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Abstract

The primary objective of the International Space Station is to provide a long-term quiescent environment for the conduct of scientific research for a variety of microgravity science disciplines. Since continuous human presence on the Space Station that began in November 2000 to the end of Increment-6, over 1,260 hours of the crew time have been allocated to research. However, far more research time has been accumulated by experiment controlled on the ground. By the end of the time period covers by this paper (end of Increment-6), the total experiment hours performed on the station are well over 100,000 hours [1].
This paper presents the results of the on-going effort by the Principal Investigator Microgravity Services, at NASA Glenn Research Center, in Cleveland, Ohio, of characterizing the microgravity environment of the International Space Station in order to keep the microgravity scientific community appraised of the environment provided by the station for the performance of space experiments. The paper focuses on the station microgravity environment for increments 5 and 6. During that period over .57 terabytes of acceleration data was collected out of which over 34,790 hours were analyzed. The result presented in this paper is divided into two sections: quasi-steady and vibratory. For the quasi-steady analysis, over 7794 hours of acceleration data was analyzed, while over 27,000 hours were analyzed for the vibratory.  The result of the data analysis is presented in this paper in the form of a grand summary for the period under consideration.  For the quasi-steady, results are presented in the form of a 95% confidence interval for the station during “normal microgravity mode” for the following attitudes: Local Vertical Local Horizontal, X-axis Perpendicular to the Orbit Plane and the Russian Torque Equilibrium Attitude. The same analysis was performed for the station during “non-microgravity mode” as well for the quasi-steady to assess the station acceleration environment over a long period of time. The same type of analysis was performed for the vibratory, but a 95th percentile benchmark was used, which shows the overall acceleration magnitude during Increments 5 and 6. The results, for both quasi-steady and vibratory, show that the station is not meeting yet the microgravity requirements during the microgravity mode, however it should be stressed that the requirements apply only at assembly complete, whereas the results presented below apply only up to Increment-6 of the station’s configuration.

1 Introduction

A major purpose of the station is to provide a low-gravity environment for fundamental science and commercial research.  To ascertain that such goal is met, two accelerometer systems were flown to the International Space Station (ISS) to continuously measure the environment.  These two accelerometers are sponsored by the NASA Office of Biological and Physical Research (OBPR), which sponsors science experiments on various low gravity carriers/platforms and facilities such as the Space Transportation System (STS), Keplerian flight-path aircraft (KC-135), sounding rockets, drop towers and, of course, the International Space Station (ISS).

With the completion of the flight of  STS-100 (flight 6A), the Microgravity Environment Program (MEP) at the National Aeronautics Space Administration (NASA) Glenn Research Center (GRC) delivered two acceleration measurement systems to the ISS.  These two acceleration measurement systems provide a generic service to microgravity payloads by measuring the quasi-steady and vibratory acceleration environments onboard the station.  The Microgravity Acceleration Measurement System (MAMS) measures accelerations in the quasi-steady regime, including the contributions of aerodynamic drag, vehicle rotation, gravity gradient and vehicle venting effects.  The Space Acceleration Measurement System (SAMS) measures onboard disturbances in the vibratory regime resulting from vehicle systems operation, crew activity and life support systems as well as onboard experiment operations.  The two accelerometer systems were deployed to the ISS on April 19, 2001.  The SAMS team and the Principal Investigator Microgravity Services (PIMS) project at the NASA-GRC, Cleveland, Ohio, attend to these two accelerometers. The PIMS project is responsible for receiving, processing, analyzing, displaying, distributing and archiving the acceleration data for SAMS and MAMS during their operation onboard the ISS.  This paper discusses the results of measurements taken by these two systems during their second year of operation onboard the ISS.  The discussion in this paper covers the period of June 2002 to April 2003.

2 Accelerometers Description
One of the major goals of the ISS is to provide a quiescent reduced gravity environment to perform fundamental scientific research.  However, small disturbances onboard the ISS impact the overall environment.  Such small disturbances need to be measured in order to assess their potential impact on the science.  In order to provide support for the science, which requires acceleration data measurement on the ISS, SAMS and MAMS were installed on the ISS.  MAMS started taking measurements on the ISS on May 3rd, 2001, while SAMS started on June 4th, 2001.  SAMS measures vibratory acceleration data in the range of 0.01 to 400 Hz for payloads requiring such measurements [2].  MAMS consists of two sensors.  1) MAMS Orbital Acceleration Research Experiment Sensor Subsystem (OSS), MAMS-OSS, a low frequency range sensor (DC to 1 Hz), is used to characterize the quasi-steady environment for payloads and the ISS vehicle.  The 1 Hz data collected onboard the station is trimmed mean filter to 0.01 Hz by PIMS before the quasi-steady analysis is performed and result reported to the microgravity scientific community.  2)  MAMS-High Resolution Accelerometer Package (HiRAP) is used to characterize the ISS vibratory environment up to 100 Hz [3]. The analysis in this paper was done using SAMS and MAMS-OSS acceleration data only (no discussion of HiRAP data will be done).

3 Microgravity Environment

The microgravity acceleration environment of an orbiting spacecraft in low earth orbit is a complex phenomenon. Many factors [4], such as experiment operation, life-support systems, equipment operation, crew activities, aerodynamic drag, gravity gradient, rotational effects as well as the vehicle structural resonance frequencies (structural modes) contribute to form the overall microgravity environment.  For ease of analysis, the microgravity acceleration environment can be considered as made up of three components: quasi-steady, vibratory, and transient components.  The quasi-steady component [5] is composed of those accelerations whose frequency is less than the lowest natural structural frequency of the vehicle. Those accelerations vary over long periods of time, typically longer than a minute. PIMS’ frequency range of the quasi-steady regime definition (for data analysis) is 0.01 Hz and below.  The vibratory component is composed of those accelerations, which are oscillatory in nature and whose frequencies are greater than or equal to the lowest natural structural frequency of the vehicle. They are harmonic and periodic in nature with a characteristic frequency.  PIMS’ frequency range of the vibratory regime definition (for data analysis) is 0.01 to 300 Hz. The transient component is composed of those accelerations that last for a short periods of time, and are non-repetitive.  The frequency content varies over the entire frequency spectrum of the data.
4 ISS Microgravity Requirements 

During microgravity mode the station must operate so as to meet a stringent set of requirements in order to maintain its microgravity environment. This involves maintaining a specified attitude by non-propulsive means, along with other operational constraints [6, 7].

Accelerations are considered quasi-steady if at least 95 percent of their power lies below 0.01 Hz as measured over a 5400-second period (the approximate time of one orbit). Quasi-steady acceleration is caused by:  1) Aerodynamic drag that the station experiences due to the residual atmosphere in low earth orbit. The residual drag causes the station to lose attitude.  2) Gravity gradient due to the fact that any point not exactly at the station’s center of mass wants to follow its own orbit. However, because such point is physically part of the station, it is subjected to accelerations from the structural forces that keep it attached to the station as the station orbits [6]. The quasi-steady analysis for the ISS acceleration environment can be compared to a set of formal design requirements which state that 50 percent of the International Standard Payload Racks (ISPR) locations within the U.S lab, Columbus and the Japanese Experiment Module (JEM) must have quasi-steady accelerations below 1 (g for periods of 30 continuous days for a total of 6 times (180 days) per year. The operation of the station in microgravity mode is designed to meet these 30-day intervals. The quasi-steady acceleration vector has an additional directional stability requirement stating that the component perpendicular to the vector’s orbital average must be less than or equal to 0.2 (g [6, 7].  

The requirements for the vibratory microgravity environment on the ISS are defined in terms of a “spectrum” of allowed root-mean-square (RMS) acceleration as a function of vibrational frequency from 0.01 Hz to 300 Hz.  The total vibrational level experienced by the station arises from the combined effects of the payload and vehicle systems [6, 7].  The vibrational microgravity requirements are defined using an RMS acceleration vs. frequency curve for the allowed contribution to the total system vibration by the vehicle alone, with a separate curve for the allowed contribution by the entire complement of payload systems (Figure 1). The total allowed system vibration is the root-sum-square of the payload and the vehicle values. Similar to the quasi-steady microgravity regime, the total vibratory acceleration levels must apply at 50 percent of the ISPR locations within the U.S Lab, Columbus and the JEM, for at least 30 continuous days, 6 times per year during the microgravity mode. Finally, there is a transient microgravity requirement. The transient accelerations on the station arise from experiment and vehicle operations, joint-vehicle operations as well as crew actions. The requirement specifies a transient acceleration limit for individual transient disturbance sources less than or equal to 1000 (g per axis and an integrated transient acceleration limit for individual transient disturbance sources less than or equal to 10 (g seconds per axis over any 10 second interval [6,7]. These requirements (quasi-steady, vibratory and transient) apply only during microgravity mode, which is at ISS assembly complete. Also, these requirements do not include effects of crew activity, but do include effects of crew equipment (e.g., exercise devices). A nominal crew size of seven was assumed.
5 ISS Increments 5 and 6 Configurations

The focus of this paper is on Increments 5 and 6 (from June 2002 to April 2003) and not on ISS at assembly complete. (Previous work focusing on Increments 2 to 4 was performed and presented at the 53rd International Astronautical Congress, in Houston, October 2002 [8].)  An Increment duration averages about 4 months (sometimes more) and is determined by crew rotations and flights to/from ISS.  Table 1 shows all the major missions/flights (no Progress flights and Soyuz taxi vehicles are shown) to ISS during the period covered by Increments 5 and 6.  
Each increment has a theme that focuses on the primary science or activities to be performed.  Increment-5 or Expedition Five’s theme was: From Molecules to Matter—Using Space To Prove The Forces That Structure Our World [9]. The 3-member crew for Increment-5 mission was launched to ISS on June 5, 2002 on STS-111 from the Kennedy Space Center (KSC) and returned to earth on STS-113 on December 7, 2002 after a 185-day stay in space. During STS-111 joint operations with the ISS (Flight UF-2--- June 7-15, 2002), the Mobile Base System (MBS) was installed to the station. And during STS-112 joint operations with the ISS (Flight 9A—October 9-16, 2002), the First right-side (Starboard) Truss segment (Integrated Truss Structure (ITS)) S1 with the Crew and Equipment Translation Aid (CETA) Cart A were installed to the station. Note that the Starboard Truss Segment zero (S0) was installed to the station during Increment-4, on April 10, 2002.  Increment-5 had the following modules on-orbit: Unity (Node 1), Zarya (Functional Cargo Block), Zvezda (Service Module), Destiny, the Russian Docking Compartment (DC-1/Pirs) and the Joint Airlock (Quest).  
The 3-member crew for the Increment-6 mission was launched to ISS on November 23, 2002 on STS-113 from the Kennedy Space Center (KSC) and returned to earth on the Russian Soyuz TMA Spacecraft on May 3, 2003 after a 161-day stay in space. During STS-113 joint operations with the ISS (flight 11A—November 25 to December 2, 2002), the First left-side (portside) Truss segment (ITS P1) and the CETA Cart B were installed to the station.  These two additional trusses (S1 and P1) elements continue the build-up of the backbone of the ISS. They support solar arrays, cooling radiators, a railroad capable of moving the station’s Canadarm2 along its length, and other equipment. Figure 2 shows the evolution of the station from Increments 2 to 6, while Table 8 shows the S0, S1 and P1 Trusses specifications and their impact on the ISS center of mass (CM).
6 Data Measurement Onboard the ISS

During Increments 5 and 6, four SAMS Sensor Enclosure (SE) heads were activated: 121F02 through 121F05.  Each sensor head had a defined coordinate system whose location and orientation is defined with respect to the Space Station Analysis Coordinate System [10-13], Table 2.  Each origin is defined as the triaxial center point of the three accelerometers that comprise the head.  SAMS SE 121F02 was mounted in the SAMS International Subrack Interface Standard (ISIS) drawer 1 in the Expedite the Processing of Experiments of the Space Station (EXPRESS) Rack 1.  EXPRESS Rack 1 was located in the overhead bay 2 of the US Laboratory Module (LAB1O2).  Head 121F03 was mounted on the lower Z panel assembly below EXPRESS Rack 2.  EXPRESS Rack 2 was located in overhead bay 1 of the US laboratory Module (LAB1O1).  Head 121F04 was mounted on the lower Z panel assembly below EXPRESS Rack 1; head 121F05 was mounted on the bracket around the upper Z panel light assembly of EXPRESS Rack 2. Figure 3 shows the location of each SAMS SE heads for EXPRESS Racks 1 and 2.

During Increments 5 and 6, MAMS-OSS was located in the middeck lockers 3 and 4 of EXPRESS Rack 1.  The origin of MAMS-OSS coordinate system is located at the center of gravity of the proof mass.  Table 2 shows the location of MAMS-OSS with respect to the ISS coordinate system and Figures 3 and 4 show the location of MAMS-OSS in EXPRESS Rack 1 relative to the SAMS-SEs and within the US Lab.  From June 2002 to April 2003 (the span covered in this paper), the four SAMS SE heads and MAMS-0SS have recorded over 0.57 terabytes of acceleration data from the ISS, approaching about 43,300 hours (for all the sensors combined).  
7 Data Analysis Techniques and Processing

Due to limitations of the accelerometer systems, namely SAMS for this discussion, it is standard practice to demean vibratory data.  Focus is instead placed on the dynamic, oscillatory components of the acceleration environment.  Specialized measurement systems and procedures are used to collect and analyze the quasi-steady components of acceleration.

The basis for the frequency domain analyses that were performed is the acceleration power spectral density (PSD).  The PSD is a function that quantifies the distribution of power in a signal with respect to frequency.  When properly applied, it serves as a powerful tool to help identify and quantify oscillatory components of the acceleration environment.  An introductory presentation of the PSD along with other vibratory analysis techniques is given in [14]. Mathematical foundation and important details are given in [15, 16].  

Displays of acceleration PSDs can give much useful information, but keen insight to the dynamic nature of the acceleration spectrum aboard a manned spacecraft comes when numerous PSDs are arrayed as a function of time or combined in the form of a two-dimensional histogram.  A spectrogram is a three-dimensional plot that shows PSD magnitude (represented by color) versus frequency versus time.  It is a powerful qualitative tool for characterizing long periods of data.  Boundaries and structure in both time and frequency become apparent with this type of display.  When acceleration PSDs are laid out versus time for regular 8-hour intervals, the resulting displays are referred to as roadmap spectrograms or simply roadmaps.  Alternatively, rather than show PSDs versus time, they can be combined in the form of a two-dimensional histogram as discussed in [14].  A display of acceleration spectra in this form is referred to here as a Principal Component Spectral Analysis (PCSA) plot.  Its name stems from the fact that it serves to summarize magnitude and frequency variations of key spectral contributors for a relatively long period of time.

The basis for the amplitude domain analyses that were performed for the vibratory data is the acceleration magnitude histogram.  Simply stated, the vector magnitude for each of the orthogonal acceleration record (XYZ) triplets was calculated and the resulting array of acceleration magnitudes is then input to a routine that counts the number of occurrences for each of several equally spaced acceleration magnitude bins.  This gives the acceleration magnitude histogram.  The cumulative percentage of occurrence as a function of acceleration magnitude can then be computed to yield percentile values.

Amplitude domain information does not give the insight that can be gleaned from acceleration spectrograms, but histograms computed on an hourly basis and then selectively combined (summed) can give a simple measure of “near worst case” conditions.  The measure that was used here is an approximate 95th percentile extraction from the cumulative percentage of occurrence for the combined histogram.

8 Increments 5 and 6 Grand Summary

The objective of the Increments 5 and 6 grand summary is to present to the microgravity scientific community a summary of the ISS microgravity environment magnitude levels during the period of June 2002 to April 2003.  During that period over .57 terabytes of acceleration data were collected and processed.  This section presents and discusses the results of much of the data that was processed and analyzed.  Results are presented for both the quasi-steady and the vibratory regimes.

Before any processing, the measured data was divided into its respective increment (Increments 5 and 6) using each increment time demarcation (see Table 1).  Each increment data set was further divided into different subsets to account for the different STS flights that occurred during that specific increment in order to account for the delivery of science facilities, new experiments, and the station buildup components within that increment.  Three sets of data were processed.  Increment-5 was divided into two data subsets: data subset 1, which covered flight UF-2, while data subset 2 covered flight 9A period (see Table 1 and Figure 4 for station components and experiment facilities delivered during these flights.)  Increment-6 had only one data set, which covered flight 11A.  In addition to the data demarcation based on increment, the entire data collected over the period of June 2002 to April 2003 was further divided into two categories (regardless of increment): microgravity and non –microgravity modes. The microgravity and non-microgravity modes acceleration data selection was done according to the criteria set forth in the ISS microgravity control plan [7]. These criteria are vehicle operations driven.  Furthermore, the data was divided into Local Vertical Local Horizontal (LVLH), X-axis Perpendicular to the Orbit Plane (XPOP) and the Russian Torque Equilibrium Attitude (TEA) periods. Finally, the data was further grouped into crew wake and sleep periods (regardless of modes). To summarize, the data was grouped into its respective increment (increments 5 and 6), then divided into microgravity and non-microgravity modes, and was finally grouped into crew wake and sleep periods. This process was followed for both the quasi-steady and the vibratory acceleration data analyzed in this paper.
8.1 Microgravity and Non-microgravity Modes for the Quasi-steady Regime:

For the microgravity mode, all acceleration data collected during ISS operation over the 11-month period covers in this paper, but did not meet the microgravity control plan criteria of ISS microgravity mode of operation, was excluded from the analysis. Such vehicle operations include, for example, all the maneuvers performed by ISS to transition from/to XPOP to/from LVLH; dockings and undockings; reboosts; water dumps and EVAs. For a complete list of ISS operations, which were excluded from the quasi-steady microgravity mode analysis, see Table 6. In Table 5, the rows labeled “sleep”, “wake” and “combined” stand for crew sleep data segments, crew wake data segments and both crew sleep and wake data segments concatenated together, respectively.  In summary, only normal ISS operations calls for during the 30 continuous days of operation or 180 days per year by the microgravity control plan, such as crew activity for daily station up-keeping, crew sleep and science operations acceleration data was analyzed. Since ISS often transitions from one attitude to another or needs to perform other vehicle operations, the data analyzed during any of the two modes under consideration is not contiguous. Data segments collected over the 11-month period that matched the specific mode being analyzed were concatenated for that specific analysis. Once the data selection process was done, the analysis for the quasi-steady regime was carried out to assess the influence of the XPOP, LVLH and the Russian TEA attitudes on the microgravity environment of the station for crew wake and sleep periods.
The same process described above was used for the non-microgravity mode analysis of the quasi-steady regime, except that all of the vehicle operations acceleration data that were not considered during the microgravity mode were concatenated and analyzed. Some of these operations include, but not limited to, all of the station’s maneuvers from/to XPOP to/from LVLH, water dumps and reboots maneuvers. For a complete list of the station operations data sets analyzed under non-microgravity mode, see Table 6.
8.2 Microgravity and Non-microgravity Modes for the Vibratory Regime: 
 For the vibratory analysis, the same process described for the quasi-steady regime was used for all of the data collected by the four SAMS sensors during the 11-month period. For the microgravity mode, all vehicle operations and joint operations between the ISS and the visiting Space Shuttles as well as any docking and undocking of the Russian Progress and Soyuz vehicles acceleration data were excluded from the microgravity analysis set. However, crew activity, crew exercise and payload operations were accounted for in accordance to the ISS microgravity control plan. 

The non-microgravity mode analysis for the vibratory regime includes all of the vehicle operations that were not taken into account during the microgravity mode such as reboosts, EVAs, docking, undocking, joint operations and progress thruster firings. For a complete list see Table 6.  Similar to the quasi-steady regime, the vibratory analysis was performed for all three ISS attitudes mentioned before during crew wake and sleep periods. 

8.3 Data Selection

In order to determine all of the operations performed by the station over the 11-month period analyzed in this paper and matched these operations with the measured data, many documents were consulted [17-21]. Based on this information, 41 data sets (0 to 40) were generated for analysis.  Tables 3 and 4 described the objective of each set of data. Table 3 data sets were used for the microgravity mode of ISS operation only, while Table 4 data sets were used for the non-microgravity mode. For the quasi-steady analysis, Table 4 data sets assess only the impact of the maneuvers that ISS must perform before a specific operation can take place. These maneuvers sometimes take many hours and their impacts are significant to experiment sensitive to the quasi-steady regime.  For the vibratory analysis, Table 4 assesses the impact of the actual operations (the actual acceleration peaks), not the maneuvers.  Once these data sets were generated, many spectrograms were used to determine crew wake and sleep periods.  Each spectrogram covers an 8-hour span.  Therefore, three spectrograms were generated for each day for the entire period mentioned above for all four SAMS SEs and MAMS-OSS (each combined 24-hour spectrogram contains approximately 300 MB of data for each sensor—depending on the sensor sample rate and certainly much less for MAMS-OSS).  Each spectrogram was visually inspected to select crew sleep and crew wake periods for each day.  Once the time periods were selected, histograms were computed for each data set to give an approximate 95th percentile extracted from the cumulative percentage of occurrence for the combined histogram. The 95th percentile values presented in this paper for the vibratory are the overall magnitude levels, while for the quasi-steady the 95th percentile values are shown for the X, Y and Z axes as well as for the overall acceleration magnitude levels.  
8.4 Quasi-steady Grand Summary Result
The MAMS OSS measures accelerations that fall within the quasi-steady regime (frequency at or below 0.01 Hz).  Accelerations in this regime are caused by aerodynamic drag, vehicle rotations, and vents of air and water.  The raw MAMS OSS data is subjected to a trimmed mean filtered (TMF) process to extract PIMS’ best estimate of the quasi-steady acceleration data content and stored in PIMS Acceleration Data (PAD) files named OSS best trimmed mean filtered (OSSBTMF).  All analyses performed in regards to the quasi-steady regime used OSSBTMF data.  All results presented are specific for the MAMS OSS location within the ISS in Space Station Analysis Coordinates.  For the time period covered in this report, MAMS was located in Express Rack 1 in the USLAB.  

The data in Tables 5 to 7 were generated by calculating histograms from the entire 11-month period of OSSBTMF data on an hourly basis.  The histograms were combined by addition to give a measure of the conditions for the selected data sets.  A word of caution, this analysis is aimed at low level accelerations and therefore computed histogram data is limited to the range of -50 (g to 50 (g.  Data falling outside this range would not be considered in the analysis.  An example of this would be reboost events which have accelerations surpassing 300 (g.   However, attitude maneuvers typically on the order of 20-30 (g often accompany reboost events, therefore would be included.  Selected histograms pertinent to the discussion that follows are shown in Figure 5.

Each table contains mean acceleration values (x,y,z) for the X, Y, and Z-axes, and their corresponding estimate of the 95% confidence interval.  A correct way to read Table 5 would be: "95% of all X-axis accelerations recorded during crew sleep in Data Set 4 were within ±0.40 of -0.17 (g".  Also included in this table are the acceleration magnitude levels (v) and their corresponding 95th percentile limit.  The correct way to read these entries would be "For Data Set 4, 95.7% of all acceleration magnitudes were at or below 1.70 (g during crew sleep."  When quoting from the tables, results will be cited in [X,Y,Z] order.  For example, “The mean values for sleep in Data Set 4 are [-0.17,-0.58,-1.14] (g”.
Tables 5 to 7 contain data for a variety of conditions found during ISS operations.  However, our particular concern for this paper is the comparison between LVLH, XPOP and Russian TEA. Both Russian TEA and LVLH attitudes are “airplane like”, completing a rotation about a single axis once per orbit. When the ISS is in LVLH attitude the +X-axis is near the velocity vector and the Z-axis points towards nadir.  The Y-axis is the axis of rotation and is perpendicular to the orbital plane. Russian TEA differs from LVLH in that it is the +Y-axis that points in the velocity vector and the X-axis is the axis of rotation.   In both of these attitudes the rotational component cancels out the gravity gradient component of the quasi-steady vector for the axis pointing in the velocity vector direction.  XPOP is an inertial (non-rotating) attitude where the +X-axis is maintained perpendicular to the orbital plane.  

8.4.1 Microgravity Mode

Table 5 shows the results obtained from the data sets that fall within the microgravity category.  The results for a cumulative LVLH attitude summary are found in Data Set 4, which show a good agreement between the mean values for wake, sleep and combined on all three axes. The 95% confidence interval numbers are higher across all three axes for data collected during wake periods than for sleep periods.  This indicates that the trimmed mean filter selected to achieve a 0.01 Hz cut-off does not remove all of the spurious accelerations caused by crew activity. The same effect can be seen for the other two attitudes, XPOP (Data Set 5) and Russian TEA (Data Set 6).
One of more noticeable features when comparing attitudes, is the difference in the X-axis means for crew sleep periods between LVLH (-0.17 (g) and the other two attitudes (~1.65 (g).  In both XPOP and Russian TEA, the X-axis is perpendicular to the orbital plane.  There is no rotational component in the X-axis in either of these attitudes to cancel the gravity gradient component.  Both the Y-axis in Russian TEA and the X-axis in LVLH are maintained in the direction of the gravity gradient.  The corresponding means during crew sleep for these two attitudes show close agreement due to the cancellation effect. This is despite the significant difference between the two axes in regards to the distance away from the center of mass.  For a sense of the relative distances of the center of mass to MAMS OSS see Table 8.  

The 95% confidence interval values during crew sleep for XPOP attitude are [0.30, 1.05, 0.90] (g. The Y and Z-axes values are significantly higher than those for LVLH ([0.40, 0.50, 0.40] (g). This is due to the fact that in XPOP the Y and Z-axes are subjected to alternating gravity gradient and drag components of the quasi-steady vector as the ISS completes an orbit.  Comparisons with the 95% confidence interval values for Russian TEA ([0.15, 0.40, 0.30] (g) should be made with caution.  The data for both LVLH and XPOP encompassed time spans that contains multiple center of mass changes due to ISS component additions between increments.  By contrast, the Russian TEA data was measured in an approximately 6-day period, with no significant center of mass changes.  Under these conditions, comparisons between the Russian TEA and other data sets have limited usefulness.  

8.4.2 Non-microgravity mode

The results for the data sets considered non-microgravity are shown in Table 6.  The overall mean values seen in Table 5 for combined microgravity mode (Data Set 0) were [0.81 -.30 -0.78] (g.  This seems high compared to the overall values for the combined non-microgravity mode (Data Set 40) values of [0.18 -0.32 -0.11] (g.  However, consider the differences in the data for each mode.  Ignoring the relatively small contribution from measurements made in Russian TEA attitude, the microgravity mode data set is basically comprised of the remaining two attitudes, XPOP and LVLH.  The mean values reflect the relative amount of time spent in each attitude. Note that although the X-axis mean for microgravity mode is 0.81 (g, the actual percentage of data points that fall within that bin is 0.2 % Figure 5, Data Set 0.  Non-microgravity mode is made up of a larger variety of attitudes and maneuvers than microgravity mode, and the averages reflect this by tending towards zero.  A more informative statistic is the magnitude values.  As expected, the 95% percentile magnitude level for microgravity mode (2.35 (g) is smaller than that of non-microgravity mode (3.15 (g).    

Table 7 contains the results of the impact of each maneuver required to place ISS in the attitude needed to perform a specific operation. This is the impact of the maneuvers (Data Sets 7 to 39) on the quasi-steady environment. It is important to reiterate that the analysis was constrained to a -50 (g to 50 (g envelope (the actual peak accelerations of these operations were not taking into account—see the vibratory section for actual peaks impact—only  the maneuvers.  Please keep this in mind when considering results in this table.  

Values found in Table 8 represent an attempt to illustrate the impact of the additions of the S0, S1 and P1 trusses have had on the quasi-steady environment.  Each additional component adds mass, shifts the center of mass and adds cross sectional area.  These can result in the need for a new attitude to balance the torques.  Therefore, added mass affects the main components of the quasi-steady vector, gravity gradient, rotational and aerodynamic drag.  The data in Table 8 differs from the previous tables in that no histograms were made due to limited data availability for some combinations.  Instead, data from a few orbits was selected from crew sleep periods for each attitude and configuration combination.       
8.5 Vibratory Grand Summary Result
The information presented in Tables 10 to 13 forms the crux of the vibratory analysis results for this paper.  More detail can be extracted by close examination of the figures that accompany this section.  For example, the “wake” entry in Table 10 for 121f02 sensors’ data set #5 shows a 95th percentile value of 2.20 mg whereas the corresponding Figure 7 gives more statistical insight – like a 50th percentile, or median, value of just over 0.5 mg.  The majority of the data that was analyzed fits loosely into the microgravity mode category, while the rest was considered to be non-microgravity mode.

8.5.1 Microgravity Mode

Over 23,000 hours of acceleration data from the SAMS sensors listed in Table 9 were analyzed for the microgravity mode periods described in this paper.  In Table 10, the rows labeled “wake”, “sleep” and “combined” have the same meaning as in Table 5.  However, the row labeled “All” in Table 10 stands for all of the data that was analyzed for each data set, combining both microgravity and non-microgravity modes.  The four sensors collected these data over a nearly 11-month period.  Table 10 shows analysis results in the form of acceleration vector magnitude 95th percentiles for the microgravity mode data sets.  These values were extracted from the figures referenced in Table 11.  Examining the rows labeled “combined” in Table 10, they show that in most cases, the 121f03 sensor location measured the highest acceleration magnitudes.  In descending order below that were the 121f04, 121f02, and 121f05 measurements.  The higher cutoff frequency (200 Hz) for the 121f03 and 121f04 sensors must be considered in this ranking compared to the lower cutoff frequency (100 Hz) for 121f02 and 121f05.  The higher the cutoff frequency, the larger the portion of the acceleration spectrum is measured and the more likely larger magnitude accelerations are captured.  More details regarding spectral comparisons are discussed later.

The entries labeled “wake” and “sleep” in Table 10 can be somewhat misleading.  Typically, the desired comparison between sleep and wake for the vibratory environment is intended to be a comparison of the acceleration spectrum below about 5 Hz when the crew is sleeping versus when the crew is awake.  This comparison cannot be drawn from the amplitude domain results in Table 10 because the cutoff frequency for the sensors used was either 100 or 200 Hz.  As a side note, even though two sensors may have the same cutoff frequency, they do not necessarily share the exact same vibratory environment.  Localized accelerations may be exhibited with wide ranging differences depending on location and frequency.  Large amplitude, higher frequency acceleration components above 5 Hz tend to dominate at the sensor locations shown in Table 9, and this has the effect of overshadowing the differences between sleep and wake below 5 Hz.  For phenomena being studied that are sensitive up to 100 or 200 Hz, this analysis shows that crew sleep does not imply better acceleration environment.  For those experiments sensitive primarily below 5 Hz, there is a measurable difference as detailed in [8].  Furthermore, lowpass filtering at 5 Hz is in the plans to more fully 
account for this in future papers.

The entries labeled “all” in Table 10 are included for completeness.  These values reflect all available acceleration data that spanned those individual periods and therefore technically do not fit the microgravity mode category.  The “combined” entries should be used for comprehensive comparisons of microgravity mode results.

8.5.2 Non-Microgravity Mode

Over 4,000 hours of acceleration data from the SAMS sensors listed in Table 9 were analyzed for the non-microgravity periods described in this paper.  As a means of comparing some non-microgravity events, peak acceleration vector magnitudes were extracted for ISS operations shown in Table 13.  Figures 33 and 34 compare vehicle docking and undocking events for all four SAMS sensors.  Note that these docking and undocking operations are more pronounced for the massive Space Shuttle.  Figure 35 shows a collection of peak accelerations for several events detailed in Table 13 with Progress reboost and Shuttle (un)dockings having the greatest impact.

8.5.2.1 Principal Component Spectral Analysis (PCSA)

The results presented thus far have been from the amplitude domain, which does not give the kind of insight that frequency domain results can when it comes to distinguishing significant vibratory sources, particularly those that are persistent or cyclic in nature.  Statistics for the mode labeled “all” in Table 10 apply to all available data over the time span under consideration. Comparing these statistics, especially the transitions as the environment evolved from Increment 5 through Increment 6 (data set #1 through #3), with the corresponding PCSA figures in Table 12 leads to more detail.  The 121f02 environment above about 80 Hz was markedly louder during the Increment 5 time frame for data set #2 as seen from comparison of Figures 21, 22 and 23.  This same time frame showed an elevated broadband disturbance between about 130 and 200 Hz at the 12f03 and 121f04 locations (compare Figure 24 to Figure 25 and Figure 27 to Figure 28) and much less so for the Increment 6 data set (compare Figure 25 to Figure 26 and Figure 28 to Figure 29).  A significant transition for the 121f05 sensor location was the disappearance of a 97 Hz narrowband disturbance in Increment 5 from data set #1 to data set #2 (compare Figure 30 to Figure 31).  Another apparent transition was the disappearance of the 22.5 Hz narrowband disturbance going from Increment 5 to 6, that is, from data set #2 to data set #3 (compare Figure 31 to Figure 32).  The absence of these disturbances partly account for the decreases observed from Increment 5 to Increment 6 – from data set #1 to data set #3.  Overall, a heightened broadband between about 20 and 180 Hz kept measured acceleration magnitudes highest at the 121f03 location (for the most part) compared to the 121f04 location.  Below 30 Hz or so, the 121f02 spectra were consistently above those derived from 121f05 measurements.  Above about 30 Hz, the 121f05 location was subjected to larger magnitude accelerations with some prominent exceptions.  The ISIS drawer fans around 50 Hz and an unknown disturbance around 100 Hz were significantly higher at the 121f02 location.  For complete details on the acceleration spectra transitions see the PCSA figures in Table 12.
8.6 Overall Summary
This paper presented the analysis for thousand of hours of acceleration data measured onboard the ISS over the period of June 2002 to April 2003. The analysis was performed for both microgravity and non-microgravity modes of ISS operations. The result shows:

1. ISS is not meeting yet its microgravity mode design requirements
2. There is no clear benefit for a payload to operate during crew sleep versus crew wake periods unless it is sensitive to 5Hz and below. Otherwise, the higher frequency disturbances dominate
3. ISS maneuvers that must be performed in order to place the station in the required attitude before performing a certain operation (e.g., reboosts) severely affect the acceleration magnitude levels of the quasi-steady regime. PIs should be very aware of this during the buildup periods of the station in addition to the usual concerns about water/air/gas venting, crew activity and attitudes effects (LVLH versus XPOP)
However, it must be stressed that the ISS requirements are valid only at assembly complete. The result presented above covered only Increments 5 and 6 and not assembly complete. Therefore, the following should be kept in mind:
a.) The data collected and analyzed was not measured at  the ISPR rack location specified by the ISS requirements

b.) The requirements assume a nominal crew size of seven.

c.) Analysis is not for assembly complete. Final configuration should improve the magnitude levels since the center of mass will shift favorably in the USLab

d.) The data measured and analyzed for any mode was not contiguous over a period of 30 days, but concatenated over a period of time for any specific mode analyzed

e.) Not all the system racks and experiment racks are accounted for in the analysis (Increment-6)

f.) Result includes multiple changes in the vehicle center of mass (CM) 
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ACRONYM
DEFINITION
ATL

Attitude Timeline

CDT

Central Daylight Time

CM

Center of Mass

CST

Central Standard Time
DC-1

Russian Docking Compartment

ER

EXPRESS rack

EVA

Extra-Vehicular Activity

EXPRESS
EXPedite the PRocess of Experiments of the Space Station

Geom

Geometric

GRC

Glenn Research Center

Hz

Hertz

ISIS

International Subrack Interface Standard

ISS

International Space Station

JSC

Johnson Space Center

LAB

U.S. Laboratory Module

MAMS

Microgravity Acceleration Measurement System

MBS

Mobile Base System

MEP

Microgravity Environment Program

NASA

National Aeronautics and Space Administration

OBPR

Office of Biological and Physical Research

OSS

OARE Sensor Subsystem

PAD

PIMS Acceleration Data

PCSA

Principal Component Spectral Analysis

PI

Principal Investigator

PIMS

Principal Investigator Microgravity Services

PSD

Power Spectral Density

S0

S-zero Truss

SAMS

Space Acceleration Measurement System

SE

Sensor Enclosure

STS

Space Transportation System

TEA

Torque Equilibrium Attitude

TMF

Trimmed Mean Filter

U.S.

United States of America

USOS

United States Orbital Segment

XPOP

X Principal Axis Perpendicular to the Orbit Plane

Table 1 Missions To ISS And Increments Configuration Changes For Increments 5 and 6
	
	INCREMENT-5
	INCREMENT-6

	Shuttle
	STS-111 / STS-112 / STS-113 
	STS-113 / Soyuz TM Spacecraft

	Mission
	UF-2 / 9A* / 11A§ 
	11A / 6S* 

	Docking date
	June 7, 2002/October 9, 2002/November 25, 2002 
	November 25, 2002/  April 28, 2003

	Docking time (CDT)
	11:25 AM/10:17 AM / ±3:59 PM
	±3:59 PM / 12:56 AM 

	Undocking date
	June 15, 2002/October 16, 2002/December 2, 2002
	December 2, 2002/ May 3, 2003 (5S and not 6S:( October 28, 2003)

	Undocking time (CDT)
	09:32 AM/ 08:13 AM/ ±2:05 PM
	±2:05 PM /

	Special cargo
	Delivery and installation of the Mobile Remote Servicer Base System (MBS)

*Delivery of the First right-side Truss segment (ITS S1) with radiator; Crew and Equipment Translation Aid (CETA) Cart A
§ Delivery and installation of the First left-side Truss segment (ITS P1) and the Crew and Equipment Translation Aid (CETA) Cart B; delivery as well of cooling radiators.
	Delivery and installation of the First left-side Truss segment (ITS P1) and the Crew and Equipment Translation Aid (CETA) Cart B; delivery as well of cooling radiators.


± Central Standard Time (CST)
[image: image1.jpg]10000

Vehicle subsystems

1000— Payload complement
2 :
= 7
c 4
S 100 /
[
o P.d
§ 10 A 4
< t x
0
= i
(0

1 A
0.1
0.001 0.01 0.1 1 10 100

Frequency (Hz)

1000




Figure 1. ISS Vibratory Microgravity Requirements (Vehicle and Payload)
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Figure 2. Evolution of the ISS Configuration From Increments 2 To 6
Table 2  Sensors Locations ( in inch) Relative to ER Geometric Center and ISS-USOS/US LAB Coordinates

	
	ISS-USOS-Analysis Coordinate (SSA)
	US LAB Coordinate System
	∆ from Forward Hatch (in SSA)
	∆ from ER1 Geom Center (in SSA)
	∆ from ER2 Geom Center (in SSA)

	
	X
	Y
	Z
	X
	Y
	Z
	X
	Y
	Z
	X
	Y
	Z
	X
	Y
	Z

	121F02
	128.73
	-23.53
	144.15
	808.44
	23.54
	-46.80
	119.84
	23.54
	-46.80
	14.97
	23.54
	10.20
	56.97
	23.54
	10.20

	121F03
	191.54
	-40.54
	135.25
	745.63
	40.56
	-55.70
	57.03
	40.56
	-55.70
	-47.84
	40.55
	1.30
	-5.84
	40.55
	1.30

	121F04
	149.54
	-40.54
	135.25
	787.63
	40.56
	-55.70
	99.03
	40.56
	-55.70
	-5.84
	40.55
	1.30
	36.16
	40.55
	1.30

	121F05
	185.17
	38.55
	149.93
	752.00
	-38.54
	-41.02
	63.40
	-38.54
	-41.02
	-41.47
	-38.54
	15.98
	0.53
	-38.54
	15.98

	OSS
	135.28
	-10.68
	132.12
	801.89
	10.69
	-58.83
	113.29
	10.69
	-58.83
	8.42
	10.69
	-1.83
	50.42
	10.69
	-1.83

	F. H (1)
	248.57
	0.01
	190.95
	688.60
	0.00
	0.00
	0.00
	0.00
	0.00
	-104.9
	0.00
	57.00
	-62.87
	0.00
	57.00

	ER2 (2)
	164.95
	-40.36
	150.57
	772.22
	40.37
	-40.38
	83.62
	40.37
	-40.38
	-21.25
	40.37
	16.62
	20.75
	40.37
	16.62

	ER2 (3)
	185.70
	0.01
	133.95
	751.47
	0.00
	-57.00
	62.87
	0.00
	-57.00
	-42.00
	0.00
	0.00
	0.00
	0.00
	0.00

	ER1 (4)
	122.95
	-40.36
	150.57
	814.22
	40.37
	-40.38
	125.62
	40.37
	-40.38
	20.75
	40.37
	16.62
	62.75
	40.37
	16.62

	ER1 (5)
	143.70
	0.01
	133.95
	793.47
	0.00
	-57.00
	104.87
	0.00
	-57.00
	0.00
	0.00
	0.00
	42.00
	0.00
	0.00


Note (1): Forward Hatch; Note (2): EXPRESS Rack-2 front lower left corner; Note (3): EXPRESS Rack-2 geometric center; Note (4): EXPRESS Rack-1 front lower left corner; Note (5): EXPRESS Rack-1 geometric center
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Figure 3. MAMS And SAMS Accelerometers Locations On/in ER 1 And 2 For Increments 5 And 6
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Figure 4. US LAB Layout Up To Increment-6
Table 3  Data Sets Description for the Microgravity Mode
	Microgravity Mode

	Data Set #
	Description
	Time Span
	Comment

	Zero (0)
	Overall
	June 16, 2002 to April 27, 2003
	This data set comprises of all acceleration data that met the ISS microgravity mode of operation criteria during Increments 5 and 6 (data sets 1 to 6). It is a concatenated data set.

	1
	Increment- 5
	June 16, 2002 to October 8, 2002
	This is a concatenated set of data collected in-between STS-111 and 112 (Flights UF-2 and 9A).

	2
	Increment-5
	October 17,  to Nov. 24, 2002
	This is a concatenated set of data collected in-between STS-112 and 113 (Flights 9A and 11A).

	3
	Increment-6
	Dec. 3rd, 2002 to April 27, 2003
	This is a concatenated set of data collected in-between STS-113 and Soyuz TM (Flights 11A and 6S*).

	4
	All LVLH attitudes
	June 16, 2002 to April 14, 2003
	This is a concatenated data set of all the LVLH attitudes flown by ISS during Increments 5 and 6 (data sets 1 to 3--- only the LVLH segments).

	5
	All XPOP attitudes
	June 27, 2002 to April 27, 2003
	This is a concatenated data set of all the XPOP attitudes flown by ISS during Increments 5 and 6 (data sets 1 to 3--- only the XPOP segments).

	6
	All Russian TEA attitudes
	Dec. 21 to 26, 2002
	This is a contiguous set of data during which ISS GNC control was handed over to the Russian Orbital Segment.


* Due to the Shuttle being grounded after the Columbia (STS-107) accident, the crew returned to earth using the Soyuz vehicle instead of the usual Shuttle flight.
Table 4  Data Sets Description for the Non-Microgravity Mode
	Non-Microgravity Mode

	Data Set number
	Description
	Time Span
	Comment

	7 to 24 , 32 to 39
	Various ISS operations
	June 2002 to April 2003
	These sets include various operations performed by ISS during Increments 5 and 6. For the quasi-steady analysis, these sets assess the impact of the attitude maneuvers ISS must perform in order to get ready for the specific operation. For the vibratory analysis, the actual impact (actual peaks), not the maneuvers, of the operations are assessed

	25 and 26
	Shuttle joint operations with ISS
	Oct. 9-16, 2002 and Nov. 25-Dec. 2, 2002
	Both the quasi-steady and the vibratory analyses assess the impact of the additional crew activity during the joint operations. In addition, the impact of the extra crew support system needed for the extra crew members is assessed as well by the vibratory analysis.

	27 to 31
	Multiple similar operations combined 
	June 2002 to April 2003
	These sets combined similar ISS operations together to determine the upper limit of acceleration magnitude for each specific operation.  For example, all docking, regardless of vehicles, are combined together. 

	40
	Includes data sets 7 to 39, but excludes data sets 27 to 31
	June 2002 to April 2003
	This set combines data sets 7 to 39. It takes into account all of the operations performed by ISS during Increments 5 and 6. The result is a “worst case” condition for both the quasi-steady and the vibratory regimes. Data sets 27 to 31 were excluded from this set because they are duplicate of other data sets already accounted for.


Table 5  Results for Microgravity Mode of Operations of ISS
	Data Set Information
	Mean (g)
	+/- 95% Conf (g)
	95% Conf

	#
	Description
	Mode
	Hours
	Samples
	x
	y
	z
	x95
	y95
	z95
	v
	Perc.

	0
	Overall
	Wake
	4424.44
	995499
	0.84
	-0.31
	-0.71
	1.50
	1.20
	1.35
	2.50
	95.54

	
	
	Sleep
	1644.78
	370076
	0.81
	-0.30
	-0.78
	1.20
	1.00
	1.00
	2.10
	95.94

	
	
	Combined
	6069.22
	1365575
	0.83
	-0.31
	-0.73
	1.45
	1.15
	1.20
	2.35
	95.13

	1
	Increment_5
	Wake
	1694.6
	381294
	0.64
	-0.36
	-0.68
	1.50
	1.10
	1.35
	2.40
	95.09

	
	
	Sleep
	589.1
	132554
	0.65
	-0.33
	-0.76
	1.20
	0.85
	1.00
	2.00
	96.10

	
	
	Combined
	2283.8
	513848
	0.64
	-0.35
	-0.70
	1.40
	1.00
	1.20
	2.30
	95.36

	2
	Increment_5
	Wake
	576.4
	129691
	0.75
	-0.22
	-0.80
	1.70
	1.60
	1.45
	2.70
	95.38

	
	
	Sleep
	218.4
	49142
	0.68
	-0.21
	-0.90
	1.35
	1.45
	1.05
	2.25
	95.67

	
	
	Combined
	794.8
	178833
	0.73
	-0.22
	-0.83
	1.60
	1.55
	1.35
	2.55
	95.22

	3
	Increment_6
	Wake
	2153.4
	484514
	1.02
	-0.30
	-0.71
	1.50
	1.05
	1.25
	2.45
	95.42

	
	
	Sleep
	837.2
	188380
	0.95
	-0.31
	-0.77
	1.30
	0.95
	1.00
	2.10
	96.12

	
	
	Combined
	2990.6
	672894
	1.00
	-0.30
	-0.73
	1.40
	1.05
	1.15
	2.35
	95.52

	4
	All_LVLH_Attitudes
	Wake
	1974.4
	444236
	-0.13
	-0.59
	-1.05
	1.10
	0.80
	1.15
	2.15
	95.48

	
	
	Sleep
	762.2
	171506
	-0.17
	-0.58
	-1.14
	0.40
	0.50
	0.40
	1.70
	95.66

	
	
	Combined
	2736.6
	615742
	-0.14
	-0.59
	-1.07
	0.95
	0.75
	1.00
	2.00
	95.11

	5
	All_XPOP_Attitudes
	Wake
	2358.6
	530692
	1.61
	-0.08
	-0.41
	1.00
	1.20
	1.30
	2.60
	95.40

	
	
	Sleep
	846.5
	190470
	1.65
	-0.06
	-0.45
	0.30
	1.05
	0.90
	2.15
	96.32

	
	
	Combined
	3205.2
	721162
	1.62
	-0.08
	-0.42
	0.85
	1.15
	1.20
	2.50
	95.62


Table 5  Results for Microgravity Mode of Operations of ISS (Cont.)
	6
	All_Russian_TEA_Attitudes
	Wake
	70.6
	15891
	1.68
	-0.17
	-1.36
	0.70
	0.65
	0.95
	2.85
	95.33

	
	
	Sleep
	28.0
	6300
	1.66
	-0.21
	-1.38
	0.15
	0.40
	0.30
	2.30
	96.32

	
	
	Combined
	98.6
	22191
	1.68
	-0.18
	-1.36
	0.65
	0.60
	0.80
	2.75
	95.28


Table 6  Results for Non-microgravity Mode of Operations of ISS
	Data Set Information
	Mean (g)
	+/- 95% Conf (g)
	95% Conf

	#
	Description
	Mode
	Hours
	Samples
	x
	y
	z
	x95
	y95
	z95
	v
	Perc.

	7
	Progress_undocking
	Wake
	31.88
	7172
	-0.42
	-0.37
	-1.08
	1.30
	0.90
	1.55
	3.15
	95.02

	
	
	Sleep
	12.00
	2700
	-0.13
	-0.47
	-1.20
	0.15
	0.30
	0.35
	1.60
	95.30

	
	
	Combined
	43.88
	9872
	-0.34
	-0.40
	-1.11
	1.00
	0.80
	1.40
	2.50
	95.13

	8
	Progress_docking
	Wake
	67.82
	15259
	-0.25
	-0.44
	-1.08
	1.65
	1.20
	1.60
	2.60
	95.24

	
	
	Sleep
	20.00
	4500
	-0.05
	-0.46
	-1.22
	1.70
	0.50
	0.75
	1.80
	95.07

	
	
	Combined
	87.82
	19759
	-0.21
	-0.44
	-1.11
	1.75
	1.00
	1.40
	2.35
	95.21

	9
	Progress_Reboosts
	Wake
	114.95
	25863
	0.38
	-0.18
	-0.96
	1.65
	1.60
	1.75
	2.60
	95.20

	
	
	Sleep
	39.40
	8864
	0.42
	-0.34
	-0.94
	1.35
	1.25
	1.10
	2.00
	96.19

	
	
	Combined
	154.34
	34727
	0.39
	-0.22
	-0.96
	1.55
	1.50
	1.50
	2.40
	95.19

	10
	Progress_thruster_tests
	Wake
	138.35
	31129
	0.48
	-0.35
	-0.77
	1.55
	1.00
	1.35
	2.35
	95.07

	
	
	Sleep
	35.79
	8053
	0.58
	-0.35
	-0.84
	1.20
	0.90
	1.00
	1.90
	95.08

	
	
	Combined
	174.14
	39182
	0.50
	-0.35
	-0.79
	1.50
	0.95
	1.20
	2.30
	95.56

	11
	Progress_KURS_test
	Wake
	28.05
	6311
	0.68
	-0.14
	-0.63
	2.65
	1.15
	2.10
	3.20
	95.13

	
	
	Sleep
	13.00
	2925
	0.63
	-0.18
	-0.87
	1.10
	0.75
	0.90
	1.95
	97.88

	
	
	Combined
	41.05
	9236
	0.67
	-0.15
	-0.70
	1.95
	0.95
	1.80
	2.85
	95.17

	12
	Soyuz_undocking
	Wake
	16.80
	3780
	-0.44
	-0.95
	-1.07
	4.80
	1.20
	1.95
	5.45
	95.05

	
	
	Sleep
	5.00
	1126
	0.00
	-0.97
	-1.29
	0.20
	0.20
	0.50
	2.00
	95.56

	
	
	Combined
	21.80
	4906
	-0.34
	-0.95
	-1.12
	1.95
	1.05
	1.70
	4.95
	95.01

	13
	Soyuz_docking
	Wake
	18.96
	4267
	1.18
	0.30
	-0.34
	4.30
	1.90
	2.70
	4.25
	95.10

	
	
	Sleep
	2.80
	629
	1.82
	0.21
	-0.60
	0.25
	1.10
	1.05
	2.35
	97.77

	
	
	Combined
	21.76
	4896
	1.26
	0.29
	-0.37
	4.20
	1.80
	2.50
	4.00
	95.04

	14
	SM/FGB_solar_efficiency_test
	Wake
	88.63
	19942
	0.79
	-0.44
	-0.76
	1.55
	1.25
	1.45
	2.70
	95.30

	
	
	Sleep
	21.00
	4725
	1.24
	-0.24
	-0.65
	1.40
	1.05
	1.05
	2.30
	96.00

	
	
	Combined
	109.63
	24667
	0.87
	-0.41
	-0.74
	1.50
	1.25
	1.35
	2.60
	95.20

	15
	ISS_alone_EVA
	Wake
	42.00
	9451
	0.25
	-0.71
	-0.87
	1.70
	1.30
	1.55
	2.65
	95.02

	
	
	Sleep
	8.00
	1799
	1.78
	-0.33
	-0.44
	0.15
	0.80
	0.70
	2.15
	98.67

	
	
	Combined
	50.00
	11250
	0.49
	-0.65
	-0.80
	1.45
	1.20
	1.45
	2.55
	95.19

	16
	STS_docking
	Wake
	34.93
	7859
	-0.57
	-0.67
	-0.13
	1.40
	1.10
	3.05
	3.50
	95.09

	
	
	Sleep
	9.00
	2025
	-0.20
	-0.66
	-1.25
	0.15
	0.50
	0.35
	1.75
	96.89

	
	
	Combined
	43.93
	9884
	-0.50
	-0.67
	-0.36
	1.35
	1.00
	3.05
	3.30
	95.09

	17
	STS_undocking
	Wake
	14.96
	3367
	-0.76
	0.35
	0.73
	2.35
	1.60
	2.80
	4.05
	95.07

	
	
	Sleep
	6.00
	1349
	-0.74
	0.32
	1.16
	2.05
	1.15
	2.50
	2.75
	98.00

	
	
	Combined
	20.96
	4716
	-0.75
	0.34
	0.85
	2.25
	1.45
	2.60
	3.70
	95.19

	18
	STS_reboosts
	Wake
	61.32
	13796
	-1.85
	-0.21
	1.79
	2.90
	1.90
	4.00
	5.15
	95.00

	
	
	Sleep
	18.79
	4228
	-1.15
	-0.32
	2.08
	0.40
	0.45
	0.30
	2.55
	95.67

	
	
	Combined
	80.11
	18024
	-1.68
	-0.24
	1.86
	2.10
	1.65
	2.60
	4.30
	95.09

	19
	STS/ISS_SIMO_DUMP
	Wake
	35.69
	8030
	-1.51
	-0.07
	2.30
	2.65
	0.95
	1.55
	4.70
	95.02

	
	
	Sleep
	10.00
	2249
	-0.90
	-0.05
	2.25
	0.10
	0.15
	0.15
	2.50
	99.07

	
	
	Combined
	45.68
	10279
	-1.38
	-0.07
	2.29
	1.80
	0.80
	1.20
	3.75
	95.03

	20
	GNC_failures
	Wake
	35.80
	8055
	-0.20
	-0.35
	-0.93
	0.80
	0.70
	1.35
	2.00
	95.06

	
	
	Sleep
	9.00
	2025
	-0.18
	-0.34
	-0.96
	0.25
	0.20
	0.40
	1.30
	95.46

	
	
	Combined
	44.80
	10080
	-0.20
	-0.35
	-0.94
	0.75
	0.65
	1.20
	1.90
	95.30
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	21
	GNC_MDM_swap
	Wake
	49.24
	11078
	0.84
	-0.26
	-0.66
	1.50
	1.20
	1.65
	2.70
	95.05

	
	
	Sleep
	17.79
	4003
	1.13
	-0.14
	-0.64
	1.40
	0.95
	0.95
	2.10
	98.58

	
	
	Combined
	67.03
	15081
	0.92
	-0.22
	-0.65
	1.45
	1.15
	1.40
	2.50
	95.13

	22
	Maneuver_to_LVLH
	Wake
	135.81
	30557
	0.39
	-0.49
	-0.85
	1.60
	1.15
	1.55
	2.50
	95.25

	
	
	Sleep
	41.39
	9313
	0.94
	-0.34
	-0.70
	1.25
	1.00
	0.95
	2.05
	97.24

	
	
	Combined
	177.20
	39870
	0.52
	-0.45
	-0.81
	1.45
	1.15
	1.35
	2.35
	95.29

	23
	Maneuver_to_XPOP
	Wake
	18.01
	4052
	1.61
	-0.05
	-0.37
	0.90
	1.15
	1.95
	2.95
	95.41

	
	
	Sleep
	4.00
	900
	-0.12
	-0.54
	-1.28
	0.10
	0.30
	0.85
	2.20
	95.33

	
	
	Combined
	22.01
	4952
	1.30
	-0.14
	-0.53
	1.45
	1.10
	1.90
	2.80
	95.21

	24
	Maneuver_to_Russian_TEA
	Wake
	16.01
	3603
	1.71
	-0.17
	-0.83
	0.65
	0.85
	1.25
	2.60
	95.28

	
	
	Sleep
	7.00
	1576
	1.77
	-0.15
	-0.40
	0.15
	0.80
	0.75
	2.00
	95.30

	
	
	Combined
	23.02
	5179
	1.72
	-0.16
	-0.70
	0.55
	0.80
	1.15
	2.50
	95.39

	25
	ISS/STS-112_Joint_Ops
	Wake
	111.01
	24977
	-1.42
	-0.33
	1.58
	2.40
	1.85
	3.15
	4.20
	95.05

	
	
	Sleep
	34.79
	7828
	-1.08
	-0.33
	1.29
	2.10
	0.55
	2.65
	2.65
	95.38

	
	
	Combined
	145.80
	32805
	-1.34
	-0.33
	1.51
	2.30
	1.70
	3.00
	3.90
	95.18

	26
	ISS/STS-113_Joint_Ops
	Wake
	142.46
	32054
	-1.24
	-0.34
	1.78
	1.75
	1.10
	3.35
	3.85
	95.04

	
	
	Sleep
	34.01
	7653
	-0.86
	-0.30
	1.93
	0.75
	0.80
	3.30
	2.60
	96.20

	
	
	Combined
	176.48
	39707
	-1.17
	-0.33
	1.81
	1.50
	1.00
	3.30
	3.55
	95.13

	27
	All_dockings
	Wake
	121.71
	27385
	-0.12
	-0.39
	-0.69
	2.30
	1.60
	3.05
	3.40
	95.21

	
	
	Sleep
	31.80
	7154
	0.07
	-0.46
	-1.17
	1.75
	0.90
	0.95
	2.10
	95.53

	
	
	Combined
	153.51
	34539
	-0.08
	-0.40
	-0.79
	2.15
	1.50
	3.00
	3.15
	95.21

	28
	All_undockings
	Wake
	63.64
	14319
	-0.51
	-0.35
	-0.65
	2.15
	1.60
	3.00
	4.05
	95.03

	
	
	Sleep
	23.00
	5175
	-0.26
	-0.37
	-0.61
	1.50
	1.00
	2.75
	2.70
	97.41

	
	
	Combined
	86.64
	19494
	-0.44
	-0.36
	-0.64
	1.80
	1.50
	2.80
	3.40
	95.10

	29
	All_reboosts
	Wake
	176.26
	39659
	-0.40
	-0.19
	0.01
	2.35
	1.70
	3.05
	3.55
	95.02

	
	
	Sleep
	58.19
	13092
	-0.09
	-0.33
	0.04
	1.80
	1.10
	2.30
	2.50
	95.84

	
	
	Combined
	234.45
	52751
	-0.32
	-0.23
	0.02
	2.20
	1.55
	2.70
	3.20
	95.02

	30
	All_attitudes_maneuvers
	Wake
	169.83
	38212
	0.64
	-0.41
	-0.80
	1.50
	1.15
	1.55
	2.55
	95.05

	
	
	Sleep
	52.40
	11789
	0.97
	-0.33
	-0.70
	1.30
	0.95
	1.05
	2.05
	96.98

	
	
	Combined
	222.23
	50001
	0.72
	-0.39
	-0.77
	1.40
	1.10
	1.35
	2.45
	95.44

	31
	All_ISS/STS_Joint_Ops
	Wake
	253.47
	57031
	-1.32
	-0.33
	1.69
	2.10
	1.45
	3.25
	4.05
	95.05

	
	
	Sleep
	68.80
	15481
	-0.97
	-0.31
	1.61
	0.90
	0.75
	3.00
	2.65
	97.28

	
	
	Combined
	322.28
	72512
	-1.24
	-0.33
	1.67
	1.90
	1.30
	3.15
	3.75
	95.15

	32
	Desaturation
	Wake
	17.18
	3866
	-1.41
	-0.35
	1.86
	1.65
	0.95
	3.45
	3.80
	95.00

	
	
	Sleep
	4.00
	901
	-0.97
	-0.38
	2.26
	0.15
	0.15
	0.15
	2.55
	97.11

	
	
	Combined
	21.19
	4767
	-1.32
	-0.35
	1.93
	1.40
	0.85
	2.15
	3.55
	95.09

	33
	P1_Truss_Installation_activity
	Wake
	18.79
	4227
	-1.07
	-0.66
	2.30
	1.05
	0.95
	1.00
	3.60
	95.17

	
	
	Sleep
	3.00
	676
	-1.10
	-0.72
	2.28
	0.15
	0.15
	0.10
	2.70
	98.67

	
	
	Combined
	21.79
	4903
	-1.07
	-0.67
	2.29
	1.00
	0.90
	0.90
	3.45
	95.17

	34
	Mobile_Transporter_Translation
	Wake
	17.56
	3951
	-0.19
	-0.33
	-1.14
	1.30
	1.80
	1.80
	3.10
	95.12

	
	
	Sleep
	5.00
	1125
	-0.23
	-0.32
	-1.26
	0.15
	0.15
	0.20
	1.45
	96.53

	
	
	Combined
	22.56
	5076
	-0.20
	-0.33
	-1.17
	0.95
	1.55
	1.60
	2.80
	95.09

	35
	Radiator_Deployment
	Wake
	17.56
	3951
	-0.19
	-0.33
	-1.14
	1.30
	1.80
	1.80
	3.10
	95.12

	
	
	Sleep
	5.00
	1125
	-0.23
	-0.32
	-1.26
	0.15
	0.15
	0.20
	1.45
	96.53

	
	
	Combined
	22.56
	5076
	-0.20
	-0.33
	-1.17
	0.95
	1.55
	1.60
	2.80
	95.09

	36
	Water_Dump
	Wake
	17.80
	4005
	1.67
	0.03
	-0.56
	0.70
	0.90
	1.25
	2.55
	95.53

	
	
	Sleep
	4.00
	900
	1.70
	-0.04
	-0.44
	0.15
	0.90
	0.85
	2.00
	99.33

	
	
	Combined
	21.80
	4905
	1.68
	0.02
	-0.54
	0.65
	0.85
	1.20
	2.50
	95.70

	37
	Progress_Docking_Test
	Wake
	16.00
	3600
	-0.16
	-0.48
	-1.37
	0.90
	0.70
	1.40
	2.40
	95.17

	
	
	Sleep
	5.00
	1124
	-0.18
	-0.52
	-1.25
	0.15
	0.15
	0.20
	1.45
	96.53

	
	
	Combined
	21.00
	4724
	-0.17
	-0.49
	-1.34
	0.80
	0.60
	1.05
	2.15
	95.13
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	38
	R3_Translation
	Wake
	15.01
	3377
	1.65
	-0.51
	-0.51
	0.80
	0.95
	1.15
	2.60
	95.50

	
	
	Sleep
	6.00
	1349
	1.63
	-0.47
	-0.58
	0.15
	0.70
	0.70
	2.10
	96.59

	
	
	Combined
	21.00
	4726
	1.64
	-0.50
	-0.53
	0.65
	0.85
	1.05
	2.45
	95.01

	39
	TBM_restart
	Wake
	15.00
	3375
	1.61
	-0.22
	-0.38
	0.65
	0.85
	1.00
	2.30
	95.50

	
	
	Sleep
	7.00
	1575
	1.59
	-0.20
	-0.41
	0.15
	0.75
	0.75
	1.85
	96.70

	
	
	Combined
	22.00
	4950
	1.60
	-0.22
	-0.39
	0.55
	0.80
	0.90
	2.20
	95.39

	40
	Overall
	Wake
	1337.57
	300954
	-0.13
	-0.34
	-0.03
	2.20
	1.35
	2.75
	3.40
	95.12

	
	
	Sleep
	387.76
	87245
	0.18
	-0.32
	-0.11
	1.70
	0.90
	2.45
	2.55
	95.22

	
	
	Combined
	1725.33
	388199
	-0.06
	-0.34
	-0.05
	2.05
	1.25
	2.65
	3.15
	95.07


Table 7  Results of Maneuvers Impacts on the Quasi-steady Environment During Non-microgravity Mode
	Data Set Information
	Mean (g)
	+/- 95% Conf (g)
	95% Conf

	#
	Description
	Hours
	Samples
	x
	y
	z
	x95
	y95
	z95
	v
	Perc.

	7
	Progress_undocking
	18.00
	4051
	-1.41
	-0.21
	-0.77
	7.85
	1.75
	2.35
	10.90
	95.01

	8
	Progress_docking
	27.00
	6076
	-0.33
	-0.3
	-1.01
	2.30
	1.85
	2.50
	4.70
	95.01

	9
	Progress_Reboosts
	28.03
	6307
	-0.15
	-0.05
	-1.27
	2.50
	2.25
	5.30
	4.10
	95.02

	10
	Progress_thruster_tests
	25.90
	5828
	0.28
	-0.24
	-0.81
	1.80
	1.65
	2.15
	3.20
	95.06

	11
	Progress_KURS_test
	9.05
	2037
	0.08
	-0.07
	-0.34
	3.30
	1.60
	2.80
	4.25
	95.04

	12
	Soyuz_undocking
	6.00
	1350
	-1.31
	-0.8
	-0.94
	4.85
	1.75
	2.60
	7.35
	95.04

	13
	Soyuz_docking
	7.96
	1791
	0.26
	0.3
	-0.32
	8.25
	2.30
	3.85
	9.65
	95.09

	14
	SM/FGB_solar_efficiency_test
	18.80
	4230
	1.42
	-0.29
	-0.25
	1.70
	1.35
	1.95
	3.10
	95.06

	15
	ISS_alone_EVA
	27.00
	6074
	-0.03
	-0.76
	-0.92
	1.85
	1.70
	1.90
	3.05
	95.03

	16
	STS_docking
	6.93
	1560
	-0.88
	-0.27
	0.33
	2.60
	1.90
	3.90
	5.55
	95.06

	17
	STS_undocking
	4.96
	1115
	-1.17
	0.35
	-0.19
	2.85
	1.55
	3.15
	5.10
	95.07

	18
	STS_reboosts
	10.39
	2337
	-4.94
	-0.01
	0.49
	20.40
	4.30
	8.90
	21.05
	95.00

	19
	STS/ISS_SIMO_DUMP
	3.96
	892
	-2.37
	-0.05
	2.18
	9.35
	1.70
	2.05
	11.65
	95.04

	20
	GNC_failures
	19.79
	4453
	-0.23
	-0.34
	-0.97
	0.75
	0.60
	0.95
	1.85
	95.04

	21
	GNC_MDM_swap
	15.88
	3574
	0.61
	-0.31
	-0.76
	1.60
	1.30
	1.65
	2.75
	95.13

	22
	Maneuver_to_LVLH
	13.56
	3051
	0.17
	-0.49
	-0.8
	2.25
	1.90
	3.65
	4.50
	95.12

	23
	Maneuver_to_XPOP
	2.00
	450
	0.73
	-0.4
	-0.47
	1.30
	2.05
	3.35
	4.50
	95.11

	24
	Maneuver_to_Russian_TEA
	1.00
	225
	1.65
	-0.31
	-1.15
	0.80
	2.65
	1.25
	3.85
	95.11

	25
	ISS/STS-112_Joint_Ops
	15.22
	3425
	-2.19
	0.07
	0.03
	5.45
	3.45
	8.05
	7.30
	95.08

	26
	ISS/STS-113_Joint_Ops
	25.02
	5630
	-2.11
	-0.32
	1.86
	8.95
	1.45
	4.50
	12.40
	95.02

	27
	All_dockings
	41.90
	9427
	-0.31
	-0.18
	-0.65
	3.05
	2.05
	3.50
	5.80
	95.05

	28
	All_undockings
	28.96
	6516
	-1.35
	-0.23
	-0.71
	5.60
	1.80
	3.00
	8.80
	95.01

	29
	All_reboosts
	38.42
	8644
	-1.45
	-0.04
	-0.74
	6.35
	3.15
	7.60
	9.25
	95.00

	30
	All_attitudes_maneuvers
	16.56
	3726
	0.33
	-0.47
	-0.78
	2.00
	1.90
	3.55
	4.35
	95.01

	31
	All_ISS/STS_Joint_Ops
	40.24
	9055
	-2.14
	-0.17
	1.14
	7.90
	2.30
	6.35
	9.90
	95.01

	32
	Desaturation
	10.00
	2251
	-0.97
	-0.37
	2.27
	0.45
	0.35
	0.35
	2.80
	95.87

	33
	P1_Truss_Installation_activity
	4.00
	900
	-0.97
	-0.74
	2.37
	1.00
	0.85
	0.95
	3.45
	95.00

	34
	Mobile_Transporter_Translation
	5.00
	1124
	-0.19
	-0.28
	-0.94
	0.85
	3.15
	3.10
	4.35
	95.02

	35
	Radiator_Deployment
	3.00
	675
	-0.19
	-0.19
	-0.72
	1.00
	4.00
	3.55
	5.60
	95.11

	36
	Water_Dump
	6.01
	1352
	1.56
	0.05
	-0.86
	0.80
	0.90
	1.65
	2.90
	95.27

	37
	Progress_Docking_Test
	8.00
	1801
	-0.18
	-0.42
	-1.48
	0.90
	0.75
	2.55
	3.85
	95.06

	38
	R3_Translation
	5.00
	1126
	1.65
	-0.55
	-0.51
	0.95
	1.20
	1.55
	2.95
	95.74

	39
	TBM_restart
	3.00
	675
	1.62
	-0.2
	-0.32
	0.65
	0.90
	1.15
	2.40
	95.11

	40
	Overall
	330.49
	74360
	-0.46
	-0.27
	-0.34
	3.00
	1.85
	3.50
	5.00
	95.05


Table 8  Impact of the ISS Center of Mass Changes on the Microgravity Environment
	Incr
	GMT
	ISS CG Location (ft)
	OSS Distance from CM (ft)
	Attitude
	 Mean Acceleration (µg)
	Trusses

	
	
	x
	y
	z
	x
	y
	z
	
	x
	y
	z
	Mag
	S0
	S1
	P1

	4
	06-Feb-2002, GMT 037
	-42.7
	0.57
	10.29
	54.0
	-1.46
	0.72
	TEA
	-0.43
	-0.36
	-0.93
	1.09
	 
	 
	 

	
	22-Feb-2002, GMT 053
	
	
	
	
	
	
	XPOP
	1.90
	0.08
	-0.30
	2.04
	
	
	

	4
	15-May-2002, GMT 135
	-37.5
	0.76
	9.01
	48.7
	-1.65
	2.00
	TEA
	-0.20
	-0.29
	-0.99
	1.05
	X
	 
	 

	
	22-May-2002, GMT 142
	
	
	
	
	
	
	XPOP
	1.81
	0.09
	-0.39
	1.91
	
	
	

	5
	23-Nov-2002, GMT 327
	-33.9
	4.36
	8.03
	45.2
	-5.25
	2.98
	TEA
	-0.26
	-0.54
	-1.29
	1.43
	X
	X
	 

	
	19-Oct-2002, GMT 292
	
	
	
	
	
	
	XPOP
	1.40
	0.65
	-0.58
	1.83
	
	
	

	6
	12-Jan-2003, GMT 012
	-33.1
	0.07
	7.80
	44.4
	-0.96
	3.21
	TEA
	-0.21
	-0.27
	-1.21
	1.26
	X
	X
	X

	
	15-Dec-2002, GMT 349
	
	
	
	
	
	
	XPOP
	1.80
	-0.49
	-0.37
	1.90
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Figure 5. ISS Microgravity Mode Analysis Results (Sets 0, 4, 5, 6) Vs. Non-microgravity Mode (Sets 40)

Table 9  SAMS Sensor Cutoff Frequencies and Locations
	Sensor
	Cutoff (Hz)
	Location

	121f02
	100
	LAB1O2 ER1 Drawer 1

	121f03
	200
	LAB1O1 ER2 Lower Z Panel

	121f04
	200
	LAB1O2 ER1 Lower Z Panel

	121f05
	100
	LAB1O1 ER2 Upper Light Tray


Table 10 Acceleration Vector Magnitude 95th Percentiles for Microgravity Periods
	Data Set Information
	Acceleration 95th Percentile (mg)

	#
	Description
	Mode
	121f02

( 100 Hz )
	121f03

( 200 Hz )
	121f04

( 200 Hz )
	121f05

( 100 Hz )

	0
	Overall
	Wake
	2.05
	3.15
	2.95
	1.38

	
	
	Sleep
	2.02
	3.20
	2.90
	1.38

	
	
	Combined
	2.02
	3.15
	2.95
	1.38

	
	
	All
	2.02
	3.15
	2.95
	1.40

	1
	Increment_5
	Wake
	2.00
	2.95
	2.85
	1.47

	
	
	Sleep
	1.93
	3.05
	2.80
	1.47

	
	
	Combined
	2.00
	3.00
	2.85
	1.47

	
	
	All
	1.98
	3.00
	2.85
	1.50

	2
	Increment_5
	Wake
	2.33
	4.50
	3.15
	1.43

	
	
	Sleep
	2.23
	4.60
	3.10
	1.45

	
	
	Combined
	2.30
	4.50
	3.15
	1.43

	
	
	All
	2.30
	4.50
	3.15
	1.43

	3
	Increment_6
	Wake
	1.98
	2.70
	2.90
	1.33

	
	
	Sleep
	1.98
	2.70
	2.90
	1.33

	
	
	Combined
	1.98
	2.70
	2.90
	1.33

	
	
	All
	1.98
	2.70
	2.90
	1.33

	4
	All_LVLH_Attitudes
	Wake
	1.75
	3.20
	2.90
	1.43

	
	
	Sleep
	1.75
	3.20
	2.85
	1.40

	
	
	Combined
	1.75
	3.20
	2.90
	1.43

	
	
	All
	1.75
	3.20
	2.90
	1.40

	5
	All_XPOP_Attitudes
	Wake
	2.20
	3.15
	3.00
	1.38

	
	
	Sleep
	2.18
	3.20
	2.95
	1.35

	
	
	Combined
	2.20
	3.15
	2.95
	1.38

	
	
	All
	2.20
	3.20
	3.00
	1.38

	6
	All_Russian_TEA_Attitudes
	Wake
	2.05
	2.90
	3.05
	1.20

	
	
	Sleep
	1.90
	2.85
	2.80
	1.15

	
	
	Combined
	2.02
	2.90
	3.00
	1.18

	
	
	All
	2.05
	2.90
	3.00
	1.20


Table 11 Cumulative Percentage of Occurrence Plots for Vibratory Data

	Data Set Information
	Figure References

	#
	Description
	121f02

( 100 Hz )
	121f03

( 200 Hz )
	121f04

( 200 Hz )

	4
	All_LVLH_Attitudes
	Figure 
	Figure 
	Figure 

	5
	All_XPOP_Attitudes
	Figure 
	Figure 
	Figure 

	6
	All_Russian_TEA_Attitudes
	Figure 
	Figure 
	Figure 

	0
	Overall Microgravity
	Figure 
	Figure 
	Figure 

	40
	Overall Non-Microgravity
	Figure 
	Figure 
	Figure 
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Figure 8
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Figure 9
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Figure 10
121f02

(100 Hz)
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Figure 11
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Figure 12
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Figure 13
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Figure 14
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Figure 15
121f03

(200 Hz)
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Figure 16
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Figure 17
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Figure 18
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Figure 19
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Figure 20
121f04

(200 Hz)
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Figure 21
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Figure 22
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Figure 23
[image: image38.jpg]sams2, 121105 at LAB101, ER2, Upper Z Panel:[185.17 —38.55 149.93] SAMS 121105 Increment: 5
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Figure 24
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Figure 25
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Figure 26
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Figure 27
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Figure 28
[image: image43.jpg]sams2, 121f03 at LAB101, ER2, Lower Z Panel:[191.54 —40.54 135.25] SAMS 121f03 Increment: 5
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Figure 29
[image: image44.jpg]sams2, 121f04 at LAB102, ER1, Lower Z Panel:[149.54 —40.54 135.25] SAMS 121f04 Increment: 5
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Figure 30
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Figure 31
[image: image46.jpg]sams2, 121f04 at LAB102, ER1, Lower Z Panel:[149.54 —40.54 135.25] SAMS 121104

500.0 sa/sec (200.00 Hz) Sum
Af = 0.122 Hz, Nfft = 4096 GMT 03-Dec—2002 through 27—-Apr—2003 hanning, 1272321 PSDs
Temp. Res. =8.192 sec, No =0 Total of 2895.2 hours
-3 | | | | | | 1.5
_4_ —
—5 y —
[ | :

PSD Magnitude [log . 0(gZ/Hz)]
Percentage of Time

0.5

~14 T T T T T T T T T 0

0 20 40 60 80 100 120 140 160 180 200
Frequency (Hz)

from: t\pub\pad\, SName: $, 27-Mar—2003,07:15:08.897




Figure 32
Table 12 PCSA Figures for Microgravity Periods

	Data Set Information
	Compare These PCSA Figures

	#
	Description
	121f02

( 100 Hz )
	121f03

( 200 Hz )
	121f04

( 200 Hz )
	121f05

( 100 Hz )

	1
	Increment_5
	Figure 21
	Figure 24
	Figure 27
	Figure 30

	2
	Increment_5
	Figure 22
	Figure 25
	Figure 28
	Figure 31

	3
	Increment_6
	Figure 23
	Figure 26
	Figure 29
	Figure 32


Table 13 Peak Accelerations for Some Non-Microgravity Events
	
	
	
	Peak Acceleration (mg)

	Event
	GMT Start
	GMT Stop
	121f02

( 100 Hz )
	121f03

( 200 Hz )
	121f04

( 200 Hz )
	121f05

( 100 Hz )

	Progress 8 Thruster Test
	2002-07-04 03:24:00
	2002-07-04 03:28:00
	   3.09 
	 10.66 
	   8.06 
	     3.35 

	Progress 8 Thruster Test
	2002-07-30 13:15:00
	2002-07-30 13:35:00
	 39.32 
	 23.76 
	 
	 

	Progress Reboost
	2002-08-01 17:24:00
	2002-08-01 17:42:00
	 28.93 
	   7.62 
	 10.97 
	   86.56 

	Progress Reboost
	2002-09-12 01:10:00
	2002-09-12 01:19:00
	   2.56 
	   4.16 
	   4.79 
	     2.70 

	Progress 8 Thruster Test
	2002-09-12 18:57:46
	2002-09-12 18:58:46
	   1.83 
	   1.27 
	   1.17 
	     1.35 

	Progress 8 Thruster Test
	2002-09-12 19:01:26
	2002-09-12 19:02:26
	   3.78 
	   1.98 
	   1.77 
	     1.95 

	Progress Thruster Test
	2002-10-08 13:09:00
	2002-10-08 13:13:00
	   8.64 
	   8.34 
	 11.75 
	 117.57 

	Progress Thruster Test
	2002-10-08 14:34:00
	2002-10-08 14:38:00
	   7.78 
	 13.79 
	 10.31 
	     4.48 

	STS-112 Docking
	2002-10-09 15:15:30
	2002-10-09 15:16:30
	 13.76 
	 68.53 
	 60.66 
	   26.15 

	STS-112 Undocking
	2002-10-16 13:13:00
	2002-10-16 13:14:00
	   6.14 
	 26.25 
	 21.58 
	   18.07 

	Soyuz 5S Docking
	2002-11-01 04:55:30
	2002-11-01 04:56:30
	   1.27 
	   5.90 
	   4.26 
	     4.18 

	Soyuz 4S Undocking
	2002-11-09 20:38:30
	2002-11-09 20:39:30
	   2.37 
	   5.86 
	   5.04 
	     2.59 

	STS-113 Docking
	2002-11-25 21:26:30
	2002-11-25 21:27:30
	   2.37 
	   4.62 
	   4.61 
	     2.32 

	STS-113 Undocking
	2002-12-02 20:04:17
	2002-12-02 20:05:17
	   7.35 
	 42.01 
	 32.38 
	   25.45 

	Progress Docking Test
	2003-01-27 19:07:30
	2003-01-27 19:08:30
	   2.63 
	   4.51 
	   5.42 
	     2.61 

	Progress 9P Undocking
	2003-02-01 15:57:30
	2003-02-01 15:58:30
	   1.24 
	   4.43 
	   3.89 
	     2.84 

	Progress 10P Docking
	2003-02-04 14:49:30
	2003-02-04 14:50:30
	   1.59 
	 
	   3.81 
	 

	Progress Thruster Test
	2003-02-17 08:42:10
	2003-02-17 08:42:20
	   1.39 
	   3.41 
	   3.34 
	     1.97 

	Progress Reboost
	2003-03-12 22:58:00
	2003-03-12 23:08:00
	   3.35 
	   5.03 
	   5.79 
	     3.69 

	Progress Reboost
	2003-04-04 12:59:18
	2003-04-04 13:18:00
	   3.69 
	   5.24 
	   6.55 
	     2.84 

	Progress Reboost
	2003-04-10 10:55:00
	2003-04-10 11:06:00
	   3.81 
	   7.81 
	 10.86 
	     7.52 

	Progress Thruster Test
	2003-04-23 10:24:00
	2003-04-23 10:38:00
	   5.39 
	   8.66 
	 14.21 
	     4.34 
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Figure 33 Vehicle Docking Comparison 
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Figure 34 Vehicle Undocking Comparison
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Figure 35 Non-Microgravity Events Comparison 
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