares duty cycle requirements.  Due to the potential for on-pad prelaunch aborts, the Li-ion technology also presented the most flexibility in operation.  The battery could be sized to support several contingency aborts and still meet the ascent duty cycle.  Although our studies have focused on Li-ion cells, other storage technologies should be considered for this risk reduction effort.  The concern that should be addressed in the system design is overall life-cycle cost, safety and logistic requirements associated with the chosen cell technology.

While the NASA/ATK trade study focused on EHA specific architecture, the system architecture proposed for this risk reduction effort should focus on an overall reduction in life-cycle costs.   A quantitative assessment of production and refurbishment (if proposed) costs should be addressed and a qualitative assessment of launch site recurring cost improvement should be addressed.
TVC System Specification

System Level Specifications 

TVC System External Load Characteristics


Nozzle Inertia



The prototype TVC system shall be capable of driving a nozzle



inertia of 377,404 to 435,343 (in-lbf)/(rad/sec2).

System External Damping



The prototype TVC system shall be capable of driving the nozzle



with a minimum external nozzle damping constant of 6.28E5 (in-lbf)/(rad/sec).

Combined Nozzle Flex Bearing, Nozzle Boot and Bearing Protector Stiffness

The prototype TVC system shall be capable of driving the nozzle with a minimum combined nozzle spring rate of 4.73E7 (in-lbf)/rad.

Combined Aft Skirt Structural and Forward Exit Cone Stiffness

The prototype TVC system shall be capable of driving the nozzle with a combined structural and forward exit cone stiffness of 2.78E5 lbf/in +/-10%.

Time Dependent Disturbance Torques
The prototype TVC system shall be capable of driving the nozzle with a rocket motor internal aerodynamic disturbance torque of up to 26,120 in-lbf.

The prototype TVC system shall be capable of driving the nozzle with a vehicle external aerodynamic disturbance torque of up to 110,397 in-lbf.

The prototype TVC system shall be capable of driving the nozzle with a vehicle longitudinal acceleration disturbance torque of up to113,583 in-lbf.

The prototype TVC system shall be capable of driving the nozzle with a vehicle lateral acceleration disturbance torque of up to 133,265 in-lbf.

Nozzle Null Bias Torque

The prototype TVC system shall be capable of operating within specification with the presence of a null bias torque of up to 441,708 in-lbf.

Nominal Moment Arm

The prototype TVC system shall be designed for a nominal moment arm of 71.8 inches.  The nominal scale factor for this system is 1.25 in/deg.  The system geometry and typical actuator placement is illustrated in Figure 1 Typical Actuator Installation Geometry and Figure 2 RSRB Typical Actuator Installation.
TVC System Power Source

The prototype TVC system power source shall use rechargeable batteries.  This requirement ensures minimum effort to recover from aborted launch attempts.
TVC System Position Command
The prototype TVC system shall receive three independent analog position commands from a simulated flight control system.  The three redundant commands for this prototoype system shall be a voltage proportional to position with a nominal scale factor of 1.0 volts/degree.    The TVC system command input impedence shall be 20 kohm minimum.
TVC System Redundancy

The prototype TVC system shall be single fault tolerant to the maximum extent practical.  Any components that do not meet this requirement shall be reported as an exception.
TVC System Gimbal Capability

The TVC system actuators shall be capable of gimballing the nozzle +/- 5 degrees omni-directionally.
TVC System Position Accuracy
The prototype TVC system actuators shall have an overall position accuracy of 

+/- 0.25 inches from the command position.  This requirement shall be verified by running a 0.05 Hz triangle wave under both fully loaded and unloaded conditions.
TVC System Dynamics

The prototype TVC system shall provide the necessary dynamic compensation to meet the step and frequency response requirements per Figure 6 System Frequency and Step Response Requirement. 
TVC System Actuator Connection Configuration

The prototype TVC system shall have mechanical attachments that are compatible with the heritage aft skirt and forward exit cone clevises per Figure 3 Actuator Lower Attach Point Detail and Figure 4 Actuator Lower Attach Point Detail. 

TVC System Reliability

The prototype TVC system shall have a calculated, analytically determined reliability that exceeds 0.999.
TVC System Health and Status Monitoring

The prototype TVC system shall provide sufficient instrumentation to determine the system health and status.

TVC System Volumetric and Mass Requirements

The prototype TVC system shall be capable of being packaged within the aft skirt envelope defined by Figure 5 Aft Skirt Clearance Envelope.  The expected flight configured TVC mass shall not exceed 2500 lbm.  This requirement shall be satisfied by analysis since the risk reduction design is only prototype brass board hardware.

TVC System Mission Duty Cycle

The prototype TVC system shall demonstrate the capability of meeting the duty cycle shown in Figure 7 TVC System Mission Duty Cycle.  This duty cycle is the anticipated worst case duty cycle used in ground test static fires of the RSRMV.  This duty cycle capability shall be demonstrated individually in both rock and tilt axis and in composite axis using both actuators.  The duty cycle incorporates the maximum expected gimbal angle excursion (4.5 degrees) and peak gimbal rates (5.0 deg/sec).  During the peak gimbal rate ramps, the average gimbal rate, as measured from 10% to 90% of commanded position, shall exceed 4.7 deg/sec.
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Figure 1 Typical Actuator Installation Geometry
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Figure 2 RSRB Typical Actuator Installation
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Figure 3 Actuator Lower Attach Point Detail


[image: image5]
Figure 4 Actuator Lower Attach Point Detail
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Figure 5 Aft Skirt Clearance Envelope
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Figure 6 System Frequency and Step Response Requirement
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Figure 7 TVC System Mission Duty Cycle
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Actuator Lower Attach Point Details
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