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ABSTRACT 
 
Modal analyses, model validations and correlations are performed for the different configurations of the International Space 
Station (ISS). Three Dedicated Thruster Firings (DTF) tests were conducted during ISS Stage ULF4; this paper will focus on 
the analysis and results of the DTF S4-1A, which occurred on October 11, 2010. The objective of this analysis is to validate 
and correlate analytical models used to verify the ISS critical interface dynamic loads. 
 
During the S4-1A Dedicated Thruster Firing test, on-orbit dynamic measurements were collected using four main ISS 
instrumentation systems along with a Russian high rate sensor; Internal Wireless Instrumentation System (IWIS), External 
Wireless Instrumentation System (EWIS), Structural Dynamic Measurement System (SDMS), Space Acceleration 
Measurement System (SAMS) and Internal Measurement Unit (IMU). ISS external cameras also recorded the movement of 
one of the main solar array tips, array 1A.  
 
Modal analyses were performed on the measured data to extract modal parameters including frequency, damping, and mode 
shape information.  Correlation and comparisons between test and analytical frequencies and mode shapes were performed to 
assess the accuracy of the analytical models for the configuration under consideration.  Based on the frequency comparisons, 
the accuracy of the mathematical model is assessed and model refinement recommendations are given. 
 
1.0 INTRODUCTION 
 
The on-orbit construction of the International Space Station (ISS) began in November 1998, and was completed in July of 
2011.  The ISS has been designed to operate for at least fifteen years to conduct science and engineering projects.  To 
maintain its structural integrity during its construction and life span, structural loading distributions have been rigorously 
analyzed through numerical simulations and included in the design of the structure and its mission operations [1, 2, 17]. The 
accuracy of such analysis results is directly affected by the integrity of structural dynamic mathematical models and 
estimated input forces. 
 
On-orbit dynamic math models of ISS configurations are generated by combining component math models.  Each component 
model is required to be correlated with ground test data.  However, it is expected that on-orbit math models will still contain 
modeling inaccuracies due to differences in boundary conditions, mass distributions, and gravitational fields [2, 9].  
Uncertainty factors are used to compensate for inherent inaccuracies in the math models and the estimated input forces [4].  
The latter ISS configurations will have greater uncertainties due to the accumulation of component model inaccuracies.  
Large uncertainties would restrict the ISS mission operations.  This problem may be alleviated by correlating on-orbit math 
models using test data measured in space. On-orbit testing of earlier ISS configurations, with ground testing of new hardware 
components, will lead to the verification of later, more complex configurations.  This “phased configuration verification” 
allows the use of the same uncertainty factors in predicting structural dynamic loads for all configurations.   
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This paper summarizes the on-orbit modal test and the related modal analysis, model validation and correlation performed for 
the ISS Stage ULF4, DTF S4-1A, October 11,2010, GMT 284/06:13:00.00.  The objective of this analysis is to validate and 
correlate analytical models with the intent to verify the ISS critical interface dynamic loads and improve fatigue life 
prediction. 
 
For the ISS configurations under consideration, on-orbit dynamic responses were collected with Russian vehicles attached 
and without the Orbiter attached to the ISS.  ISS instrumentation systems that were used to collect the dynamic responses 
during the DTF S4-1A included the Internal Wireless Instrumentation System (IWIS), External Wireless Instrumentation 
System (EWIS), Structural Dynamic Measurement System (SDMS), Space Acceleration Measurement System (SAMS), 
Inertial Measurement Unit (IMU) and ISS External Cameras.   
 
Experimental modal analyses were performed on the measured data to extract modal parameters including frequency, 
damping and mode shape information.  Correlation and comparisons between test and analytical modal parameters were 
performed to assess the accuracy of models for the ISS configuration under consideration.  Based on the frequency 
comparisons, the accuracy of the mathematical models is assessed and model refinement recommendations are given.  
 
Section 2.0 of this report presents the math model used in the analysis.  This section also describes the ISS configuration 
under consideration and summarizes the associated primary modes of interest along with the fundamental appendage modes.  
Section 3.0 discusses the details of the ISS Stage ULF4 DTF S4-1A test.  Section 4.0 discusses the on-orbit instrumentation 
systems that were used in the collection of the data analyzed in this paper.  The modal analysis approach and results used in 
the analysis of the collected data are summarized in Section 5.0.  The model correlation and validation effort is reported in 
Section 6.0.  Conclusions and recommendations drawn from this analysis are included in Section 7.0. 
 
 
2.0 MATH MODELS AND DYNAMICS 
 
An ISS math model was created for the configuration of the ISS Stage ULF4 DTF S4-1A. This math model was generated 
from collections of the latest ground test verified component models.  The component models are represented by Finite 
Element Models (FEMs) that also include internal and external Component Mode Synthesis (CMS) models.  In addition, the 
analyzed model incorporated, as closely as possible, the actual on-orbit boundary and interface conditions.  The post-flight 
modeling effort also attempted to account for the actual array orientations that were recorded during the event.  The model 
used in this analysis are linear and do not account for non-linearity that may be present.   
 
The configuration of the ISS Stage ULF4 DTF S4-1A is outlined in Table 2.1.  The configuration includes a Progress docked 
to the SM Aft and DC1 Nadir ports, and a Soyuz docked to the MRM1 Nadir and MRM2 Zenith ports.  Figure 2-1 illustrates 
the vehicle and element configuration for this event.  The specific SARJ and BGA angles are presented in Table 2-1 and 
depicted in the math model MSC/PATRANTM view in Figure 2-2. The ISS solar array, 1A, that was recorded during the S4-
1A DTF is also labeled in that figure.   
 
 

Table 2-1. Configuration of ISS Stage ULF4 S4-1A DTF 
 

ISS Stage ULF4 On - 
Orbit Event 

Date SM Aft 
MRM1 
Nad 

DC1 
Nad 

MRM2 
Zen 

Stbd 
SARJ 
Angle  

Port 
SARJ 
Angle 

Stbd 
HRS 
Angle 

Port 
HRS
Angle 

S4 - 1A DTF 10/11/10 39P 23S 37P 24S 195 75 30 45 
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BGA 
1B 
Angle 

BGA 
1A 
Angle 
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Angle 
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T
tr
e

Table 2-2 is th
russ modes (up

energy distribu

Figur

Fi

he latest on-orb
p to 5.0 Hz) a
tions and mode

JEM

Nod

re 2-1. ISS Sta

igure 2-2: ISS 

bit ISS mass p
are summarized
e shape animat

M 

de 2 

COL 

age ULF4 Dedi

Stage ULF4 S

properties comp
d in Table 2-3
tion using MSC

No

L

icated Thruster

4-1A DTF Ma

pared to the N
. The mode de
C/PATRANTM

 

Soyuz (23S
MRM1 N

ode 3 

LAB 

Node

r Firing S4-1A

ath Model PAT

NASTRAN mo
escriptions in t

M. 

S) on 
Nadir

Soyuz (24
MRM2 Z

e 1 

MRM 1 

M

A Configuration

TRAN View 

odel. The assoc
the table were 

Pro
on

4S) on 
Zenith

MRM 2 

n  

 

ciated global s
determined fr

Progre
on S

ogress (37P) 
n DC1 Nadir

 

Service Mo

 

system and 
rom kinetic 

ess (39P) 
SM Aft

dule 



Table 2-2. Mass Properties: ISS Stage ULF4 S4-1A DTF Configuration 
DESCRIPTION 24S_AR ISS+37P+23S+39P+24S after 24S docking 

 Mass (lbs) Center of Gravity (in) Moments of Inertia (Slug- ft2) 

  X Y Z Ixx Iyy Izz 

VIPER Properties 827126 -160.9 -38.4 130.0 84599810 50464111 127527980 

Loads Model fv84ds 789386 -161.6 -34.9 127.4 85752622 47993160 123591383 

% Diff -4.8% 0.5% -10.1% -2.0% 1.3% -5.1% -3.2% 

 
Table 2-3. Mode Descriptions: ISS Stage ULF4 S4-1A DTF Math Model 

Mode  # Freq. (Hz) Mode Description 

10 0.061 Array OP / Module XZ 

17 0.092 Array IP/Station XY 

36 0.112 Station XY (Slight)/Array OP 

44 0.114 Station XY 

57 0.150 HRS Out-of-plane 

83 0.173 Truss XY  

84 0.197 HRS IP / Module XZ / Truss XYZ 

102 0.225 Truss YZ / Module XZ   

131 0.272 Station XY (JEM XY) 

142 0.285 Station XZ 

171 0.362 SM Array IP / COL-JEM YZ 

175 0.368 Truss YZ / Module TOR / HRS Torsion 

211 0.385 HRS Torsion 

245 0.447 Modules-JEM YZ / Truss XYZ 

254 0.494 Station Torsion X / Truss YZ 

256 0.513 Station Torsion X - JEM XYZ / HRS Accordion / Truss XYZ 

276 0.553  Module XY / STBD Truss XY / HRS Accordion 

286 0.578 HRS Accordion 

288 0.584 PHRS Torsion / RSA Tor X / Truss YZ 

297 0.637 EPS Torsion 

302 0.665 Station XZ  

313 0.720 Truss XY Bending 

339 0.793 Module XY / Node 3 YZ / EPS IP 

352 0.840 Module RSA YZ 

353 0.843 Node 3 YZ / RSA XZ 

355 0.888 Station XY / Soyuz MRM1 OP / EPS IP 

359 0.928 HRS IP 

368 0.994 Truss XZ / Module XZ  

371 1.030 Module XY (N3/N1/AL) 

382 1.099 RSA XZ 

443 1.174 Station XY / JEM EF 

484 1.251 JEM XY / Node 3 XY / COL YZ 

486 1.310 Module XZ 

504 1.425 RSA XZ / COL XY / JEM EF XYZ 

511 1.508 JEM YZ / APM YZ / RSA XZ 



Mode  # Freq. (Hz) Mode Description 

540 1.633 Station XY 

549 1.672 Truss XY / Station XYZ / RSA YZ  

553 1.703 Station XY 

625 1.834 SPDM MB2 

646 1.956 Truss XY Bending / more… 

661 1.983 P3 Torsion 

674 2.037 Truss XY / SPDM MB2 

723 2.171 Airlock YZ / SM XY 

728 2.190 Station XY 

803 2.434 Truss COL N2 JEM YZ / SM XY 

819 2.560 Module XZ 

833 2.754 SM XY / Airlock YZ 

834 2.785 SM XY / Airlock YZ / PHRS IP  

921 3.458 MRM YZ / N2 N3Airlock XY / S3 P3 Torsion 

931 3.722 Station XZ 

935 3.769 Truss XYZ 

951 4.001 Station XYZ 

960 4.103 US LAB XY / Node 2 XY 

979 4.264 EPS IP 2nd  

1003 4.564 Truss XYZ / Station XY 

1008 4.703 Module XY 
 
 
3.0 ON-ORBIT FLIGHT TESTING: DTF S4-1A 
 
The purpose of the ISS Stage ULF4 S4-1A DTF test was to excite primary load inducing modes which would be recorded by 
the ISS instrumentation systems. The test was conducted on October 11,2010, GMT 284/06:13:00.00 and was comprised of 
two firings. Firing 1 was an ISS Yaw firing designed to excite dynamic modes in the ISS XY plane, though other modes were 
also excited due to complexity of the ISS structure. Firing 2 was an ISS Pitch firing designed to excite dynamic modes in the 
ISS XZ plane, which also excited other modes due to the complexity of the ISS structure. Both test firings used ISS Service 
Module (SM) thrusters. The Service Module is a Russian Module located at the ISS aft, see Figure 2-1. A breakdown of each 
firing set is shown in Table 3-1. A diagram of the Russian Service Module thrusters is shown in Figure 3-1. 

 
 

Table 3-1: ISS Stage ULF4 S4-1A DTF Firings 

 

S4 - 1A Array Event Description Thruster Firing 
Sequence

Duration 
(Sec.) 

Start Time 
(Sec.) 

Stop Time 
( Sec.)

Free Drift 0.0 200.0
Firing 1 Yaw SM 12, 13, 14,

18, 19, 20
1.0 200.0 500.0

Firing 2 Pitch SM 21, 22, 23,
27, 28, 29

0.6 500.0 700.0

Return to Attitude



 

 
Figure 3-1: Service Module Thruster Diagram 

 
 
4.0 ON-ORBIT INSTRUMENTATION SYSTEMS 
 
4.1 OVERVIEW 
 
During the ISS Stage ULF4 S4-1A DTF, structural responses were measured and recorded with a variety of instrumentation 
systems that include: External Wireless Instrumentation System (EWIS), Internal Wireless Instrumentation System (IWIS), 
Structural Dynamic Measurement System (SDMS), Space Acceleration Measurement System (SAMS), Inertial Measurement 
Unit (IMU) and ISS External Cameras.  A detailed description of each of these systems is given in the following sections. 
 
Photogrammetry data, from the ISS External Cameras, was taken of the 1A solar array during the S4-1A DTF. The data 
consists of a displacement time history response of two tracked points at the end the array.  This data allows for an 
independent analysis of the solar array wing’s modal parameters. Having a better understanding of the on orbit array mode 
frequencies and damping allows for less uncertainty to be placed on array modes during loads analysis which feed into 
reducing solar array position constraints during flight operations.  
 
4.2 EXTERNAL WIRELESS INSTRUMENTATION SYSTEM (EWIS) 
 
The ISS truss segments outboard of the solar array rotary joint (S4, S6, P4 and P5) were outfitted with External Wireless 
Instrumentation System (EWIS) accelerometers and Remote Sensor Units (RSUs) prior to launch [20]. The EWIS Network 
Control Unit, which sends user commands to the RSUs, resides inside the LAB pressurized module and two NCU antennas 
were externally mounted to the LAB via EVA. The EWIS architecture is shown in Figure 4-1.  The EWIS System has both a 
Continuous Mode and a Scheduled Mode for data acquisition. The Continuous Mode aspect of EWIS records a two minute 
window of accelerometer data when a prescribed acceleration threshold is reached; such that 30 seconds prior to the threshold 
exceedance and 90 seconds after the threshold exceedance is stored for download. The Continuous Mode also collects data 
and sorts cycle counts into 200 micro-g bins for the time period in between Scheduled Mode data takes, which is utilized for 
structural life assessment. The Scheduled Mode allows for a user to command EWIS accelerometers to record at a set 
sampling frequency for a prescribed length of time. The EWIS RSUs store the accelerometer data until a data take has 
completed. The RSUs then transmit the data to the EWIS NCU via Remote Frequency (RF). The EWIS NCU then passes the 
data through a cable to a Space Station Computer (SSC) where it is stored until it is downloaded to the ground via KU-band. 



Due to communication programming issues to the outboard truss only the accelerometers on the S4 and S6 IEA truss 
segments recorded data during the ISS Stage ULF4 S4-1A. 
 

 
Figure 4-1. EWIS Architecture 

 
 
 
4.3 INTERNAL WIRELESS INSTRUMENTATION SYSTEM (IWIS) 
 
The Internal Wireless Instrumentation System (IWIS) operates within the pressurized ISS modules [5].  The IWIS hardware 
consists of Remote Sensor Units (RSUs) each connected by a cable to a single Triaxial Accelerometer (TAA). There is one 
IWIS RSU that also connects to eight strain gages. The Triaxial Accelerometers and strain gages receive their power from 
their connected RSU, which gets its power via a Green or Cobalt power brick connected to the Russian or US power system, 
respectively. The EWIS NCU, which commands and receives data from the EWIS RSUs, also commands and receives data 
from the IWIS RSUs via RF communication.  The IWIS hardware configuration during the ISS Stage ULF4 S4-1A DTF is, 
shown in Figure 4-2, comprised of the EWIS NCU) six (6) Remote Sensor Units (RSU), six (6) triaxial accelerometer units, 
eight (8) strain gages, and accelerometer mounting plates.   
 
Similarly to EWIS Scheduled Mode programming, IWIS RSUs are programmed prior to an on orbit event with a prescribed 
duration and sampling frequency. IWIS RSUs do not have a Continuous Mode they will only record data if preprogrammed 
to do so. After a programmed data take is complete the measured data is stored in the IWIS RSU until it receives a command 
from the EWIS NCU to download via RF to the EWIS NCU. Once the EWIS NCU has received the measured data it is 
passed to a SSC and later downloaded via KU-band, in the same manner as EWIS TAA data. 
 
The IWIS accelerometers are temporarily attached to mounting plates that are installed on primary ISS structure. The 
mounting plates are attached to the structure using a combination of adhesive and grey tape.  The IWIS strain gages are 
permanently mounted to the US Node 1 radial port struts.  New IWIS components are scheduled to be implemented on orbit 
in early 2013, which will allow accelerometer data to be recorded in MRM 1 and MRM1. Also, and IWIS TAA and RSU will 
be installed in the MLM prior to its launch and connection to station.   
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Figure 4-2: IWIS Sensor Configuration during ISS Stage ULF4 S4-1A DTF. 

 
 
4.4 STRUCTURAL DYNAMIC MEASUREMENT SYSTEM 
 
The Structural Dynamic Measurement System (SDMS) was developed by The Boeing Company for NASA-JSC.  The SDMS 
is intended to measure on-orbit dynamic responses of the ISS Inboard Truss Segment and module-to-truss structure (MTS) 
struts. SDMS is comprised of 33 accelerometers, 38 strain gage bridges, and two signal conditioning units (SCUs).   The 
accelerometers and strain gages are externally mounted on the five segments of the main inboard truss between the Solar 
Alpha Rotary Joints (SARJs).      
 
The SDMS accelerometers are proof-mass type and their locations are shown in the schematic of the five inboard truss 
segments shown in Figure 4-3.  The accelerometers are mounted in groups of one, two, and three, on the truss primary 
structure.  Each strain gage-bridge uses four strain-gages to form a four-active-arm bridge circuit.   A total of 152 strain gages 
were used to generate all 38 strain-gage bridges.  Each strain gage bridge generates a single strain measurement.  The general 
locations of the strain gage bridges are shown in Figure 4-3.  Electrical power is provided to the accelerometers and strain 
gages by two SCUs.  The SCUs are also used to amplify, filter, and digitize the signal output by the accelerometers and strain 
gage bridges.  Sensor data is stored on a memory buffer before it is downlinked directly to the ground by telemetry.  The 
SDMS can be fully operated by commands up-linked from the ground.   
 
 

 
Figure 4-3: SDMS Accelerometer and Strain Gage Locations 

 
The SDMS has a fixed sampling rate and anti-alias filtering of 40 Hz and 7.5 Hz, respectively. The SDMS system is capable 
of recording approximately 10.5 minutes of data.  The memory buffer is circular so that if over 10.5 minutes of data is 
recorded, the data will be overwritten gradually starting from the buffer’s beginning. When data recording stops (and over 
10.5 minutes of data was collected), the last time step of the data collection immediately precedes the first time step that 
hasn’t been overwritten. A more comprehensive discussion on the SDMS hardware can be found in [6]. 
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4.5 Space Acceleration Measurement System (SAMS) 
 
The Space Acceleration Measurement System (SAMS-II), Figure 4-4, provides a continuous measurement of the ISS 
vibratory acceleration environment from 0.01 to 300 Hz using a distributed, configurable set of tri-axial accelerometers. The 
accelerometers are housed inside module racks, secondary structure, instead of on the main structure like IWIS. The sensors 
are in racks in order to provide microgravity data for a variety of science projects, rack system analysis and for the overall 
ISS microgravity environment. Though these sensors are housed inside module racks, the frequency of interest for ISS loads 
modal correlation < 5Hz, has been found to have comparable content as the IWIS sensors on the main structure. The SAMS 
sensors that were recorded and used for the S4-1A DTF analysis are the US Lab sensors, F03 and F04, and JEM sensor, F05.   
 

 
Figure 4-4: SAMS ISS Hardware 

 
4.6 Russian Inertial Measurement Unit (IMU) 
 
The IMU-D (Inertial Measurement Unit) is located in the MRM1 (Mini Research Module), a Russian Pressurized Module 
connected to the FGB (Functional Cargo Block). The sensor samples at a rate of 2400 Hz. This sensor can measure 
acceleration +/- 10 mg with a frequency range between 0.01 to 50 Hz. The data for a single event is recorded in 3 audio files, 
one file for each coordinate direction. The data is downloaded to a Russian ground site and delivered to US NASA personnel.     
 
4.7 ISS PHOTOGRAMMETRIC SYSTEM 
 
The ISS photogrammetric system uses EVTCG cameras outside of the ISS structure.  The photogrammetric system is 
intended to be a non-contact instrument to record the dynamic deflections of low frequency space structures such as solar 
arrays, EPS radiators, and antennas.  The Image Science and Analysis Group at NASA-JSC perform the photogrammetric 
processing of the recorded video footages to generate deflection time response histories.  Daylight testing is the optimum 
condition for photogrammetric processing.  Ideally, photogrammetric data processing should involve video footages from at 
least two video cameras to give a more accurate three-dimensional perspective of deflections.  However, single camera 
approximate processing is also possible using some assumptions on the nature of the deflections.  The current ISS video 
system and data processing method, Figure 4-5, offer a time history with a sampling rate of 15 or 30 Hz and a resolution of 
0.1 inches.  
 



 
Figure 4-5: ISS Cameras used for Structural Dynamics Testing 

 
 
5.0 MODAL ANALYSIS 
 
 
5.1 OVERVIEW 
 
The test data from all instrumentation systems was prepared for analysis.  Time history data was converted, filtered, and 
plotted as needed.  The power spectrum density (PSD) of this data was calculated and plotted to investigate its modal content.  
An attempt was made to synchronize data sets from different instrument system.  This task was complicated by the fact that 
there is no universal time management across the different instrumentation systems.  Each system has a different time 
keeping and standard that is not synchronized.   
 
Modal analysis was then performed on all pre-processed data to determine the structural modal parameters, i.e., frequencies, 
damping factors, and mode shapes. Modal system identification was also performed separately on the photogrammetry 
displacement data and MTS strut strain gage data. 
 
 
5.2 MODAL ANALYSIS PROCEDURE 
 
Traditional modal analysis methods using frequency response functions (FRFs) were not used since the input excitation 
forces were not measured and the duration of free decay data is short.  A special modal identification method [7] was used on 
the accelerometer data, which has been developed for applications to large space structures.  It is a time-domain, free-decay 
method based on the Eigensystem Realization Algorithm (ERA) [8] and a time-domain zooming technique.  This method 
does not require input force measurements and characterizes nonlinearities with a series of linearized modal parameters 
during the free-decay period. 
 
To utilize the time-zooming technique, each data segment was first detrended to remove the constant and linear biases.  The 
detrended data was filtered by a number of bandpass filters to emphasize different frequency ranges.  The filtered data was 
then decimated to reduce the sampling rate.  The intent of this combined filtering and decimation process is to emphasize the 
frequency content of the data in certain bandwidths.  This process is comparable to a frequency-domain zooming technique 
used in the traditional modal analysis methods.  It is again noted that the selected modal analysis process is based on a free-
decay method and applied to the free-decay portion of the data sets.  The ERA modal extraction is applied to several data 
time windows varying in length.  This is performed to extract the most consistent modal content present in the data.  The 
whole process described herein has been implemented in a Boeing proprietary MATLABTM based Graphical User Interface 
(GUI) software entitled “The Boeing Modal Refinement and Identification Tool” (The Boeing MoReID). 



The Boeing Test Analysis Correlation Solutions (BTACS), another Boeing proprietary interactive engineering MATLABTM 
based GUI, was used to extract modal parameters from the MTS strut strain gage and photogrammetry data. BTACS has a 
system identification tool that extracts parameters through system realization using the Hankel matrix along with the singular 
value decomposition method.  
 
5.3 SAMPLE DATA PLOTS 
 
The S4-1A Dedicate Thruster Firing Test consisted of two sets of thruster firings. Each set of firings was designed to excite 
distinct sets of Truss and Module modes. Figure 5-1 through Figure 5-6 show SDMS time history accelerometer data plots 
for the yaw and pitch firings of the DTF test.  Figure 5-1 is SDMS S3 (Starboard Truss Segment) ISS X direction 
accelerometer data, which shows the Yaw firing (first firing at t=60s) has higher magnitude in the ISS X direction than the 
pitch firing (second firing at t=360s), as expected.  Figures 5-4 through 5-6 are the plots of the SDMS S0 (Center Truss 
Segment) ISS Z direction accelerometer data, which show a higher acceleration magnitude during the pitch firing.  
 

 
Figure 5-1. DTF S4-1A S3 ISS X: SDMS: Time History 
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Figure 5-2. DTF S4-1A S3 ISS X: SDMS: PSD 

 

 
Figure 5-3. DTF S4-1A: SDMS S3 ISS X: Spectrogram 
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Figure 5-4. DTF S4-1A: SDMS S0 ISS Z: Time History 

 

 
Figure 5-5. DTF S4-1A: SDMS S0 ISS Z: PSD 

 

100 200 300 400 500 600
-4

-3

-2

-1

0

1

2

3

4
x 10

-4 S0 Z direction

Time [sec]

g

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

1

2

3

4

5

6

7

8

9
x 10

-9 PSD S0 Z direction

Freq (Hz)

g2 /H
z



 
Figure 5-6. DTF S4-1A: SDMS S0 ISS Z: Spectrogram 

 
 
6.0 MODEL CORRELATION AND VALIDATION 
 
6.1 OVERVIEW 
 
International Space Station integrated loads and dynamics verification and validation procedures are defined in Ref. [9].  
Verification procedures are intended to insure that the on-orbit structure satisfies its structural requirements.   Among others, 
these requirements include the verification that the structure can accommodate on-orbit loads.  The model of the structure 
used in the verification of the on-orbit loads must be validated [4].  One of the requirements in the validation plan states that 
test and analytical modal frequencies agree within 5% for primary modes and within 10% for secondary modes [Error! 
Reference source not found.].  The model validation plans are intended (i) to prove that the on-orbit models satisfy the 
validation requirements or (ii) to refine the on-orbit models so that they satisfy the validation requirements. 
 
6.2 MODE CORRELATION AND MODAL ANALYSIS 
 
The task of matching test and analytical modes is commonly performed by evaluating the Modal Assurance Criteria (MAC) 
[10] and the Cross-Orthogonality (XOR) matrices [11].   Both MAC and XOR matrices are indicators that show the level of 
correlation between test and analytical mode shapes.  These indicators are only meaningful with a large number of mode 
shape measurements spanning a wide spatial distribution.  For the ISS, it is desirable to have two sensors in each ISS module; 
at least one sensor at each side of an interface.  This would aid in defining axial and bending modes. Furthermore, the 
addition of three sensors placed in each ISS module would aid in defining ISS torsion modes. Such criteria are only partially 
met by modes extracted from the IWIS, SDMS, EWIS, SAMS and IMU-D dynamic measurement systems. 
 
In the computation of the XOR matrix, a reduced mass matrix, having degrees-of-freedom (DOFs) consistent with the 
measurement DOFs, is needed.  A reduced mass matrix for this particular problem requires a significant reduction from over 
several thousand DOFs (residual model) to less than 75 DOFs and was unavailable for this study.  The computation of the 
MAC matrix does not require the use of a reduced mass matrix.  Thus, test-analytical mode correspondences based on the 
MAC was used for the modes extracted from the ISS sensor systems. 
 
It should be noted that the damping was very difficult to estimate with the type of on orbit test that was conducted and the 
type of data that was available.  In order to estimate modal damping with high confidence, free decay data created from a test 
with several input sites is required. The S4-1A DTF had one input site, the SM thrusters, it is not feasible to conduct an on-
orbit dynamic test on the ISS with multiple input sites and nominal on-orbit dynamic events (i.e., vehicle dockings, 
undockings)  do not have the characteristics of this ideal data. 
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Figure 6-4: BTACS Sys ID Results for 1A Photo-g Data of S4-1A DTF F1 

 
 

Table 6-1: BTACS Sys ID Results/MAC for 1A Photo-g Data of S4-1A DTF F1 

On‐Orbit  Analytical 

Mode 
Description  Time 

Freq 
(Hz) 

% 
Damping 

Mode 
#  Freq (Hz) MAC  % Freq. Dif. 

OP  Beg  0.064 8.58 16  0.067  0.975  3.8 

‐  Mid  0.066 1.90 ‐  ‐  0.964  0.7 

‐  End  0.068 0.34 ‐  ‐  0.974  ‐1.1 

IP  Beg  0.097 2.96 20  0.096  0.953  ‐1.4 

‐  Mid  0.100 2.05 ‐  ‐  0.933  ‐3.9 

‐  End  0.104 3.22 ‐  ‐  0.975  ‐7.5 

TOR  Constant  0.096 0.81 30  0.1  0.984  4.5 

OP  Constant  0.146 0.64 60  0.151  0.955  3.6 

 
 
6.3.2 S4-1A MTS Strut Strain Gage Analysis 
 
In 2011 a maneuver was conducted that produced loads that were 25% higher than predicted loads. An investigation into the 
event found there was controller-structure-interaction; the controller was amplifying an excited structural mode. The mode in 
question had previously been identified with on orbit data and was found to correlate well with the shape of the 
corresponding analytical mode, having a MAC > 0.9 repeatedly, but could range in frequency difference from 2% -18%, even 
during the same ISS stage. The mode is an ISS XY global mode, where the truss and pressurized modules make a scissor like 
motion about the module-to-truss structure (MTS) struts. The MTS struts connect the pressurized modules to the truss 
segments of the ISS. The analytical reconstruction of the event produced high bending loads at the Node 1 to Lab interface, 
consistent with high MTS strut loads. SDMS MTS Strut strain gage data, for several on orbit events, was analyzed using the 
BTACS system identification tool which includes a method that extracts modal parameters within a set window over a 
prescribed period of time within the data set. This section will focus on the results of the data collected during the S4-1A 
DTF. 
 
The SDMS MTS Strut strain gage time history data, bandpass filtered 0.03 Hz-0.2 Hz, for the S4-1A DTF is shown in Figure 
6-5. The first firing is a yaw firing which excited the low frequency ISS XY mode with more energy than the pitch firing that 
followed. A visual of the frequency results of the system identification analysis is shown in Figure 6-6. The modal 
parameters were extracted from 12 time periods throughout the first firing. A modal assurance criterion (MAC) was 
calculated between each extracted mode. The MAC values between each extracted mode were all above 0.92; confirming that 
the tool was identifying the same mode over time with a changing frequency. The frequency of the mode shows a dependence 
on the magnitude of the data that was used for the extraction. The frequency, damping and EMAC value of the extracted 
modes is presented in Table 6-2: BTACS Sys ID Results for MTS Strain Gage Data of S4-1A DTF F1.  

OP 
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OP 



 
The investigation into the SDMS MTS strut strain gage data, which incorporated several data sets including the S4-1A data, 
concluded that the mode was nonlinear. Being a nonlinear mode, the frequency of it’s free vibration is dependent upon the 
free vibration amplitude. This amplitude dependent frequency characteristic was seen in the BTACS system identification 
results where the frequency of the mode changed 44% over the decay of S4 1A DTF Firing 1. The findings of the MTS Strut 
Strain Gage data analysis will feed into updating the thruster control algorithm to avoid controller-structure-interaction.  

 
Figure 6-5: SDMS MTS Strain Gage Time History Data S4-1A DTF 

 

 
Figure 6-6: BTACS Sys ID Results, EMAC>85%, for MTS Strain Gage Data of S4-1A DTF 

 
 

Table 6-2: BTACS Sys ID Results for MTS Strain Gage Data of S4-1A DTF F1 

Time (sec) Freq (Hz) Damping EMAC (%)

75  0.079 1.26 92.7 

99  0.080 1.69 93.7 

123  0.082 3.67 94.8 

135  0.081 6.82 95.4 
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159  0.093 5.45 97.1 

189  0.094 7.61 96.8 

210  0.095 5.22 93.9 

216  0.097 5.09 95.8 

282  0.109 2.51 94.4 

303  0.111 1.77 94.4 

318  0.113 1.1 93.4 

321  0.114 0.33 91.7 
 

 
6.3.3 S4-1A Model Correlation 
 
Using the Boeing MoReID Global ERA tool, modes were extracted from the combined accelerometer data sets of the S4-1A 
DTF Firing 1 and Firing 2. Each thruster firing set was treated as a separate on orbit data test. The first step in the correlation 
effort was to compare the test modes extracted from Firing 1 with Firing2 with the intent to show the consistency of the 
modes extracted from each of the dynamic responses. Due to the different types of thruster firings there were some modes 
that were excited by one firing set and not the other. The MAC was calculated using all of the accelerometers, all the 
accelerometers minus the IMU-D sensor, using only the pressurized module accelerometers and then using only the truss 
accelerometers. The MAC was calculated using different sets of accelerometer groups in order to determine the effect each 
sensor group had on the overall MAC value between the two firing sets; reason being the IMU-D and SAMS sensors have 
not been used for the purpose of model correlation before. The Firing 1 test mode 1 and 2 are the same mode, extracted twice, 
at different times within the data set, the overlay of the two mode shapes is presented in Figure 6-8 [A]. The difference in 
frequency of this mode is due to the dependence this mode has on free vibration amplitude, as discussed in section 6.3.2. In 
general, the results shown in Table 6-3 show good MAC correlation for the modes that were extracted with a high level of 
confidence. 
 
 

Table 6-3: ISS Stage ULF4 S4-1A DTF Test/Test Correlation  

Accel Group 

Firing 1 Yaw  Firing 2 Pitch  All  w/o IMU‐D  Modules  Truss  Freq 

Mode #  Freq  Mode #  Freq  MAC  MAC  MAC  MAC  % Dif 

1  0.084  1  0.1  0.977  0.977  0.987  0.969  18.4 

2  0.104  1  0.1  0.985  0.987  0.99  0.984  ‐3.7 

3  0.186  2  0.182  0.913  0.918  0.741  0.929  ‐2.5 

8  0.308  5  0.304  0.96  0.957  0.974  0.957  ‐1.3 

11  0.575  7  0.56  0.644  0.737   ‐  0.837  ‐2.7 

14  0.771  9  0.748  0.68  0.729   ‐  0.801  ‐2.9 

19  0.948  11  0.912  0.549  0.777   ‐  0.829  ‐3.8 

24  1.481  14  1.55   ‐   ‐  0.622   ‐  4.7 

 
The test/analytical correlation for the ISS Stage ULF4 S4-1A DTF configuration is shown in Table 6-4. The test modes that 
were excited from both firings and showed good correlation among themselves showed good MAC values with the analytical 
model modes. The modes that were excited well in one firing and not in the other firing, modes with higher frequency and 
mostly confined to one coordinate plane, also showed good MAC values when compared to the analytical model. The range 
of frequency differences of the first mode is linked to the nonlinear behavior seen in the on-orbit test mode, where the 
analytical model is a linear model and does not capture the nonlinear behavior of this mode. A diagram of an extracted mode 
shape overlaying the ISS structure is shown in Figure 6-7. That diagram is to aid in visualizing the other mode shape 
comparisons displayed in Figure 6-8 [A thru F],  Figure 6-9 [G thru L], and Figure 6-10 [M thru N]. 
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 The damping factors, for the same mode, vary considerably between different on-orbit dynamic events.  A general trend 
of the variation was difficult to assess from one event to another and from different time segments of the same response. 

 
 In general, damping factors identified from the test data are greater than the damping values of 1.0% used in the analysis. 
 
 The SAMS and MAMS microgravity sensors have proven to be valuable as a structural condition monitoring system.  

The SAMS and MAMS data have assisted in several anomaly identifications and resolutions.  These sensors also provide 
good structural frequency information and good information on the response of the ISS due to the applied excitation 
(crew IVA, reboost, docking, etc.). 

 
 The EWIS system, with its trigger mode to monitor for unforeseen dynamic events and its ability to take up to 3 hours of 

scheduled mode data has been invaluable for monitoring the vibrations seen on the outboard truss segments along with 
monitoring the health of the solar array rotary joints (SARJ). 
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