IMPROVING SPACE FLIGHT HARDWARE SAFETY AND REDUCING COST OF THERMAL VACUUM TESTING THROUGH AUTOMATION
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ABSTRACT:

The Boeing Canoga Park Space Electronics Test Facility (SETF) was constructed for the development, qualification, and acceptance testing of the International Space Station Electrical Power System (ISSEPS) components.  The 100,000-class clean room facility houses a unique 12-chamber Thermal Vacuum and Cycling System (TVACS).  To support the high rate of hardware testing, test operations run a 7/24 operation.  A large staff of engineers and technicians is required to support the test activities for the 12 chambers.  In spite of the large staff, several incidents have occurred due to human error.  As a result, the thermal vacuum system control software was modified to provide for automatic temperature recovery and to be single-point fault tolerant.  In addition, audio aids were employed to provide for warning as well as for process prompting notifications.  These improvements result in both a complete elimination of temperature run away conditions and at least a 50% reduction in manpower.

This paper provides a brief overview of the SETF located in Canoga Park, CA.  It discusses some of the early problems plaguing the TVACS system and how the solutions to these problems have developed the TVACS into a world-class environmental test system.
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INTRODUCTION

As part of Boeing’s Space and Communications Group, Boeing Canoga Park (BCP) plays a major role in the development of the International Space Station Electrical Power System.  BCP’s Space Electronics Test Facility (SETF) was originally designed to support the development, qualification, and high volume acceptance testing of ISSEPS hardware.  The decade-long involvement in the ISS program has resulted in a superb test facility staffed with excellent team members whose expertise in space power electronics testing is among the most unique in the environmental test industry.

FACILITY DESCRIPTION

The Space Electronics Test Facility is a class 100,000 certifiable clean room facility with secured entry control and video surveillance.  The first floor of the main test lab houses two separate vibration systems, one of which is among the largest in the world with a total force pound rating of 44,000 lbs force.  Figure 1a and 1b are photographs of the larger shaker and the control console, respectively.  Within the lab resides the TVACS which is a uniquely designed set of vacuum clusters that has a 12-chamber total capability.  The uniqueness and capabilities of the TVACS is the subject of this paper.  Adjacent to the main test lab is the extension of the burn-in lab which houses 5 stand-alone thermal cycling and curing chambers (Figure 2).
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Figure 1a.  Large shaker table 
Figure 1b.  Large shaker control console
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Figure 2.  Thermotron Chambers

The second floor houses the Test Support Equipment (TSE) room where all of the high power test equipment used to perform electrical functional testing of ISS hardware resides.  Each suite of TSE is located directly above the test chambers with feedthrough cabling that links the equipment to the test hardware (Figure 3).  Next to the TSE room is the TVACS control room where all thermal test initiation and monitoring takes place.  SETF has a wide range of electricity supply ranging from standard 110 VAC to 208 / 480 VAC three-phase.  Generous un-interruptable power supply is also available to backup control systems and data collection equipment power.
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Figure 3.  Test Support Equipment suite

TVACS SYSTEM DESCRIPTION

The TVACS consists of two independent vacuum clusters that share a common controller and a hot standby backup controller.  The first subsystem is composed of a central high vacuum cryo pump with four radially attached chambers (TVACS-4).  The chambers are 6 feet in diameter and 4 feet deep with each chamber operating independently.  The second subsystem has an identical central cryo pump but is outfitted with eight smaller chambers attached in similar fashion (TVACS-8).  The small chambers are 3 feet in diameter and 3 feet deep.  All 12 chambers are of identical design with similar heating and cooling apparatus as well as a full compliment of vacuum and venting valves, see Figures 4a and 4b. 
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Figure 4a:  TVACS-4
Figure 4b:  TVACS-8

Each subsystem has an isolated manifold serving all the chambers within its cluster.  Each manifold is tied to a common vacuum chain serviced by two roughing pumps for initial pump down operations.  Due to the resource sharing design, only one chamber can be pump down at a time.  Typical pump down routine includes 5 “wash” cycles whereby the chamber is roughed down to 50 torr and backfilled with gaseous nitrogen up to 500 torr.  The purpose of the wash cycles is to remove moisture within the chamber prior to any thermal cycling activities.  At the completion of the cleansing operation, the pump down procedure continues by taking the chamber down to 0.01 torr using the roughing pumps.  Transitional pumping, using turbo-molecular pumps, is the next phase that takes the chamber down to 10-4 torr.  The final phase is the opening of the chamber’s high vacuum valve that links the chamber to the central cryo pump.  Typical high vacuum pressure achieved is 10-6 torr or lower.

The test article mounts onto a hinge-less door that is secured by vacuum only during the test, see Figure 5.  Each chamber’s thermal control system consists of three major elements: shroud, radiant lamps, and thermal interface plate (TIP).  
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Figure 5:  TVACS Chamber and Shroud Assembly

The shroud is a black aluminum shell lined with liquid nitrogen (LN2) tubing and electrical cartridge heaters.  The shroud serves the dual purpose of providing for a cryogenic cold sink during thermal vacuum testing as well as an alternating temperature environment during thermal cycle testing at 500 torr pressure.  During thermal vacuum testing, the shroud is completely flooded with LN2 to serve as a cold sink.  Whereas in thermal cycling, the shroud uses LN2 for the cold drive and heaters for the hot drive.  The shroud has a maximum temperature range of –180C (~ -300F) to +100C (+212F).

Interior to the shroud is the radiant lamp system, which consists of a multiple array of quartz heaters. Five separate banks of lamp heaters are placed throughout the chamber to provide uniform heating to the unit under test.  Each zone has its own feedback coupon and is independently controlled.  In cases where zone separation is required to replicate the uneven temperature distribution (as in typical on-orbit environment simulation), tunnel baffles can be used to isolate zone heating and prevent inter-zone cross talk.  The TVACS lamp system has a maximum capability of 3 suns (400 Watts/sq. in.) per zone.
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Figure 6.  Typical Thermal Interface Plate with GN2 Piping

The thermal interface plate (TIP) provides the main mounting interface to the test article besides being the chief source of thermal stimuli.  The TIP design is a two-piece approach.  The main plate is called the “cold” plate but actually embodies both the chilled GN2 passage loop and the electrical cartridge heaters for cooling and heating purposes.  The secondary plate is the “interface” plate that has the unique mounting mechanism and serves as the adapter between the test article and the cold plate.  Figure 6 shows a typical TIP setup.

Table 1 summarizes the overall capabilities of the TVACS system.
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Thermal cycle pressure:
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TVACS Performance Specifications


Table 1:  TVACS System Performance Summary

TRADITIONAL SYSTEM PROBLEMS

Most of the problems encountered in the TVACS system are temperature related, namely, temperature runaway conditions.  Although the system contains both software and hardware safety provisions, it is still not single fault tolerant.  For example, the TIP’s chilled GN2 gas lines are controlled by an inlet valve and an outlet valve, see Figure 7.  The inlet valve is a simple open/close operation type, whereas the outlet valve is a variable opening type.  The inlet valve stays open during the entire test to help keep the coolant loop evenly pressurized throughout.  The outlet valve is used to modulate the actual flow according to the test requirements.  The control software utilizes a proportional/ integral/derivative (PID) algorithm that has an excellent track record in producing quick and accurate responses with minimum overshoot.  

One of the most dramatic temperature runaway incidents occurred due to an improperly seated valve that ultimately resulted in a test article temperature of –180°C!  As in most incidents, there was not one but several contributing factors that came into play.  However, the root cause was that the outlet valve did not seat completely closed.  Because the inlet valve was always open, the leakage in the outlet valve created a constant flow of GN2.  The temperature of the gas is normally maintained at –80°C.  A venturi type mixer is used to blend in liquid nitrogen (LN2) at a rate that is proportional to the gas flow.  However, the constant flow created an excessive draw of LN2 such that the gas line was eventually filled with LN2 at –180C!  The PID control algorithm detected the low temperature condition, sent a “close” command to the outlet valve, and issued warning flags on the computer screen.  However, the outlet valve’s position feedback was already registering “closed”, and the warning flags were not noticed by the test crew who were busy moving another piece of program critical hardware.  Consequently, the test article was taken to –180C (-292°F), 140C (247°F) below the test requirement.
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Figure 7.  TIP GN2 Inlet and Outlet Valves

PROBLEM RESOLUTION

A few corrective items were immediately identified to help prevent this type of problem from recurring in the future.  From the hardware standpoint, the inlet valve should have been closed when an under temperature was detected.  This will eliminate the single point failure when one of the two valves mal-functions. Similarly, the circuit contactor should disengage when an over temp condition is detected although the heater’s Silicon Controlled Rectifier (SCR) has a zero output.  Software changes were also deemed necessary to provide for manual or pre-programmed overrides to the PID control loops.  In an over temp condition, the heater is forced to turn off while the gas output is forced on.  In an under temp situation, the opposite process will take place.  Finally, audible alarms were also introduced to add another dimension to the alarm notification process.  

AUDIO ALARM SYSTEM:  THE TURNING POINT

Although extensive and elaborate enhancements were made in both hardware and software to prevent further temperature runaway conditions, it was the addition of the audio alarm system that provided the ultimate answer to this ever-present threat.  What made the audible alarm system unique are the human spoken alarm messages as used in Hollywood sci-fi movies.  Instead of the traditional computer beeps and “bells and whistles”, pre-recorded spoken messages were used to deliver a more precise message and in a more user-friendly manner.  Each alarm message identifies the nature of the problem and the location (e.g. “Pressure alarm in chamber 1…”).  There are hundreds of unique alarm messages for the most frequent type of problems such as defective thermocouples and pressure/temperature deviations.  To provide for a crisp and clear broadcast of the alarms inside the noisy lab environment, high fidelity speakers driven by a high power amplifier are used instead of conventional PA speakers.  Up to a dozen hi-fi speakers are deployed throughout the entire lab area on the first and second floor.  The audio alarm system proved to be extremely helpful in the lab but it had one major drawback – it was still confined to the lab area.  This problem was quickly resolved with the use of some 900Mhz wireless speakers placed in the test engineers’ offices.  This resulted in the engineers being no longer tied to the test consoles and freed them up to pursue other tasks.

The audio alarm systems had a second powerful application – process prompting.  In the past, to support maximum capacity (12 chambers) testing, a staff of at least 2 test engineers and several technicians were required to perform test set ups, run functional tests, and monitor test chamber conditions.  Even with a large staff, lost time still occurred when a test segment was completed and was waiting for operator intervention.  The audio system turned out to be the perfect solution to this problem.  Once again, the same format used in generating the alarm messages was used for process prompts.  Each prompt identifies the location, the last sequence completed, and the next action to be taken (e.g. “Ramp complete in chamber 2, please…”).  Each message contains a “header” tone to warn test personnel of an upcoming message.  To distinguish an alarm from a process prompt, a siren sound is used in the alarm message header and a more pleasing musical note is used in the prompt.  With the prompting system established, test personnel no longer have to keep track of all the chamber test processes.  They can give their undivided attention to the immediate task without missing a beat in keeping the chambers running in the most efficient manner.

SUMMARY

The TVACS was a turnkey system provided by DynaVac, with substantial involvement from Boeing in the design phase.  The system was robustly built and has shown excellent performance. The system survived remarkably well in the 1994 Northridge Earthquake.  Its low maintenance requirements and high component reliability have played a key role in TVACS’ 99% uptime record. Nevertheless, it exhibits the same operational constraints common to most environmental test equipment.  

However, with the addition of the audio alarm system and the single-fault-safe feature enhancement in software, the TVACS system can virtually run itself.  It not only has saved program critical hardware from potential damage, it also has the lowest labor costs for equipment of its size and capability.  Test operations are now able to carry out its chartered duties efficiently with just one engineer and one technician on off-shifts.  The audio alarm system allows test operations to remain cost competitive and was instrumental in helping the Boeing Canoga Park team in capturing the Space Station EPS depot business.

THE FUTURE OF TVACS:  WHAT LIES AHEAD

While the TVACS system hardware’s high reliability rate has accounted for the system’s unparalleled record of uptime, it is the flexibility of the control software, Intouch by Wonderware, that makes these continuous process improvements possible.  The software combines both ease of use and powerful features that allow changes ranging from minor updates to full-scale feature additions to be done effortlessly.  In fact, code entry and check out may be done in real time on one terminal station without affecting normal operations.  The standard practice is to develop new codes for one of twelve chambers.  Code check out is accomplished in two stages.  Stage one is by injecting faults to the system to verify proper program responses.  Stage two is by performing a dry run in the test chamber.  Once the modification is validated, the new codes can be duplicated for the remaining chambers in a cut-and-paste manner.  Since the control software is designed to run 12 chambers independently, software validation can be performed on a test chamber without affecting test operations in the remaining chambers.  This is another feature that is responsible for the system’s high record of uptime.

Although the software has gone through several major modifications and has reached a fairly mature level with respect to the current program test requirements, it does not mean that the software has reached its fullest potential.  Boeing has maintained a software agreement contract with Wonderware and is committed to stay aware of the future trend in the Human – Machine Interface (HMI) software world.  If an upgrade proves to be beneficial and cost effective, it will be adopted to fit program needs.   Some of the possible new technology implementation might be wireless alarm notification (pagers, cellular phones, email, etc…) and remote controller connectivity through the internet.  The ultimate goal is to have TVACS capable of sustaining unmanned operations, thereby eliminating the need for manual monitoring and further reducing staffing costs on off shifts.
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