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1.0 INTRODUCTION

1.1 Purpose

The requirements defined in this document apply to the procurement of space-qualified antenna pointing system (APS) consisting of an Integrated Gimbals (IG) and controller electronics for the CoNNeCT payload.
1.2 Background
The CoNNeCT Project is an advanced communications flight project that will demonstrate software-defined radios on an external International Space Station (ISS) pallet. The CoNNeCT flight payload will require a system to point a pair of antennas to track geostationary communitation satellites from the ISS as it orbits the earth.  Communications with the NASA Space Network occurs at both S-band and Ka-band frequencies.  The Ka-band high-gain antenna has a beam width of about 1.8°.  The S-band medium-gain antenna has a beam width of 37°.

     [image: image2.jpg]



Figure 1‑1  CoNNeCT Gimbal and Payload

The overall launch envelope of the payload is about 117 cm wide x 86 cm deep x 111 cm high.   Figure 1-1 shows the configuration for a 0.2 M Ka-band antenna design.   All radios and electronics are contained within an aluminum box.  The gimbals assembly is on a structural post above the box as show. 
1.3 Scope
The antenna pointing system (APS) in Figure 1-2 consists of a gimbals controller (1) and Integrated Gimbals (IG) (2).  The gimbals controller (1) receives position and rate commands through a 1553 interface (3) with the avionics system.  The gimbals controller (1) provides position information to the avionics system through the same 1553 interface (3).  The APS receives 28 VDC power (4) from the avionics system.  The IG (2) consists of a rotary coupled (5) azimuth (6) and elevation (7) drive, rotary joints (8,9,10, and 11) fixed mechanical interface (12) and antenna structural support interface (13).  Each drive has a stepper motor (14 and 15) and harmonic gear (16 and 17).  Multiphase drive signals (18 and 19) for each stepper motor pass through the gimbals drive connection cable (20) and connector interface (21).  Position information (22 and 23) from each drive is past back through the same connector (21) and cable (20) interface to the gimbals controller (1).  The antenna gimbals rotary joints (8, 9, 10, and 11) enable transmission and reception of radio frequency (RF) signals throughout the range of motion of the integrated gimbals assembly.  S-band medium-gain antenna (37° beam width) and Ka-band high-gain antenna (1.8° beam width) antenna support structure interfaces with the IG output interface (13).   The fixed structural interface (24) supports the IG and antenna system and provides interfaces for the S-band coaxial cable (25) and Ka-band (26) waveguide RF connections.  Paraffin actuated lock pins (27 and 28) are use to lock the IG for launch.   Power to accurate the lock pins is received from the avionic system through the locking pins interface connector (29).

[image: image3.emf]
Figure 1‑2  CoNNeCT Antenna Point System

Figure 1-3 shows the physical interfaces and conceptual design of the gimbals assembly with the payload.  The azimuth and elevation drive axis are perpendicular to each other and lie in the same plane.  The physical envelop of the IG and the envelop orientation is TBD but shall not exceed XXXX (define volume and orientation trade space)

[image: image4.emf]


Figure 1‑3 Physical Interfaces and Conceptual Design

[image: image5.emf]


Figure 1‑4  Gimbal Assembly Components Examples

2.0 Definitions
Acceptance -The verification process that demonstrates that hardware is acceptable for flight.  It also serves as a quality control screen to detect deficiencies.  The test levels are 1.0 x Limit Level. Acceptance temperatures are 5 degrees Centigrade (C) beyond operational temperature limits.  
Actuator Assembly -Also referred to simply as “actuator”, this is the harness, output flange, mounting flanges, motor, harmonic drive, bearings, mechanical interfaces, and position sensor as described herein. 

Actuator Position Sensor -The combination of primary or redundant encoders on the motor rotor and output shaft. 

Assembly -A functional subdivision of a component consisting of parts or subassemblies that perform functions necessary for the operation of the component as a whole.  Examples are a power amplifier and gyroscope. 

Component -A functional subdivision of a subsystem and generally a self-contained combination of items performing a function necessary for the subsystem's operation. Examples are electronic box, transmitter, gyro package, actuator, motor, battery.  For the purposes of this document, "component" and "unit" are used interchangeably. 

Flight Unit -Flight Unit is hardware that will be used operationally in space. It is subject to a qualification test program that combines elements of prototype and flight acceptance verification; that is, the application of design qualification test levels and flight acceptance test durations. 

Hot/Cold Start -The powering on and driving of an actuator at a given temperature extreme (after dwelling at that temperature).  The actuator is not required to meet the performance specifications at this temperature and exposure to this temperature must cause no permanent damage to the unit. 

Instrument -A Space Craft (SC) subsystem consisting of sensors and associated hardware for making measurements or observations in space.  For the purposes of this document, an instrument is considered a subsystem (of the SC). 
Life Test -A test to demonstrate that a component or subsystem will operate within design specifications while subject to the predicted use. This includes all pre-flight qualification testing, launch conditions, and on-orbit operation and environment.  The test article must perform without failure for a minimum of 2.0 times the expected number of operations or Lcycles expected. 

Starting torque – The initial torque to overcome to move the output with no load on the output shaft at the beginning of life (BOL). 

Microstepping - The capability to enable the positioning of the motor output shaft between cardinal steps. Microstepping resolution is defined by the motor control electronics. 

Motor Step Size/Cardinal Step - The angle between unpowered detents (positions of rotor angular stability) of the motor. This angle constitutes a cardinal step. 

Motor Torque -Torque available at the motor rotor due to electrical excitation of one commutation state. 

Part -A hardware element that is not normally subject to further subdivision or disassembly without destruction of design use. Examples include resistor, integrated circuit, relay, connector, bolt, and gaskets. 

Qualification - The verification process that demonstrates that a design (not each individual flight unit) will function properly under conditions more severe than it will experience in orbit.  

Pulses per second (PPS) - Motor cardinal step rate. 

3.0 DOCUMENTS

The Contractor shall comply with the applicable sections of the following documents.  In the event of conflict between the text of this document and the applicable documents cited, the text of this document takes precedence. In the event of conflict between applicable documents cited, NASA documents take precedence.  The release in effect at time of proposal submittal shall apply for duration of contract.  

3.1 Applicable Documents
TBD


CoNNeCT Interface Control Document 

3.2 Reference Documents
GRC-M0510.002, 
Space Assurance Requirements and Guidelines (SARG) 

CoNNeCT-PLN-0006 Product Assurance Plan 

GLWI-QE-8720.2, 
Failure Modes and Effects Analysis (FMEA), Critical Item Lists (CIL), and Fault Tree Analysis (FTA)

(MIL-HBK-217), the NASA Fault Tree Handbook with Aerospace Applications

431-REF-000273
Single Event Effect Criticality Analysis (SEECA)

SSP30512

ISS Radiation Environment Specification

GRC-SARG

Spaceflight Requirements Guidelines
MIL-C-5541 

Chemical Conversion Coatings on Aluminum and Aluminum Alloys

AMS 2488 

Anodic Treatment, Titanium and Titanium Alloys Solution PH 13 or

Higher

MIL-STD-883 
Test Method Standard, Microcircuits

SAE-AMS-5618 
Steel, Corrosion Resistant, Bars, Wire, and Forgings 17CR – 0.52MO

(0.95 – 1.20C) (SAE 51440C) Consumable Electrode Vacuum Melted –UNS S44004

SAE-AMS-5880 
Steel, Corrosion Resistant, Bars, Wire, Forgings, and Wire 17CR –

0.52MO (0.95 – 1.20C) (SAE 51440C) for Bearing Applications – UNS

S44004

HTV    
 
HTV Payload Planners Guide Preliminary
ANSI/ASQ9001-2000
Model for Quality Assurance Design, Development, Production, Installation, and Servicing

ANSI/ESD S20.20
Protection of Electrical and Electronic Parts, Assemblies and Equipment

ASTM E-595
Standard test method for total mass loss and collected volatile condensable materials from outgassing in a vacuum environment

EEE-INST-002
Instructions for EEE Parts Selection, Screening, Qualification, and Derating

IPC-2221
Generic Standard on Printed Board Design

IPC-2222
Sectional Design Standard for Rigid Organic Printed Boards

IPC-2223
Sectional Design Standard for Flexible Printed Boards

IPC-6011
Generic Performance Specification for Printed Boards

IPC-6012
Qualification and Performance Specification for Rigid Printed Boards

IPC-6013
Qualification and Performance Specification for Flexible Printed Boards

IPC-A-600
Acceptability of Printed Boards

MIL-HBK-217
Reliability Modeling and Prediction

MIL-STD-889
Dissimilar Metals

MIL-STD-1629
Procedures for Performing an FMEA

MSFC-STD-3029
Multiprogram/project common-use document guidelines for the selection of metallic materials for stress corrosion cracking resistance in sodium chloride environments

NASA-STD-8739.1 
Workmanship Standard for Staking and Conformal Coating of Printed Wiring Boards and Electronic Assemblies 

NASA-STD-8739.2
Workmanship Standard for Surface Mount Technology 

NASA-STD-8739.3
Soldered Electrical Connection 

NASA-STD-8739.4
Crimping, Interconnecting Cables, Harnesses, and Wiring 

NASA-STD-8739.5
Fiber Optic Terminations, Cable Assemblies, and Installation 

NASA-STD-8739.7
Standard for Electrostatic Discharge Control (Excluding Electrically Initiated Explosive Devices)
RADC-TR-85-229
Reliability Prediction for Spacecraft

S312-P-003
Procurement Specification for Rigid Printed Boards for Space Flight Applications and Other High Reliability Uses

4.0 Requirements 

All of the written requirements in this document shall apply at the SC end of life (EOL), which will occur no earlier than 24 months post launch (If Launch=2008, then EOL=2008+2=2010), except as otherwise noted. 

4.1 Integrated Gimbal (IG)
The IG unit shall have a small angle permanent-magnet three-phase stepper motor with redundant windings driving an integral harmonic drive speed reducer driving a load-carrying output shaft. The actuators shall have a through-hole along the centerline. Position knowledge shall be via an integral redundant incremental encoder as defined in Section 3.5 of this document.

Each unit shall be identical with the exception of external removable hard-stops, which will limit the range of motion. Each unit shall be capable of being configured in two ways:

1) Providing limited travel with hard-stops, to be referred to as ‘Motor Type 1’ (MOTOR-1). The MOTOR-1 actuator requires ± 125 degrees of mechanical rotation in space operations.

2) Providing limited travel with hard-stops, to be referred to as ‘Motor Type 2’ (MOTOR-2). The MOTOR-2 actuator requires ± 90 degrees of mechanical rotation in space operations.

4.1.1 Physical Characteristics
Detailed envelope and interface drawings (mechanical and electrical) shall be supplied to the Government. All Contractor drawings prepared for this unit shall conform to the requirements of the General Principles for the Safety Design of Technical Products (MIL-DTL-31000B). The Contractor-provided interface control drawing shall include specific information regarding all of the following parameters.

4.1.2 Mass

Total as delivered,APSmass shall be less than or equal to 25 lbs. The Contractor shall also indicate the mass and the approximate center of mass on the interface control drawing.

4.1.3 Dimensions
Interface locations and physical envelope should be within the ranges specified in the NASA GRC interface drawing XXXXXXXX. The Contractor-provided interface control drawing shall include specific details and dimensions including but not limited to:
a. Size, location and tolerance of mounting holes

b. Flange thickness

c. Overall physical envelope

d. Variations from the dimensions shown in NASA GRC interface drawing XXXXXXXX
4.1.4 Materials and Finish

All materials and processes shall be in accordance with spaceflight standards and approved by the Government. All parts shall be passivated and external surfaces shall be conductive, with a maximum resistance of 109 ohms/square. Aluminum parts shall be finished with iridite per the Chemical Conversion Coatings on Aluminum and Aluminum Alloys (MIL-C-5541, Class 3). Titanium surfaces shall be finished per the Anodic Treatment, Titanium and Titanium Alloys Solution PH 13 or Higher (AMS 2488) Type II, and conductive surfaces identified in the design shall be masked. Stainless steel 440C bearing materials shall be either 440C CEVM (per SAE-AMS-5618) or bearing grade 440C (per SAE-AMS-5880) based on load and life requirements.

4.1.5 Cleanliness

The assembly and integration shall be performed in a class 100 environment. The test operations should be performed in a clean, dust-controlled environment such that performance is not compromised. The units shall be inspected after test and re-cleaned if necessary. The units shall be delivered in visibly condition.

4.1.6 External Leakage

There shall be no external leakage of solid or liquid lubricant (oil or grease). Molecular/vapor loss of lubricant under vacuum shall be minimized through the use of labyrinth seals and barrier films to ensure adequate lubricant quantity throughout the specified mission life.

4.1.7 Identification and Marking

Each unit shall be permanently marked with the part number and a unique sequential serial number in the area designated on the interface control drawing (XXXXXXX), in a manner to be approved by the Government.

4.1.8 Wiring Configuration

Power wires shall be grouped and shielded separately from signal wires. Power wires and signal wires shall each be bundled and shielded. A unique color coding scheme shall be implemented to distinguish between conductors within either the primary or redundant harnesses. Color coding of the primary and redundant harnesses may be identical. 
4.2 Mechanical Performance
Actuator assemblies shall have the following nominal performance characteristics, except as otherwise noted.

4.2.1 Hard Stops 
The actuators shall have two external hard stops, one at each end of the operational range of travel. Hard stops shall be located according to Table 4-1. Hard stop shall be specified at the time of contract award.
Table 4‑1 Hard Stop Locations

	Actuator Type
	Location A
	Location B



	MOTOR-1
	+TBD degrees
	-TBD degrees

	MOTOR-2
	+TBD degrees
	-TBD degrees


The actuator hard stop design shall enable the reconfiguration of hard stops in either the MOTOR-1 or MOTOR-2 configuration. In addition, reconfiguration by replacing output encoder disks will allow actuator conversion from one type to the other. The hard stops shall be capable of withstanding continual application of the maximum actuator output with no damage.

4.2.2 Stalled Condition

The actuator shall be capable of meeting nominal performance requirements after running

continuously under flight-like conditions against the hard stops at maximum operational

temperature and in vacuum without any damage to the unit for a period and at the pulse rate and voltage as indicated in Table 4-2. All “follow-on” units shall demonstrate this capability at nominal voltage and ambient conditions.

Table 4‑2  Stalled Test Periods

	Test
	Time
	Temperature
	Pressure
	Operating Condition



	Qualification
	60 Minutes
	Max operating
	1 x 10-5 Torr
	28 pps at 28 Vdc



	Acceptance
	1 Minute
	Ambient
	Ambient
	10 pps at 28 Vdc




4.2.3 Center Through-Hole

The actuator shall have a center through hole with no obstructions and a quill shaft running through the actuator from the output to the opposite end in order to drive the position sensors as well as accessories as defined in this document. The shaft shall have a minimum inner diameter of 23.9 millimeters (mm) (0.940 inches). The end of the quill shaft shall have threaded holes as shown in the GRC interface control drawing (XXXXXXXX).

4.2.4 Accessory

The actuator shall be designed so as to support an accessory device of up to TBD LBS with a center of gravity cantilevered on the center axis TBD inches behind its interface, The actuator must be capable of supporting these loads in the environment described in Table 5-1 and 5-2.
4.2.5 Motor Step Size

The motor step size shall be less than 2 degrees.
4.2.6 Output Step Angle

Output step size shall be 0.0075 degrees with a maximum output repeatability deviation not to exceed ±0.0015 degrees.

4.2.7 Accuracy

Absolute output accuracy shall be  ± 1 step when compared against the number of steps from a reference position and the average step size.
4.2.8 Reduction Gear Ratio

The reduction gear ratio shall support angular step angle and step rate requirements.

4.2.9 Slew Rate

The slew rate shall not be less than 30 degrees per minute at qualification temperatures. For the lower inertial load specified in XXXXX, this requirement shall be met without having to ramp the input to the motor.  The maximum time to ramp up to speed or from speed to a stop must not exceed 2 seconds.

4.2.10 Output Rotation Rates

The actuator shall support operational tracking step rates from 0 through 7 Pulses per sec (PPS), continuous range over the life of the mission. The actuator shall be capable of an output rate of at least 30 degrees per minute at a step rate no greater than 200 PPS.

4.2.11 Output Capability

The actuator shall be capable of driving the following combination of loads (inertial, frictional, and offset) at the output at all operational speeds at worst-case operational temperatures and at minimum drive voltage.

4.2.12 Inertial Load

The inertial output capability shall be in accordance with Table 4-3. This load is applied to flight and ground test cases.

Table 4‑3  Inertial Load Capability

	Application
	Actuator Type
	Inertial Load
	Resonant Frequency



	IG
	MOTOR-1, MOTOR-2
	TBD kg-m2
(697,000 lbm-in2)
	1-2 Hz




4.2.12.1 Frictional Load

The frictional load on the output shaft shall be 0.3 N-m (2.5 in-lbs). The frictional load on the output quill shaft shall be 1.7 N-m (15 in-lbs). These loads apply to flight and ground test cases.

4.2.12.2 Ground Test Offset Load

The offset load on the output due to operation in 1g shall be 26.7 N-m (235 in-lbs). This

torsional load applies to ground test cases only.

4.2.12.3 Ground Test Direct Load

The direct load on the output due to operation in 1g shall be 220 N (50 lb) side load and 100 N-m (890 in-lb) bending moment load. These loads apply to ground test cases only.

4.2.13 Holding Torque

The actuator shall provide the minimum torque levels given in Table 4-4 at the output flange at worst case operational temperatures as defined in Table 5-7:

Table 4‑4  Holding Torque Requirement

	Operation Condition


	Required Torque

	Un-powered
	28 N-m (250 in-lbs)


4.2.14 Stiffness

The bending, axial, and lateral stiffness of the actuator shall be within the values shown in Table 4-6. Stiffness outside of this range may be acceptable but must be evaluated on a case-by-case basis for effects on overall system frequency and dynamic loading considerations. If approval is given for stiffness outside the stated range, the Government reserves the right to modify the actuator combined limit loads listed in Table 5-2.  The torsional stiffness shall be within the range shown in Table 4-5. The variation in torsional stiffness between individual units shall be within 30%.
Table 4‑5  Stiffness Requirements

	Stiffness
	Levels

	Torsional
	Minimum: 11,300 N-m/rad

(100,000 in-lbs/rad)

Maximum: 56,490 N-m/rad

(500,000 in-lbs/rad)



	Bending
	169,500 N-m/rad

(1,500,000 in-lbs/rad)

	Axial
	Minimum: 35x106 N/m

(200,000 lb/in)

Maximum: 105x106 N/m

(600,000 lb/in)



	Lateral
	Minimum: 35x106 N/m

(200,000 lb/in)

Maximum: 105x106 N/m

(600,000 lb/in)




4.2.15 Shaft Load Capability

The actuator shall be capable of achieving the performance required in this specification after exposure to the loading given in Tables 5-1 and 5-2.
4.2.16 Rotational Wobble 
The deviation in parallelism from the input flange to the output flange shall not exceed

2.0 arc minutes for any rotational position.

4.3 ELECTRICAL PERFORMANCE

4.3.1 Motor Type

The motor shall be a small-angle, three-phase Wye, six state, permanent-magnet stepper motor. It shall have redundant windings but not in bifilar fashion. A short or break in any winding shall not affect the redundant winding in any way and vice versa. The electrical time constant shall be less than 3.0 milliseconds.

4.3.2 Power

The actuator power consumption shall not exceed 12 watts (W) (at 28 Vdc) at 28 PPS with the actuator bulk temperature at or above 35 degrees C. It shall not exceed 16 W (at 28 Vdc) with the actuator bulk temperature of –10 degrees C at 28 PPS.

4.3.3 Voltage

Over the operating temperature range and for track and slew speeds motor terminal voltage will remain between the limits of 27 Vdc minimum and 31 Vdc maximum. Over this voltage range, the actuator shall meet all performance requirements described in this specification.

4.3.4 Pulse Width

For pulse rates above 28 PPS (cardinal stepping), the pulse width to the motor coils (length of time that motor winding is excited) shall be 1/x where x is the step rate in pulses per second and the pulse width is measured in seconds. For tracking rates below 28 PPS, the pulse width shall be 35+5 milliseconds for cardinal stepping. The pulse width shall be adjusted if a microstepping technique is employed and shall not cause any step overshoot condition or increasing total power requirement. The last pulse in a pulse train shall be greater than 35 milliseconds but shall not exceed 100 milliseconds.

4.3.5 Dielectric Strength

Dielectric material between mutually isolated electrical circuits shall withstand a test voltage of at least 200 V alternating current (Vac) for 60 seconds without exceeding a current of 1.0 milliampere (mA). Testing may be performed at 50 Vac for encoder circuits so as not to exceed maximum voltage ratings for encoder components.

4.3.6 Insulation Resistance

Insulation resistance between mutually isolated electrical circuits shall be at least 99.9 Megaohms at a test voltage of at least 500 Vdc for 60 seconds minimum. Testing may be performed at 50 Vdc for encoder circuits so as not to exceed maximum voltage ratings for encoder components.

4.3.7 Dual Stepping Mode Implementation

The actuator design shall be such that all performance requirements are met when the units are operated in either cardinal step or microstepping modes. Up to 64 microsteps per cardinal step are required. Microstepping will be implemented within the pulse width defined in Section XXXXX and will not be used to maintain position between stable motor detents.

4.3.8 LIFE REQUIREMENTS

4.3.9 Reliability
The Antenna Pointing System (APS) shall have a Mean Time Between Failures (MTBF) of no less than 50,000 hours.
4.3.10 Duty Cycle

The actuator shall accommodate a duty cycle consisting of tracking, slewing and hold modes that can run in either direction and shall support usage consistent with the required life. The actuators are required to track, slew and sit idle as outlined below. Tracking mode: The vast majority of the active usage of the actuators is in tracking mode.

4.3.11 Mission Life

Mission orbit life shall be 24 months.

4.3.12 Shelf Life

Shelf life shall be 10 years when packaged using agreed-to procedures.

4.4 Rotary Joints 
4.4.1 S-Band Rotary Joint
4.4.1.1 Frequency Bandwidth

The operational frequency bandwidth shall be from 2000 MHz to 2500 MHz.

4.4.1.2 RF Power Rating

The rotary joint shall be able to support up to 12 Watts of RF power.

4.4.1.3 VSWR

The VSWR shall be ≤1.5:1 over the operational frequency bandwidth

4.4.1.4 RF Loss

The RF loss through the rotary joint shall be ≤ 0.5 dB.

4.4.1.5 RF Connectors

The RF connectors into and out of the rotary joint shall be SMA-type connectors.

4.4.2 Ka-Band Rotary Joint

4.4.2.1 Frequency Bandwidth

The operational frequency bandwidth shall be from 22.5 GHz to 26.25 GHz.

4.4.2.2 RF Power Rating

The rotary joint shall be able to support up to 42 Watts of RF power.

4.4.2.3 VSWR

The VSWR shall be ≤ 1.2:1 over the operational frequency bandwidth.

4.4.2.4 RF Loss

The RF loss through the rotary joint shall be ≤ 0.2 dB.

4.4.2.5 RF Connectors

The RF connectors into and out of the rotary joint shall be WR-34 waveguide flanges.

4.5 Encoder
4.5.1 Type Description

Two redundant, dual disk, incremental encoders—one on the input and one on the output—shall be integral to the GA assembly to provide actuator position sensing. In general, the encoders shall provide incremental position sensing with respect to a unique home/reference position located at the center of travel as defined by the hard stop locations.

The encoders shall also provide a logical state change for each physical motor step taken, thereby providing an output resolution equal to the step size. 
4.5.2 Accuracy
The motor shaft encoder disk shall contain three tracks for the purpose of providing a once around reference tick and primary and quadrature position masks. The primary and quadrature masks shall be comprised of code lines out of phase by 90 electrical degrees such that each motor step and direction can be determined. The output shaft encoder disk shall contain three tracks for the purpose of providing primary and redundant channel, reference tick and limit sensing. Limit sensing shall be provided for the conditions indicated in Table 4-6. The location tolerance applies over the qualification temperature range as indicated in Table 5-7.
Table 4‑6  Encoder Limit Window Parameters

	Actuator Type
	Limit Location

Transition Edge
	Limit Mask Width

(minimum)


	Location Tolerance*



	MOTOR-1
	± 90.75°
	4°
	± 0.5°



	MOTOR-2
	± 45.5°
	4°
	± 0.5°




The motor output reference ticks shall be aligned such that this absolute reference position shall be known to one motor step. Within track variation of mask width and spacing shall not exceed 10% of nominal position values. Across track variation of mask position shall not exceed 10% of nominal values.

4.5.3 Encoder Alignment

The output encoder disk must be affixed to the output quill shaft and aligned such that the home ticks are centered on the actuator range of travel to within +10 motor steps. The motor shaft encoder disk must be affixed to the motor shaft and aligned to the output encoder disk at this location such that the reference tick is active when the home tick is active. The motor disk must be aligned such that encoder signal transitions occur midway (0.75 degrees +/- 0.2 degrees) between stable motor detents.

Figure 4-1 shows the required actuator motor rotor encoder states (not to scale, prime indicated by [A] and redundant by [B]), 180 degrees apart, in the vicinity of the Home/Reference position. True and Quad states repeat throughout the range of travel. The two index ticks (primary and redundant) are shown in the figure below and they are positioned 180 degrees apart from each other. One index tick at zero degrees for the primary home position is aligned with the primary read head and can only be read or detected by the primary head. The second index tick is located at 180 degrees for the redundant home position is aligned with the redundant read head and can only be read or detected by the redundant head. High and low states are relative voltage levels at the test connector. 

[image: image6.jpg]



Figure 4‑1 Motor Rotor Encoder State Diagram (degrees)
4.5.4 Redundancy

Each of the two encoder disks shall be designed to have redundant read station components. The primary and redundant absolute Home/Reference position shall be aligned to within 10 motor steps while complying with all requirements listed in Section X.X.X.
4.5.5 Electrical Interface

The encoder must be capable of operating within the performance requirements when externally driven by the Gimbal Control Electronics (GCE). The encoder electrical interfaces shall be included in vendor’s mechanical ICD:

· Input voltage +15 Vdc (Supplied by GCE)
· Input Return 0 Vdc (Referenced to analog ground in GCE)
· Output Voltage range Open collector and pull up resistor shall be supplied by GCE and the voltage range shall be between 0 Vdc and 15 Vdc applied over the mission life, including worst case temperature and radiation effect on all light emitting diodes (LEDs)
· Output Volts Low (Vth-lo) shall not exceed 0.5 Vdc
· Output Volt s High (Vth-hi) shall be greater than 14.5 Vdc
· Input Current Input Current 20mA (low level) to 35mA (high level), 10% tolerance

The total number of wires required to independently operate each encoder (prime or redundant) shall not exceed nine (9) per side after combining common signals. For reference, a typical encoder LED drive circuit is depicted in Figure 3-5. The six LEDs used in the motor rotor and output optical encoders in each actuator shall be wired in series. The drive for these LEDs shall be a constant current source from the GCE. For each actuator position sensor, the LED interface shall consist of two wires: a source (resistor isolated, nominal “+15V Analog” standard distribution) and a return to the constant current sink in the GCE as shown.

4.6 Gimbal Controller

The gimbal controller will provide control and monitoring of the previously specified gimbal actuator.

4.6.1 Design and Construction
4.6.1.1 De-rating of EEE Components
Selection and de-ration of EEE components per EEE-INST-002 level 2. 
4.6.1.2 Burn-in
The Flight System shall conduct burn-in testing lasting for 100 hours minimum.
4.6.1.3 Prohibited Materials
The use of pure tin, zinc, cadmium, or other metals subject to whisker formation shall be prohibited for platings, coatings or surfaces of components.

4.6.1.4 Contamination Control
Visually clean per SN-C-0005, “Space Shuttle Contamination Control Requirements”.
4.6.1.5 EMI/EMC
Rationale: Design to comply with requirements as specified in SSP5700-ELC, “Attached Payload Interface Requirements Document - EXpedite the PRocessing of Experiments to Space Station (EXPRESS) Logistics Carrier (ELC) Cargo Interface Requirements” section 3.2.2.11.
4.6.1.6 Conducted Emissions
Compatible with SSP30237 CE01, CE03, CE07, CS01, CS02 and CS06 limits
4.6.1.7 Corona Suppression
The Flight System shall not exhibit corona during normal operating conditions per MIL-STD-531, “High Voltage Design Criteria     

4.6.1.8 Electrical Bonding
Conductive electrical surfaces electrically bonded through mounting interface by less than 2.5 milli-ohm.

4.6.1.9 Input power to chassis isolation
Input power and return line isolated from chassis by greater than 1 mega-ohm.

4.6.1.10 Secondary voltage reference
Internally generated voltages shall be referenced to chassis
4.6.1.11 Workmanship
A. The Flight System design shall meet the requirements as specified in NASA-STD-8739.2, "Workmanship Standard for Surface Mount Technology", or equivalent.
B. The Flight System design shall meet the requirements as specified in NASA-STD-8739.3, "Soldered Electrical Connections", or equivalent.
C. The Flight System design shall meet the requirements as specified in NASA-STD-8739.1, "WORKMANSHIP STANDARD FOR POLYMERIC APPLICATION ON ELECTRONIC ASSEMBLIES", or equivalent.
D. The Flight System design shall meet the requirements as specified in NASA-STD-8739.4, "CRIMPING, INTERCONNECTING CABLES, HARNESSES, AND

WIRING", or equivalent.
4.6.1.12 Nominal Single-event Effects Ionizing Radiation
Compatible for LEO environment.
4.7 Electrical Interfaces

4.7.1 Power interface
Design to comply with 28VDC power interface as specified in “Attached Payload Interface Requirements Document - EXpedite the PRocessing of Experiments to Space Station (EXPRESS) Logistics Carrier (ELC) Cargo Interface Requirements” section 3.2.2

4.7.2 Communication Interface

Communications interface to system provided through MIL-STD-1553B dual redundant interface.

4.7.3 Motor interface

Two motor interfaces provided.  Interface provided compatible with previously specified motors.

4.7.4 Motor Feedback

Motor feedback provided for two actuators as previously specified.
4.7.5 Health and Status

Internal measurements to the motor amplifier or gimbal assembly provided as required to determine nominal health the gimbal assembly.
5.0 ENVIRONMENTAL REQUIREMENTS

The actuator shall be designed to meet all of the performance and other design requirements of this specification.

5.1 Static Loads

The actuator shall be capable of withstanding the inertial loads in Table 4-4, applied individually. The actuator shall also be capable of withstanding the combined limit loads of Table 5-1. The load shall be applied to the output while input flange is supported. In the analysis, a factor of safety of 1.4 shall be applied to material yield and 2.0 shall be applied to material ultimate strength. The output bearings shall be designed such that the mean Hertzian stress does not exceed 2410 Mpa (350 ksi) with shoulder heights sufficient to contain the contact zone. The Hertzian stress calculation shall employ a factor of 1.4 on the loads.
Table 5‑1. Actuator Inertial Limit Loads

	Direction
	Acceptance (Limit) Loads
	Qualification Loads



	X
	20g
	25g

	Y
	20g
	25g

	Z
	20g
	25g


Table 5‑2  Actuator Combined Limit Loads Act Simultaneously

	Direction
	Acceptance (Limit) Loads
	Qualification Loads



	Transverse Shear
	1438 N (350 lbs)
	1797 N (400 lbs)



	Axial
	3519 N (800 lbs)
	4399 N (1000 lbs)



	Moment
	160 N-m (1450 in-lbs)
	200 N-m (1800 in-lbs)




5.2 Dynamic Loads

5.2.1 Random and Sine Loads

The actuator shall be capable of withstanding the random vibration levels shown in Table 3-11. The actuator shall also be capable of withstanding the sine vibration levels of Table 3-12. The loads are considered to act in any of the three mutually perpendicular component axes.

Table 5‑3 Random Vibration

	FREQUENCY

(HZ)


	Acceptance

(Flight) LEVELS

(g2/Hz)


	Qualification

(PROTOTYPE) LEVELS

(g2/Hz)



	20
	.013
	0.026

	20-50
	+6dB/oct
	+6dB/oct

	50-800
	.08
	0.16



	800-2000
	-6dB/oct
	-6dB/oct

	2000
	.013
	0.026



	Overall Grms
	10.0 Grms
	14.1 Grms




Note: 2 minutes/axis for qualification testing and 1 minute/axis for acceptance testing.

Table 5‑4 Sine Sweep Vibration Test Levels

	Frequency

(Hz)


	Acceptance

(Flight Levels)

(G Zero Peak)


	Qualification

(Prototype Levels)

(G Zero Peak)



	5 – 10
	2 g
	2.5 g



	10 – 20
	4 g
	5 g



	20 – 35
	13 g
	16 g



	35 – 50
	7 g
	9 g




Notes: 
Ramping to full level is acceptable where required by shaker displacement limitations. 
2 octaves/minutes for qualification testing and 4 octaves/minute for acceptance testing.

5.2.2 Fatigue

The IG design shall show positive margins for fatigue. The number of cycles shall consider 1) testing at the component level, assembly level, and 2) re-test following any re-work, 3) shipping and handling, 4) launch and on orbit. Specifically, the solder leads on components shall be analyzed and shown to have positive margins with respect to fatigue. The fatigue analysis shall have a scatter factor of 4 applied.

5.2.3 Frequency Requirement

The component shall have a fundamental frequency greater than 50 Hz when hard mounted at its interface flange.

5.2.4 Dynamic Torsion Load

When the unit is in an unpowered state, it shall be capable of withstanding a torque of 34 N-m (300 in-lb) at a frequency of 45-55 Hz. After application of this load has ceased, the unit must be capable of meeting all of the performance requirements stated in this specification. Any capability in excess of this should be noted.

5.2.5 Shock

The maximum expected shock environment at the component interface is shown in Table 3-13. The component shall be assessed for damage due to shock based on shock sensitivity or proximity to shock sources. If the component is not considered susceptible to the shock environment, shock testing can be deferred to the level of assembly that allows for actuation of the actual shock-producing device. If the component is considered to be susceptible to the shock environment, the contractor may need to perform a shock test to demonstrate that the item can survive the predicted shock environment. The CONNECT Project will assess shock environment based on the specific component location.
Get HTV Loads from H-II User Guide

Table 5‑5 Limit Level Shock Response Spectrum

	Frequency (Hz)
	Level (Q=10)



	100

100 to 1000

1000 to 10000


	150 g

+7.5 dB/Octave

2000 g




5.2.6 Acoustic

The component shall be designed to meet its performance requirements after being subjected to the acoustic environment listed in Table 3-14. The sound pressure levels are based on the specified launch vehicles only. Please note that the Atlas V sound pressure levels were increased to satisfy the General Environmental Verification Standards (GEVS) for Flight Programs and Projects (GRC-STD-7000) minimum workmanship environment.

Get HTV Loads from H-II User Guide

Table 5‑6 Limit Level Acoustic Environments

	Delta IV Medium

Sound Pressure Level (dB)
	Center Frequency (Hz)
	Atlas V 401

Sound Pressure Level (dB)

	0
	25
	114

	119
	31.5
	118.0

	122.5
	40
	125.1

	125.2
	50
	122.5

	126.3
	63
	124.0

	128
	80
	124.5

	129
	100
	126.0

	130
	125
	126.0

	130
	160
	127.2

	130
	200
	127.0

	130
	250
	126.5

	130
	315
	126.0

	129.5
	400
	126.0

	128.0
	500
	124.5

	125.0
	630
	122.0

	123.0
	800
	119.5

	121.0
	1000
	116.5

	119.5
	1250
	114.0

	118
	1600
	112.0

	116.5
	2000
	114.0

	115.0
	2500
	112.5

	113.5
	3150
	111.0

	112.0
	4000
	112.0

	110.5
	5000
	114.0

	109.0
	6300
	113.5

	107.5
	8000
	114.0

	106.0
	10000
	115.0

	140.0
	OASPL
	137.0


5.3 Thermal

Actuators shall be capable of meeting all performance requirements of Section 3.3 while operation at stator temperatures defined in Table 3-15. Additionally, the actuator shall be capable of meeting all requirements with a gradient of 15 degrees C between mounting  and output flanges. Temp TBD
Table 5‑7 Temperature Limits as Measured at Motor Stators 
	Condition
	Cold Limit

(degrees C)
	Hot Limit

(degrees C)



	Actuator Operational Temp
	-40
	+60

	Actuator Acceptance Temp
	-45
	+65

	Actuator Qualification Temp
	-50
	+70

	Actuator Cold Survival Condition
	-80
	N/A

	Actuator Hot Survival Condition
	N/A
	+80


5.4 Vacuum

The actuator shall be capable of meeting all performance requirements of Section 3.3 at ambient as well as when exposed to a vacuum environment of 1 x 10-5 Torr.
5.5 Humidity

The actuator shall be capable of meeting the requirements herein after and during exposure to 20 to 70% relative humidity prior to launch. 
5.6 Venting

If the component has less than 0.25 square inches of vent area for each cubic foot volume, it shall demonstrate the ability to survive the maximum pressure profiles described in the figures below. 
5.7 Radiation

Single Event Upset (SEU) - a change of state or transient induced by an energetic particle such as a cosmic ray or proton in a device.  This may occur in digital, analog, and optical components or may have effects in surrounding interface circuitry (a subset known as Single Event Transients [SETs]).  These are “soft” errors in that a reset or rewriting of the device causes normal device behavior thereafter.

Single Hard Error (SHE) - a SEU that causes a permanent change to the operation of a device. An example is a stuck bit in a memory device.

Single Event Latch up (SEL) - a condition that causes loss of device functionality due to a single event induced high current state.  A SEL may or may not cause permanent device damage, but requires power cycling of the device to resume normal device operations.

Single Event Functional Interrupt (SEFI) - a condition that causes loss of device functionality due to a single event in a device control register.  It generally requires a device reset to resume normal device operations, but, for some devices, a power cycle is necessary to resume normal device operations.

Single Event Burnout (SEB) - a condition that can cause device destruction due to a high current state in a power transistor.

Single Event Gate Rupture (SEGR) - a single ion induced condition in power Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETs) that may result in the formation of a conducting path in the gate oxide.

Single Event Effect (SEE) - any measurable effect to a circuit due to an ion strike. This include (but is not limited to) SEUs, SETs, SHEs, SELs, SEFIs, SEBs, SEGRs, and Single Event Dielectric Rupture (SEDR).

Multiple Bit Upset (MBU) - an event induced by a single energetic particle such as a cosmic ray or proton that causes multiple upsets or transients during its path through a device or system.

Linear Energy Transfer (LET) - a measure of the energy deposited per unit length as an energetic particle travels through a material.  The common LET unit is MeV*cm2/milligram (mg) of material (International System of Units [Si] for Metal Oxide Semiconductor [MOS] devices, etc.).

Threshold LET (LETth) - the minimum LET to cause an effect at a particle fluence of 1E7 ions/cm2. Typically, a particle fluence of 1E5 ions/cm2 is used for SEB and SEGR testing.

5.7.1 Total Ionizing Dose

No effect due to total ionizing dose (TID) shall cause permanent damage to, or degradation of the component.  All parts shall be assessed for sensitivity to TID effects.

If part test data do not exist, ground testing shall be required.  

For commercial parts, testing shall be required on the flight procurement lot.

All testing shall be Cobalt-60 (Co-60) testing as per Test Method Standard, Microcircuits (MIL-STD-883 Method 1019.6).

For any part that is estimated to have on-orbit performance degradation due to TID, an analysis shall be performed to show that this degradation does not cause damage to or induce degradation of the component performance.

5.7.1.1 Total Ionizing Dose Environment Specifications

The TID requirement shall be 10.8 krad-Si.

If high dose rate archival data are used for considering TID sensitivity of any particular linear bipolar or Bipolar Complementary Metal Oxide Semi-Conductor (BiCMOS) part, the TID requirement is 37.8 krad-Si.

If a part's performance degradation due to TID is not acceptable using the top-level requirements, then the space radiation environments shall be estimated using a 3 dimensional Monte Carlo analysis or a ray trace analysis.  Table 5-8 shows the mission dose level requirement as a function of aluminum shielding thickness.

Table 5-8.  Mission Dose Requirements versus Al Shield Thickness

	Al shield Thickness (mils)
	Mission dose (krad-Si)

	100
	10.8

	150
	6.4

	200
	4.6

	300
	2.6


5.7.2 Part Displacement Damage Dose Specification

No effect due to Displacement Damage Dose (DDD) shall cause permanent damage to or degradation of the component.

Each part shall be assessed for potential sensitivity to DDD effects.

For those parts deemed sensitive to DDD, if part test data do not exist, ground testing shall be required.

For commercial parts, testing shall be required on the flight procurement lot.

All testing shall be performed using protons to a mission equivalent fluence.

For any part that is estimated to have on-orbit performance degradation due to DDD, an analysis shall be performed to show that this degradation does not cause damage to or induce degradation of the component performance. 

5.7.2.1 Displacement Damage Dose Environment Specifications

The top level DDD requirement for parts shall be 2.7E10 protons/cm2 of 10 Mega-electron Volts (MeV) protons.

Alternative proton energies can be used for test and analysis.  The requirement shall be scaled according to the Non Ionizing Energy Loss (NIEL).

5.7.3 Part Single Event Effects Specification

No SEE shall cause damage to a component or induce performance anomalies or outages that require ground intervention to correct.

If part test data do not exist, ground testing shall be required.

For commercial parts, testing shall be required on the flight procurement lot.

Immunity shall be defined as a LETth > 75 MeVcm2/mg.  

For any part that is not immune to SEL, an analysis shall demonstrate that the SEL probability of occurrence is negligible in the LRO mission environment.

All N channel power MOSFETs may be susceptible to SEB in the off mode.  N channel MOSFET shall be evaluated at the worst-case application.

The survival V Drain-Source (VDS) voltage shall be established from exposure to minimum fluence of 1E6 ions/cm2 with a minimum LET of 26 MeVcm2/mg and a range that is sufficient to penetrate the depletion depth of the device at its maximum voltage. The minimum ion range as a function of rated VDS is given in Table 5-9, below.

Table 5-9.  Minimum Ion Range as a Function of Rated VDS

	Max rated VDS (V)
	Minimum ion range (m)

	Up to 100
	30

	100 to 250
	40

	250 to 400
	80

	400 to 1000
	200


The application shall be derated to 75% of the established survival voltage.   

In the event that the application cannot be derated to 75% of the established survival voltage, a derating factor of 40% (of VDS rated) shall be applied for up to 200V devices from International Rectifier and Intersil when no data are available.

For any other device type and/or vender, a derating factor of 25% shall be applied when no data is available.

All power MOSFET may be susceptible to SEGR in the off mode; sensitivity shall be evaluated at the worst-case application.

The survival VDS voltage shall be established from exposure to minimum fluence of 1E6 ions/cm2 with a minimum LET of 26 LET MeVcm2/mg and a range that is sufficient to penetrate the depletion depth of the device at its maximum voltage.  The minimum ion range as a function of rated VDS is given in the table above.

The application shall be derated to 75% of the established survival voltage.    

In the event that the application cannot be derated to 75% of the established survival voltage, a derating factor of 40% (of VDS rated) shall be applied for up to 200V devices from International Rectifier and Intersil when no data are available.

For any other device type and or vendor, a derating factor of 25% shall be applied when no data is available.

For single particle events like SEU, SET, and MBU, the criticality of a part in its specific application shall be defined.   Please refer to the Single Event Effect Criticality Analysis (SEECA) document (431-REF-000273) for details.   A SEECA analysis or a Failure Modes Effects Analysis (FMEA) should be performed at the system level.

Component heavy-ion and proton testing (and from these a rate calculation) shall be performed on each application of each part.

SEE testing and analysis shall take place based on LETth of the candidate parts as described in Table 5-10, below.

Table 5-10. Environment to be Assessed Based on SEE Part LET Threshold

	Part Threshold
	Environment to be Assessed

	LETth < 12 MeVcm2/mg
	Galactic Cosmic Rays,

Solar Events Heavy ions and protons

	LETth = 12-75 MeVcm2/mg (destructive events)

LETth = 12-37 MeVcm2/mg (non destructive events)
	Galactic Cosmic Ray Heavy Ions, 

Solar Events Heavy Ions

	LETth > 75 MeVcm2/mg (destructive events)

LETth > 37 MeVcm2/mg (non destructive events)
	No analysis required


SEE environment specification (recall top level shielding is 100 mils equivalent Al):

For non-destructive events, a radiation design margin of 2 shall be used on all environment estimates when considering their effects on component performance.

The improper operation caused by single particle events like SEU, SET and MBU shall be reduced to acceptable levels.

Systems engineering analysis of circuit design, operating modes, duty cycle, device criticality, etc. shall be performed to determine acceptable levels for that device.  Means of gaining acceptable levels include part selection, error detection and correction schemes, redundancy and voting methods, error tolerant coding, or acceptance of errors in non-critical areas.
6.0 VERIFICATION

The contractor shall conduct a verification program that demonstrates the hardware design is qualified and meets all requirements contained in this document. The contractor shall provide a verification matrix defining the method of verification for each specific requirement of this document. Verification methods include inspection, analysis, test or a combination of these techniques. Certain requirements shall have a specific type of verification as stated in Section 4.4.

6.1 Inspection
Verification by inspection includes in-process and visual inspection of the physical hardware, a physical measurement of a property of the hardware, or the documentation search demonstrating hardware of an identical design has demonstrated fulfillment of a requirement.

6.1.1 Visual Inspection

In-process and final visual inspection of the physical hardware by a customer appointed qualified inspector.

6.1.2 Physical Measurement

Physical measurement of hardware property (i.e. mass, dimensions, etc.) demonstrating the hardware meets specific requirement.

6.2 Analysis Requirements
6.2.1 Stress Analysis

Verification of performance or function through detailed analysis, using all applicable tools and techniques, is acceptable with the following conditions. For structural loads, design qualification by analysis requires that positive margins of safety be shown using factors of safety of 1.4 on yield and 2.0 on ultimate.  All margins of safety shall be verified by a detailed hand stress analysis of the actuator that assesses all primary and secondary structure, joints, fasteners, bearings and gear loads.  The effects of any thermal inputs shall be reflected in the analyses as appropriate.  The results of these analyses shall be summarized in a Contractor format for the Mechanical Analyses Report.
6.2.2 Fatigue

Fatigue life of the harmonic drive shall be demonstrated with detailed analysis using the 95% reliability curves for the materials. The number of cycles to be used is per Section 4.3.10 using a factor of two and a reference load on the harmonic drive of 11 N-m (100 in-lbs) of torque.

6.2.3 Thermal Analysis

A thermal analysis shall be performed to assess the thermal design of the Gimbal Actuator.  The analysis shall consider the maximum and minimum operating temperatures to which the Elevation/ Azimuth Actuators will be exposed while in a vacuum environment. The analysis must also ensure the temperatures can be kept within guidelines and limits (i.e., bearing gradients) during operating and non-operating conditions (no motor power dissipation) with thermostatically controlled heaters placed around the motor housing.  Maximum bearing gradients (both radial and circumferential) shall be determined for worst-case operational conditions.  These analyses shall be used to determine the unit's capability to meet performance and life requirements.  The results of these analyses shall be summarized in a Contractor-format for the Thermal Analyses Report, which shall be provided for review as per the contract schedule.

6.2.4 Dynamic Analysis

A dynamic analysis shall be performed to show the IGs comply with all the requirements. This analysis shall predict performance of the IGs configurations and shall be capable of recovering reaction torques which will be reacted by the spacecraft.  Both cardinal and microstepping performance shall be evaluated.  The Contractor shall provide the dynamic models developed in order for GRC to predict spacecraft jitter disturbances with a high degree of confidence.

6.2.5 Wear

The wear life of all sliding or rolling surfaces, including the harmonic drive gear teeth and bearings, shall be demonstrated with a detailed analysis or by similarity using appropriate margins of safety. The reference load on the output bearings should be no more than the axial preload. Reference cycles are listed in Section X.X.

6.2.6 Lubrication

The Contractor shall provide analysis to show that sufficient lubricant is available throughout the life of the actuator so that it can meet its specified performance and life requirements as defined in Section X.X. The Contractor shall also provide a stress-cycle analysis (also known as a ballpass analysis) or flight heritage to support the lubricant choice.

6.2.7 Motor Torque Margin

Provide analysis showing that the output torque stated in Section X.X is attainable at all specified speeds under the worst case operating conditions. This analysis shall show that the output capability shall be met given the following:

Flight torque margin:

Ta > 4 x Tunknown + 1.25 x Tknown

Ground Torque Margin:

Ta > 1.25 x Tunknown + 1.25 x Tknown

Where Ta = the torque available at the output under worst case environmental and operating conditions.
Tunknown = all frictional and other resistive torques that are difficult to characterize over

life, i.e. bearing friction, harmonic drive efficiency, etc.

Tknown = all inertias and other resistive torques that do not change over life

This calculation shall include all components from input of torque at the motor rotor (prime mover) through the actuator assembly to the output.
6.3 Testing
Represents a detailed test of performance and/or functionality throughout a properly configured test setup where all critical data taken during the test period is captured for review. Performance parameter measurements shall be taken to establish a baseline that can be used to assure that there are no data trends established in successive tests that indicate a constant degradation of performance within specification limits that could result in unacceptable performance in flight. In-process production evaluation tests, burn-in or wear-in tests, and environmental stress screening tests may be considered as a baseline for final verification tests.

6.3.1 Acceptance Test

The verification process that demonstrates that hardware is acceptable for flight. It also serves as a quality control screen to detect deficiencies. The test levels are limit level. The temperature levels are 5 degrees C beyond operational temperature extremes. These tests are conducted only on flight hardware for which the design has already undergone a prototype or protoflight qualification.

6.3.2 Qualification Test

The verification process that demonstrates hardware design performance under environmental stresses encountered during handling, launch, ascent and orbit. It also serves as a quality control screen to detect deficiencies. The test levels are Limit Level with an added test dependent test factor. The temperature levels are 10 degrees C beyond operational temperature extremes. The test conditions are intended to be more severe than field conditions in order to provide better assurance of locating faults, thus compensating to some extent for the statistical limitations of the sample size. However, the conditions are not intended to be severe enough to exceed reasonable safety margins or to excite unrealistic modes of failure. 
6.3.3 Performance Tests

The verification process that includes electrical and functional testing developed to gather critical data necessary for requirement verification. Performance tests shall exercise GA functions individually and as a whole to demonstrate compliance of requirements. The requirements to be verified by the performance tests shall be defined in the Contractor’s Verification Test Plan. Performance test data shall be gathered for each GA at nominal operating voltages and room temperature to establish a performance baseline.

6.3.4 Test Failures

The test shall be stopped if equipment fails during testing in cases where this failure will result in damage to the flight hardware. Otherwise, on approval of the COTR, the test shall be completed to obtain as much information as possible.

6.3.5 Test Procedure

The Government shall review and approve test procedures for all tests. Test procedures shall include pass/fail criteria and Mandatory Inspection Points (MIPs) for QA.
6.3.6 Non Conformance 

When a non-conformance occurs during testing, the supplier shall discontinue testing and report the non-conformance to NASA GRC within 48 hours. The supplier shall document all trouble-shooting steps and corrective actions taken.
6.4 Required Verification Methods
The following requirements shall be verified using the verification methods specified. The

methods are based on standard practices used for space flight hardware.

Table 6‑1  Verification Methods

	Requirement


	Reference Paragraph


	Verification Method


	Comment



	Mass
	4.1.2
	Inspection
	Measurement



	Worst Case Operating Conditions
	
	Test
	Comment 1

	Motor Torque Margin
	
	Analysis
	Comment 2

	Stall Condition
	4.2.2
	Test
	Qual: 60 minutes

Acc: 1 minute



	Radiation – Total Dose
	5.7
	Test or

Analysis
	Comment 3



	Radiation – Single Event Effects
	5.7.3
	Test or

Analysis
	Comment 5



	Thermal Vacuum
	5.3
	Test
	Comment 6



	Life
	4.3.10,
4.3.11,
5.3

	Test
	Comment 7



	Sine Sweep
	5.2.1
	Test
	

	Random Vibration
	5.2.1
	Test
	

	Motor step output angle
	4.2.5
	Test
	

	Position sensor/alignment
	4.5.3
	Test
	

	Operational tracking/slew step
	4.29
	Test
	

	Output capability
	4.2.11
	Test
	Demonstrated in

11,400 cycle life

test



	Holding torque
	4.2.13
	Test
	

	Stiffness
	4.2.14
	Test
	

	Strength
	5.1,

6.2

	Test or

Analysis


	

	Dielectric strength
	4.3.5
	Test
	

	Insulation resistance
	4.3.6
	Test
	

	Electrical interface
	4.5.5
	Test
	Comment 8




Comment 1 (Worst Case Operating Conditions): Performance tests shall verify GA functionality at the minimum and maximum operating supply voltages for the minimum and maximum qualification temperatures (Table 3-15).

Comment 2 (Motor Torque Margin): The basis of the analysis shall be test data input friction vs. temperature at various speeds. The test article shall be identical to the flight design in terms of same bearings, harmonic drive, lubricants and additives (if any).

Comment 3 (Radiation-Total Dose): The Contractor shall show that all components are capable of fulfilling their intended applications after exposure to such a dose. For such potentially susceptible parts, demonstration of suitability shall require TID test data taken at low dose rate and under conditions appropriate to the application.

Comment 5 (Radiation – Single Event Effects): Single-event effects (SEE) are divided as nondestructive and destructive SEE. Component SEE immunity to these effects shall be demonstrated through analysis or test to meet the minimum LET thresholds and confidence levels specified in the following sections. The GA must be able to recover if upset due to an SEE condition either by reset or power-cycling. For reference, the LET spectrum for galactic cosmic rays in geosynchronous orbit is given in Table 3-18.

Comment 6 (Thermal Vacuum): The actuator shall be tested to the conditions defined in section 5.3 with the qualification thermal test profile shown in Figures 5-1 and 5-2. Acceptance thermal test profiles are shown in Figures 5-3 and 5-4. All performance requirements shall be verified at temperature plateaus and transitions. It is acceptable to eliminate the enforced thermal gradient between the input and output flanges for acceptance testing of flights units.
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Figure 6‑1 Thermal Testing Qualification Profile, 1st Cycle
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Figure 6‑2  Thermal Testing Qualification Profile, 2nd  Cycle to end
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Figure  6‑3  Thermal Testing Acceptance Profile, 1st Cycle
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Figure 6‑4  Thermal Testing Acceptance Profile, 2nd Cycle to End
Comment 7 (Life Test): The contractor shall provide data to show that the actuator has successfully operated in a manner that verifies the capability to achieve the life cycle described in Sections 4.3.10, and 4.3.11 and the operational environment described in Sections 6.3 and 6.4 for both the MOTOR-1 and MOTOR-2, and CONNECT configurations. 
Ground life testing may be done at an accelerated rate, provided that the increased rate does not enhance the life expectancy of the test article. Criteria to consider for establishing an accelerated life test speed shall include maintaining the same lubrication regime and allowing the motor rotor oscillations to settle to less than 10% of the initial overshoot or the ball motion does not exceed the Hertzian contact patch width, whichever is less, before taking the next step. 
The test should verify at least 2 times the expected nominal life. The actuator next higher assembly, the CONNECT and HGAS gimbals, will operate continuously; therefore, the limiting number of output cycles for the life of the actuator, considering on-orbit and ground testing use, be 11,400. 
For each gimbal configuration a cycle shall be taken as the tracking rotation it is subjected to in one day on orbit. The actuator must be characterized pre and post-test and must remain within performance specifications. Tear down inspection shall be performed after the completion of the life test for evaluation of lubricant condition, wear and debris.

Life testing that must be done shall be done on a deliverable prototype unit which shall be subjected to all environmental tests at the qualification level prior to the life test.

Comment 8 (Electrical interface): The contractor shall verify performance of the encoder electrical interface to ensure that Vth-hi and Vth-lo meet requirements at both 20mA and 35 mA.

6.5 Verification Test Plan

A Verification Test Plan shall be generated by the Contractor to perform verification tests. Verification tests must demonstrate acceptable performance over the specified range of performance requirements, measure performance parameters and reveal inadequacies in manufacturing and assembly such as assembly workmanship and any other problems.  

The plan should state the purpose of each test; state acceptance criteria; describe in detail the test method, configuration and instrumentation; and give the sequence of the tests.  The plan should include a test matrix summarizing all tests that shall be performed on the component.

This plan shall be a controlled document and shall indicate all changes made after the initial approval by the NASA/GRC COTR.  After verification test plan approval, no changes shall be made without written NASA/GRC COTR approval.
6.5.1 Verification Test Procedure

The Contractor shall generate Verification test procedures.  The verification procedures shall be step‑by‑step instructions for performing tests outlined by the Verification Test Plan and verification matrix.  The procedures should define the environmental conditions for the tests, the test configuration, required equipment and facilities, test constraints, use of diagnostic or performance test software, operating conditions, tolerance on all input stimuli, data to be recorded and pass/fail limits. 

Verification test procedures shall be controlled documents and shall indicate all changes made after the initial release for review to the NASA/GRC COTR.  Any additional changes shall be provided to the NASA/GRC COTR for review.

7.0 Project Management

7.1 Hardware Deliverables

Contractor shall provide the following:

1. An APS engineering test unit on loan for avionics checkout at GRC or contractor’s facility

2. A flight qualified APS 
7.2 Documentation

The contractor shall ensure the generation and delivery of all documentation as called for in the Contract.

In addition to that documentation specifically called for in the Contract, upon request by the NASA Contracting Officer (CO), the contractor shall make available a copy of any document or data generated during this contract performance for review either at the contractor's facility or via the internet.  This includes, but is not limited to, technical reports and memorandums, drawings, schematics, studies, analyses, parts and materials data, test data, alerts, etc.
7.3 Reviews and Meetings

7.3.1 Manufacturing Readiness/ Drawings Review

The contractor shall organize and present a Manufacturing Readiness/Drawing  Review (MRR) to the GRC Review Team at the Contractor’s facility on a date defined in the contract schedule. This review must demonstrate overall conformance of the requirements specified in the Integrated Gimbal Specification (XXXXXX). This review shall cover programmatic, technical, test and verification, manufacturing flow with inspection points, manufacturing procedures and QA topics.  This review shall provide an opportunity for both the Government and the Contractor to review the requirements and discuss items needing clarification.  This review shall also provide an opportunity to review drawings, documents, and all analyses requiring approval before the start of fabrication/manufacturing/assembly.

The Contractor shall provide a Manufacturing Readiness/ Drawing Review presentation package and all other required deliverable data one weeks prior to the review.  Refer to the contract schedule for the list of required deliverable data. Review minutes shall be prepared and, as a minimum, shall include attendance, action items, action item accomplishment responsibility, risk, risk mitIGtion, and agreements.  All items shall be in sufficient detail to be self-explanatory.  A report shall be prepared following the review and, as a minimum, contain meeting notice, agenda, review meeting minutes described above and responses to all recommendations and action items.
7.3.1.1 Gimbal Actuator Drawing Packing

The Contractor shall provide the following drawing/model packages: 

a) Program Management

b) Quality Assurance Implementation

c) Electrical, Mechanical, and Environmental specifications

d) Drawings

· Motor-1 and the Motor-2 Drawing trees 
· ELECTRICAL: interface drawings for the GAs (identical for Motor-1 and Motor‑2)

· MECHANICAL: interface drawings for the Motor-1 and the Motor-2
· MECHANICAL:  Three dimensional solid models that accurately represent the GA physical properties (size, interfaces, and mass properties).  These models shall be included with the submittal of the ICD/Drawing.
e) Parts, including stress analysis and radiation hardness assessment

f) Detailed architectural block diagrams for the different deliverable units

g) Manufacturing flow diagram with in process and other inspection points

h) Facilities

i) Verification test plan (including Performance Test Description and life test plan)

j) Electrical, Electronic, and Electromechanical (EEE) Parts, Materials and Processes Lists

k) Thermal analyses

l) Mechanical/Structural analyses

m) Actuator dynamic analysis

n) Electrical Worst-Case analyses, if applicable 

o) Failure Modes Effects Analysis (FMEA)

p) Interface Control Documentation

q) Subcontract items and flow of requirements

r) Risk MitIGtion strategies

s) Life test plan and heritage data

7.3.2 Hardware Acceptance Review

A Hardware Acceptance Review (HAR) shall be held at the contractor's facilities at the completion of verification tests and prior to shipment of the hardware to NASA.  A Data Delivery Package shall be presented one week prior to the review.
7.3.2.1 Data Delivery Package

The Data Delivery Package shall be made available for review during the HAR for hardware deliverables.  This package shall also be delivered with each end item with the level of detail required of that item.  The package should be comprised of, but not limited to, the following data:

All Items:

1. As-Built vs. As-Designed Material and EEE Parts List, (includes serialization/revisions, date codes, lot numbers)
2. Final Drawing Package (including rework instructions, if any)

3. Critical Parameters Trend Data,

4. Problem/anomaly reporting (complete copies of report)

5. Deviations/Waivers/open items/nonconformances and their dispositions,

6. Class I Material Review Boards (MRBs) (complete copies of reports)

7. Open items with proposed closure dates

8. List of Materials and Processes used,

9. Log of total operating time,

10. List and status of all identified Life-Limited Items,

11. Verification matrix, test data and compliance/non-compliance reports,

12. Flight connector mate/demate log (Flight Unit only)
13. Photograph Documentation (Pre-Closure and Closed) 

14. Certificate of Conformance

15. Structural Analysis Report

16. Thermal Analysis Report

17. Inspection (in-process ad final inspection) records

7.3.3 Technical Interchange Meetings and Telecons
The Contractor shall plan technical interchange meetings (TIMs) to be held at the contractor facilities or NASA. These TIMs shall support review and coordination of technical issues including, but not limited to, parts, test plans, test procedures, software changes, design modifications, and design analyses or any other issues.  The Contractor shall provide or develop presentation materials for each TIM based on an agreed-upon agenda and shall respond to all recommendations and assigned action items.
7.4 Notification to NASA/GRC Contracting Officer and Contracting Officer’s Technical Representative

The Contractor shall notify the Contracting Officer and COTR at least five (5) working days in advance of all mandatory inspections points (MIPs), test activities, and deliveries at either the Contractor’s or a sub-Contractor’s facility to permit the Government’s participation.  Refer to Section 6.0 for additional quality requirements.  These MIPs can also be performed with short notice to avoid delays in the assembly and fabrication of hardware.

7.5 Handling, Storage, Packaging, Preservation, and Delivery

Products shall be stored, preserved, marked, labeled, packaged, and packed to prevent loss of marking, deterioration, contamination, excessive condensation and moisture, or damage during all phases of the program.  Stored and stocked items shall be controlled in accordance with documented procedures and be subject to quality surveillance.

Contractor is responsible for providing an acceptable shipping container that protects the hardware appropriately, including electrostatic discharge (ESD). 

While in a shipping container, the item shall be wrapped in an ESD sealed bag and wrapped in a vapor barrier with redundant maximum humidity indicators.  In addition, the packaging materials shall not shed, transfer, or outgas contaminants on to the hardware.

The shipping container shall also include shock and humidity indicators and shall be capable of prolonged shipping conditions.  The Contractor shall document what action NASA/GRC COTR is to take if the sensors are tripped when hardware arrives at the NASA/GRC COTR receiving area.  A copy of this document shall be included with shipping documentation.

By executing the act of product shipment, the supplier certifies that the product complies with all contract requirements.  Prior to shipping, the contractor’s QA personnel shall ensure that:

1. Fabrication, inspection, and test operations have been completed and accepted and all open items are closed.

2. All products are identified and marked in accordance with requirements.

3. The accompanying documentation (developer's shipping and property accountable form) has been reviewed for completeness, identification, and quality approvals.

4. Evidence exists that preservation and packaging are in compliance with requirements.

5. Packaging and marking of products, such as ESD, etc., as a minimum comply with Interstate Commerce Commission rules and regulations and are adequate to ensure safe arrival and ready identification at their destinations.

6. The loading and transporting methods are in compliance with those designated in the shipping documents.

7. Integrity seals are on shipping containers and externally observable shock and humidity monitors do not show excessive environmental exposure.

8. In the event of unscheduled removal of a product from its container, the extent of re-inspection and retest shall be as authorized by NASA or its representative.

9. Special handling instructions for receiving activities, including observation and recording requirements for shipping-environment monitors are provided where appropriate.

The contractor’s QA organization shall verify prior to shipment that the above requirements have been met and shall sign off appropriate shipping documents to provide evidence of this verification.  The contractor shall ship Freight On Board (F.O.B.) Destination.  The contractor has the responsibility for any damaged incurred during shipment.

8.0 Quality Assurance

8.1 Quality Assurance Plan/Manual

The contractor shall implement a Quality Management System that meets the intent of the requirements of GRC-M0510.002, Space Assurance Requirements and Guidelines (SARG) and the CoNNeCT-PLN-0006, Product Assurance Plan or equivalent. GRC shall be notified of any changes to the QA program.

8.2 Surveillance of the Contractor

The work activities and operations of the contractor, subcontractors, and suppliers are subject to evaluation, review, survey, and inspection by GRC representative.

The contractor shall provide the GRC representative with documents, records, equipment, and working areas within their facilities that are required by the representative to perform their overview activities.

8.3 Government Source Inspection

The Government may elect to perform inspections at a supplier's plant.  The following statement shall be included on all procurement documents:  "All work on this order is subject to inspection and test by the Government at any time and place”. 

The Government Quality Representative who has been delegated NASA QA functions on this procurement shall be notified immediately upon receipt of this order.  The Government Representative shall also be notified 48 hours in advance of the time that articles or materials are ready for inspection or test.
8.4 Contractor Source Inspection

The contractor shall ensure that its procurement documents impose the applicable requirements on subcontractors and other suppliers.  The subcontractor and other suppliers shall in turn impose the requirements on their procurement sources.

The contractor shall perform source inspection at the subcontractor's or supplier's facilities in accordance with the procurement documentation or when one or more of the following conditions exist: 

1. In process, end item controls, or tests that are destructive in nature prevent the developer from verifying quality after delivery to the developer's facility.

2. It is not feasible or economical for the contractor to determine the quality of procured articles solely by inspections or tests performed at the contractor’s facility. 

3. Qualification tests are to be performed by the subcontractor or supplier. 
4. Products are shipped directly from the source to NASA, by-passing the contractor's inspection facilities.
8.5 Configuration Management

The contractor’s CM system (to be made available for review on request) shall control the design and hardware/software by means of drawings, specifications, and other documents and shall ensure all applicable changes are reviewed in a systematic manner to determine the validity and impact on performance, schedule and cost.  The contractor’s CM system shall have a change classification and impact assessment process that ensures Class I changes are forwarded to the NASA/GRC COTR for approval prior to release/incorporation.  Class I changes are defined as changes that affect form, fit, function at the Customer’s external interfaces, or performance and reliability requirements as stated within this document and item specification.  

All other changes are considered to be Class II changes and shall be controlled and dispositioned by the contractor. All Class II changes shall be provided monthly to the NASA/GRC COTR for information purposes.  Any flight item that is found to be non-compliant with the safety, mission success, quality, workmanship and performance requirements of the contract shall be dispositioned via a waiver or MRB, unless the affected item is reworked to restore compliance or is replaced with a fully compliant item.  The contractor shall submit Waivers and MRBs to the NASA/GRC COTR for final approval.

8.6 Anomaly Reporting

Reporting of hardware anomalies to the NASA/GRC COTR shall begin no later than the first power application or the first cycle/actuation for mechanical items at the start of acceptance testing. The NASA/GRC COTR shall be notified within 24 hours of the initial anomaly.

The Contractor’s processes for review, disposition and approval of anomaly reports shall be described in their quality plan/manual. In addition, the contractor’s anomaly reporting document shall describe the members of the MRB and Failure Review Board (FRB), including CONNECT Project participation.  These processes shall ensure that positive corrective action has been taken to preclude recurrence and that appropriate audits and tests are performed to verify the implementation of the corrective action. 

The Contractor shall provide, as part of the monthly report, as needed, a list of all open and closed anomaly reports.   For each reported anomaly or nonconformance, there shall be a report that documents the investIGtion and engineering analysis needed to determine the cause and corrective actions to disposition the nonconformance, and identify any closed problem reports that do not have a definitive cause or corrective action.  Reports shall be submitted to the NASA/GRC COTR for review and approval of the disposition. 

The supplier shall establish and maintain documented procedures to ensure product that does not conform to specific requirements is prevented from unintended use or installation.  This control shall provide for identification, documentation, evaluation, segregation (when practical), disposition of nonconforming product, and for notification to the functions concerned.

8.7 Reliability Requirements

The contractor shall prepare and conduct the following set of reliability analyses.

8.7.1 Failure Modes and Effects Analysis

The Contractor shall perform a Failure Modes and Effects Analysis (FMEA) in accordance with the GLWI-QE-8720.2, Failure Modes and Effects Analysis (FMEA), Critical Item Lists (CIL), and Fault Tree Analysis (FTA), and Procedures for Performing an FMEA (MIL-STD-1629).  The FMEA shall identify failures at the functional level and address attendant consequences. This analysis shall be provided to the NASA/GRC COTR for review.
8.7.2 EEE Parts Stress Analyses

The contractor shall perform select and parts stress analyses on Electrical, Electronic, and Electromechanical (EEE) parts and devices as employed in the circuit designs of the Flight Item to certify conformance with the de-rating requirements of the Instructions for EEE Parts Selection, Screening, Qualification, and De-rating (EEE-INST-002, level 2).  The analyses shall be documented, and justification shall be included for all applications that do not meet the de-rating criteria.  The Contractor shall use the EEE Parts Selection, Screening, Qualification, and De-rating (EEE-INST-002, level 2) to establish criteria.  Contractor de-rating guidelines may be considered in place of EEE Parts Selection, Screening, Qualification, and De-rating (EEE-INST-002, level 2) guidelines but shall be submitted for approval.   This analysis shall be provided to the NASA/GRC COTR for review.

8.7.3 Worst-Case Analyses

The contractor shall perform worst-case parameter analyses on performance critical or functional critical components for which excessive operating variations could compromise mission performance.  The contractor shall identify the worst case analyses planned to assure the design meets critical performance and life requirements.  Adequate margins in electronic circuits, optics, electromechanical devices, or other mechanical items (mechanisms) can be verified by analysis, testing or both.  When verification by analysis is used, the analyses shall consider all parameters at worst‑case limits and worst‑case environmental conditions for the parameter or operation being evaluated.  Similarly, when verification by testing is used, the testing shall be conducted to provide as direct a measure as possible of the critical performance or function while the element is subjected to worst-case parameter variations.  Elements that may warrant worst case analysis may include: control loops that require adequate phase and gain margin to operate properly, sensitive analog circuitry, power supply or switching circuitry, motor and actuator systems, electro-mechanical elements that require torque margin to operate over life and environmental variations.

8.7.4 Reliability Predictions

The contractor shall perform numerical reliability assessments of the design and of potential design options using reliability prediction techniques that include Reliability Block Diagrams (RBDs) and/or Fault Tree Analysis (FTA). The Reliability Modeling and Prediction (MIL-HBK-217) the NASA Fault Tree Handbook with Aerospace Applications, and the Reliability Prediction for Spacecraft (RADC-TR-85-229) provide guidelines for developing reliability predictions.  The predictions may use all available failure rate data, performance data, and/or failure estimates.  When estimating EEE failures, methods and techniques based on the Reliability Modeling and Prediction (MIL-HBK-217) are the preferred approach.  The contractor shall provide rationale for the use of other methods or techniques, as needed.  The contractor shall describe the level of detail of modeling or estimating that is considered suitable for performing the intended quantitative analysis.  Reliability comparisons shall be conducted for single-point failures and/or when the addition of functional or block redundancy is being considered.

8.7.5 Limited-Life Items

The contractor shall identify and manage limited-life items. Limited-life items are divided into two categories, limited operating life and limited storage life.  Limited-life items include all hardware that is subject to degradation because of limited shelf life or expected operating times or cycles such that their expected useful life is less than twice the required life when fabrication, test, storage, and mission operation are combined.  

The Project CO shall approve the use of an item whose expected life is less than twice the mission design life.

APPENDIX A MILESTONE SchedulE

To meet project milestones, the proposed schedule below is very aggressive. Each prospective contractor shall provide its schedule with the proposal.
	#
	Event
	Date

	1
	Award of Contract (AOC)
	XXXXX

	2
	MRR (Manufacturing Readiness/Drawings Reviews)
	AOC + 2 months

	3
	HAR (Hardware Acceptance Review)
	AOC + 11 months

	4
	Delivery of Gimbals
	AOC + 12 months

	5
	
	

	6
	
	


APPENDIX B Abbreviations and Acronyms Definition

AH Almost Home (encoder term)
APS Antenna Pointing System
BOL Beginning of Life

C Centigrade

CCB Configuration Control Board

CCR Configuration Change Request

CEVM Consumable Electrode Vacuum Melt

CM Configuration Management

CMO Configuration Management Office

dB Decibel

DDD Displacement Damage Dose

ENC Encoder

EOL End of Life

ETU Engineering Test Unit

FS Factor of Safety

G Acceleration due to Gravity at Earth’s Surface (e.g. 9.81 m/s2)

GA Gimbal Actuators

MOTOR-1 Gimbal Actuator, Type-1

MOTOR-2 Gimbal Actuator, Type-2

GCE Gimbal Control Electronics

GEVS General Environmental Verification Standards

GSE Ground Support Equipment

GRC Goddard Space Flight Center

H Home (encoder term)

HGA High Gain Antenna

HGAS High Gain Antenna System

Hz Hertz

ICD Interface Control Document/Drawing
IG Integrated Gimbals
Kg Kilogram

Km Kilometer

Ksi Thousand Pounds per Square Inch

LED Light Emitting Diode

LET Linear Energy Transfer

LOLA Lunar Orbiter Laser Altimeter

CONNECT Lunar Reconnaissance Orbiter

μm Microns

mA Milliamperes
MBU Multiple Bit Upset

MeV Mega-electron Volts

Mils Thousandths of an Inch

MIP Mandatory Inspection Point

Mpa Megapascal

MTR Motor

NIEL Non-Ionizing Energy Loss

OP Output

PPS Pulses per Second

PT Prototype

QA Quality Assurance

RTN Return

SAD Solar Array Drive

CONNECT Solar Array Drive Assembly

SC Spacecraft

SEB Single Event Burnout

SEE Single Event Effect

SEECA Single Event Effect Criticality Analysis

SEFI Single Event Functional Interrupt

SEGR Single Event Gate Rupture

SEL Single Event Latch up

SEU Single Event Upset

SHE Single Hard Error

TF int max Maximum Internal Friction Torque

TID Total Ionizing Dose

VAC Volts, AC

Vdc Volts, DC

Vds Drain Source Voltage

Vth-hi Logic State High

Vth-low Logic State Low

W Watts
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