NASA/TM-2019-220410/Volume |
NESC-RP-15-01037

Application of System ldentification to
Parachute Modeling

Daniel G. Murri/NESC, Eugene A. Morelli, Jing Pei, and Carlos M. Roithmayr
Langley Research Center, Hampton, Virginia

Daniel A. Matz
Johnson Space Center, Houston, Texas

Richard L. Barton, and Michael R. Mendenhall
Analytical Mechanics Associates, Hampton, Virginia

-
October 2019



NASA STI Program . . .

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA scientific and technical information (STI)
program plays a key part in helping NASA maintain
this important role.

The NASA STI program operates under the
auspices of the Agency Chief Information Officer.
It collects, organizes, provides for archiving, and
disseminates NASA’s STI. The NASA STI
program provides access to the NTRS Registered
and its public interface, the NASA Technical
Reports Server, thus providing one of the largest
collections of aeronautical and space science STl in
the world. Results are published in both non-NASA
channels and by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
Programs and include extensive data or
theoretical analysis. Includes compilations of
significant scientific and technical data and
information deemed to be of continuing
reference value. NASA counter-part of peer-
reviewed formal professional papers but has
less stringent limitations on manuscript length
and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

in Profile

e CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia, seminars,
or other meetings sponsored or
co-sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services also include organizing
and publishing research results, distributing
specialized research announcements and feeds,
providing information desk and personal search
support, and enabling data exchange services.

For more information about the NASA STI
program, see the following:

e Access the NASA STI program home page
at http://www.sti.nasa.gov

e E-mail your question to help@sti.nasa.gov

e Phone the NASA STI Information Desk at
757-864-9658

e \Write to:
NASA STI Information Desk
Mail Stop 148

NASA Langley Research Center
Hampton, VA 23681-2199


http://www.sti.nasa.gov/
file:///C:/Users/shstewar/Documents/Templates_Reports/Templates_PubWebSite/Templates_RevJan2009/help@sti.nasa.gov

NASA/TM-2019-220410/Volume |
NESC-RP-15-01037

Application of System ldentification to
Parachute Modeling

Daniel G. Murri/NESC, Eugene A. Morelli, Jing Pei, and Carlos M. Roithmayr
Langley Research Center, Hampton, Virginia

Daniel A. Matz
Johnson Space Center, Houston, Texas

Richard L. Barton, and Michael R. Mendenhall
Analytical Mechanics Associates, Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

October 2019



Acknowledgments

The authors gratefully acknowledge the contributions of Dr. Jim Beaty, who
retired from NASA and was the original developer of the Capsule Dynamics
(CAPDYN) simulation tool used in this assessment.

The use of trademarks or names of manufacturers in the report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers by the
National Aeronautics and Space Administration.

Auvailable from:

NASA STI Program / Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199
Fax: 757-864-6500




NASA Engineering and Safety Center
Technical Assessment Report

Volumel

Application of System Identification to
Parachute M odeling

August 29, 2019

Page#: 1o0f 101



Report Approval and Revision History

NOTE: This document was approved at the August 29, 2019, NRB. This document was
submitted to the NESC Director on September 20, 2019, for configuration control.

Mechanics, LaRC

Approved: Original Signature on File 9/23/19
NESC Director Date
Version Description of Revision Office of l.)r1.n‘1ary Effective Date
Responsibility
1.0 Initial Release Daniel G. Murri, 8/29/19
NASA Technical
Fellow for Flight

Page#: 2 of 101




Table of Contents

Technical Assessment Report

10
20
3.0

4.0
5.0
6.0

7.0

8.0

9.0

10.0
11.0
12.0
13.0
14.0

Notification and AULNOMIZALION ........c..couiiiiiiie e 6
SIGNAEUNE PAJE. ...ttt et b e r ettt b e R b e n e e nren 7
LK== L TSP PSSRSO 8
3.1 ACKNOWIEAGMENTS .....oovviiiiiiiciiieciee ettt ettt et eetb e e s b e e eateeeabeeenraeensnas 8
EXECULIVE SUMMI@IY ...t b e e n e e r e n e 9
ASSESSIMENT PLAN ...ttt bttt b et e et n e n b ns 12
(R0 o 1= Al BT ] (o] o T 12
6.1 CP A ettt ettt b e ae et e bt e st et e nt et et e eneenbeeseensenneentenns 13
6.2 Overview of CPAS Pendulum Mode and Other Benign Modes...........ccccceeevveenreeennennee. 19
6.3 Approach and Description 0of Methods ..........ccccviviiiviiinieiieiie e 20
6.3.1 Pendulum Motion Modal ANaLySiS ..........cceeeuerriierieerieniienie e eieeieeeeseeseesenesneenseesseenns 20
6.3.2  Flyout, Maypole, and Breathing Modal ANalysis..........ccccceerienierieniieeiieneeseesee e 28
6.3.3 Independent Parachute/Capsule Simulations Implementing Full Three-object

Nonlinear EQuations 0f MOION ........cc.eviieriierienienieeie ettt sere e ere e saee e snnes 34
6.3.4  Analytic Check Cases for Simulation Verification............ccoeceevierieriierniieneeneeneesieeeeens 46
6.3.5 Nonlinear Aerodynamic Modeling from Flight Data using Equation Error..................... 46
6.3.6 Model Structure Determination Using Multivariate Orthogonal Functions...................... 50
6.3.7 Model Refinement using OUtPUt-EITOT .....cc.ooueeiiiiiiiiiinieieceeeee e 54
DALA ANAIYSIS. ...ttt b bttt e et b e b b et ns 58
7.1 Results for Pendulum Motion Modeling using Simplified Linear Equations and

Defined Aerodynamic Model StrUCtUIE...........eeeeviieeiieiiie et 58
7.2 Modal Analysis RESUILS ......ccvievieiiiiiiciieieeeieste et ere et stee st e s e sebessseessaesaesraens 65
% R 2 1311, (o [PPSR 68
7.2.2  MaYPOIE MOAC....c..iiiiiiieiiieciie ettt ettt e et e e s te e et e e et e e st eeetbeessbaeessaeesssaeensaeessens 70
7.2.3  Breathing MO ......coccviiiiieciieeeeee ettt ettt e st e st e e snb e e seteeesaeesnsaesnnneennneas 71
7.3 Equation-Error Aerodynamic Modeling ReSults ...........ccoeevereiirciiicieniienieniesiesee e 74
7.4 Output-Error Aerodynamic Modeling Results............cocoveiieiieniininniiiieceeieesee e 82
7.5 Simulation Comparisons with Flight Data............ccccceevieriiiiiiiiniieceecee e 87
7.5.1  Current Orion Model in FAST Simulation versus Flight ..........ccccccooviiiiiiiiinicniecieenes 87
7.5.2  System ID Model in CAPDYN Simulation versus Flight 3-11 ........ccociiiiiiiiniiiniinns 90
Findings, Observations, and NESC Recommendations ............ccccovviiiiniinnincininsencnes 93
8.1 FINAINGS ...ttt ettt sttt et e bt e bt e sae e snteenteeteen 93
8.2 ODSETVALIONS ...eeutietieeiie ettt ettt sttt et ettt b e b e s bt e e at e s st e eate e bt et e enbeesbeesaeesatesateenne 95
8.3 NESC RecOMMENAALIONS .....ooueeiieieiiiiieieieeiteie ettt sttt et ettt e nee st eaeseeeneens 96
AIErNALiVe VIEBWPOINT(S) .voiveieeiieitieie sttt st te et ae et e s te e e s tesreentesnesreentesneeneennas 97
Other DElIVEr@DIES.........ooieeee e e 97
L ESSONS L EAINNEA. ...ttt nr e ne e e nenreenas 97
Recommendationsfor NASA Standards and SpecifiCations...........ccocevvrereneieienieninenenens 97
DEfINITION OF TEIMMIS.....uiitiiitieeie ettt 97
Acronymsand NOMENCIAtUIr € LiSt......cccvecieiieiie e re e e e s s 98
141 NOMENCIATUTE ...c..eeuiitieiietiet ettt ettt ettt et bt et b e et e st s b e et e sbeeae et e ebeenee e 98
L4.2  ACTOMYIMIS ....etiiiiiiiieenitte ettt ettt ettt e e ettt e st e ettt e eabee s bt e e sateesabeeeeabeesabaeebteesabeesnbbeesaneas 99

Page#: 3 of 101



O S L = = o (o= SRV TSUSPRR 100
Appendices (SEPArate VoOIUME [1) ..o e et e e e et sae e s ne e sneesneesnneenneens 101

Figure 6.1-1.
Figure 6.1-2.
Figure 6.1-3.
Figure 6.1-4.
Figure 6.1-5.
Figure 6.1-6.

Figure 6.3.1-1.

Figure 6.3.1-2.

Figure 6.3.2.1-1.
Figure 6.3.2.2-1.
Figure 6.3.3.2-1.
Figure 6.3.3.2-2.
Figure 6.3.3.3-1.

Figure 7.1-1.
Figure 7.1-2.
Figure 7.1-3.
Figure 7.1-4.
Figure 7.1-5.
Figure 7.1-6.
Figure 7.1-7.
Figure 7.1-8.
Figure 7.1-9.
Figure 7.1-10.

Figure 7.1-11.
Figure 7.1-12.

Figure 7.1-13.

Figure 7.2.1-1.
Figure 7.2.1-2.
Figure 7.2.1-3.
Figure 7.2.1-4.
Figure 7.2.1-5.
Figure 7.2.2-1.
Figure 7.2.3-1.
Figure 7.2.3-2.
Figure 7.2.3-3.

Figure 7.3-1.

List of Figures

CPAS with Two of Three Main Parachutes Deployed.........cccocevvevieniincrinciieiieieenene 14
Reference FIames .......cocuiiiuiiiiieiiiee et 14
Flight Airflow Angle Definitions ........cccceeevieiiiiieiieeciie et sevee s 15
Parachute ProxXimity QUANTITIES ......c.eeevveererieeiiiierieeecieeeeteeereeeteeeereeeaeeeeaeeseveeeeaeenes 16
Parachute ClUSter ANGLeS.......ccoviiiiiiieiiiceiee ettt eseree s vee e 17
Capsule Free-body Diagrami..........ccceevcuieiiiieiiieeiieeciee et eree e svee e sevaeseee e 19
Dumbbell Model for Pendulum Motion ..........ccoceeriiiiiiiiiiiiiieieeieeee e 21
Cy and C4 Representative of Unstable and Stable Parachute Configurations ............... 25
Scissors Mode Planar Model ..........cceoiiiiiiiiiiiieieeeeeee e 28
Maypole Mode MOdEl .........ccoooiieiieiieieee ettt 31
Capsule Coordinate Frame Definitions ...........cccceereerieriieiiienieenee e 36
Parachute Wind Reference Frame Definitions ..........cccevceevievieniieeciieieececeeesiceiee 37
Free-body Diagram of Three-object Equation of Motion...........ccceeveevienienienireieenen. 38
CDT 3-11 FGt WINAS ....cciiiiiiieieeiieieieeteiesit ettt ettt st et e sseense e 60
Output-error Model with CDT 3-11 Flight Data .........ccccovoiiviiniiiiiiieeeneeseeeeeee 60
Cn versus o, Identified Model versus MPCV Database .........ccccvvevvvvvevieecveeeeinneeeeenne, 61
CNa versus ¢, Identified Model versus MPCV Database............ccooovvvevneveeeeeeiveeennen, 62
CA versus «a, Identified Model versus MPCV Database ..........ccceeevvveeeneeeeeeiieeieennen, 62
CDT 3-12 FLight WINAS.....cccovieciieiieciieiieciesiesie et esieesieeseeeseaesveesbeesseesseessaessnesnseenseens 63
Prediction Test using CDT 3-12 Flight Data..........ccccocvevviiviiieiiiieieieeeeeeeeeeeeen 63
Simulation of Planar Pendulum Model with Identified Output Error Model................. 65
Simulation of Planar Pendulum Model with Identified Output Error Model................. 65
Statically Unstable and Dynamically Unstable Configuration; Swing Angle Phase
Portrait (left), Angle of Attack Phase Portrait (right) ........ccccoeevevenieneninienieee 66
Statically Stable and Dynamically Unstable Configuration; Swing Angle Phase

Portrait (left), Angle of Attack Phase Portrait (right) ..........cccocvriiieiieiieiieieieeeee 67
Statically Unstable and Dynamically Stable Configuration; Swing Angle Phase

Portrait (left), Angle of Attack Phase Portrait (right) .........ccceeveviiiciiiiiieieecee e 67
Statically Stable and Dynamically Stable Configuration; Swing Angle Phase

Portrait (left), Angle of Attack Phase Portrait (right) ..........cccceeeevieeiieviienieieriesieneeene 68
Flyout/Scissors Motion from Flight Data...........cccccceeviivienienienieciecrecreereereeieesiens 68
(CN)LOt oM CDT 3-02..ccuiiiciiieieeie ettt ettt e staestresaaeebeesbe e beesaaessaessnensnas 69
(CN)LOt frOm CDT 3-08...c.uiiciieeiiieie ettt et e steestaestaessbeesbeebeesaeessnesssensnas 69
(CN)LOt TOM CDT 3-11.iiiiiiciiicieeie ettt ettt stresiae s beesbe e beesaaessaesssenenas 69
(CN)OL TOM CDT 3-12. ettt ettt st be e e e ene s 70
Maypole Motion from Flight Data ............ccccooiiiiiiiiciiiiiceee e 70
CDT 3-02 Best Estimate Srer and Viown (7= 160 t0 234 SEC) ..eeevvierrveeriieeiieeeree e 72
FFT CDT 3-02 Best Estimate Srer @Nd Faown «eveeeveerreerieriiennieeiienieneeniee e eieesiee e 73
Breathing Mode Simulation ReSUltS..........cccoeviiiiciiiiiiieciccc e 73
CPAS Equation-error Modeling, CDT-3-11, Main 9........ccccceeeeriiiviieniieeee e 75

Page#: 4 of 101



Figure 7.3-2.
Figure 7.3-3.
Figure 7.3-4.
Figure 7.4-1.
Figure 7.4-2.
Figure 7.4-3.
Figure 7.4-4.

Figure 7.5.1-1.

Figure 7.5.1-2.
Figure 7.5.2-1.
Figure 7.5.2-2.
Figure 7.5.2-3.
Figure 7.5.2-4.
Figure 7.5.2-5.
Figure 7.5.2-6.

Table 6.3.4-1.
Table 7.1-1.
Table 7.1-2.
Table 7.3-1.

CPAS Equation-error Model Prediction, CDT-3-11, Main 8..........ccccccvvvevveercreeennenne. 80
CPAS Equation-error Model Prediction, CDT-3-12, Main 14...........cccceevvievreeennennne. 81
CPAS Equation-error Model Prediction, CDT-3-8, Main 3..........cccceecvveeciveenveeereenne 82
CP2 Back-driven with Flight Accelerations, CDT-3-11, Main 8.........c.cccccvevveeenneennee. 85
CP2 Back-driven with Flight Accelerations, CDT-3-11, Main 9........ccc.cccecveverivennene 85
CP2 Back-driven with Flight Accelerations .........c.cevvevierierieeiieieeeereesee st 86
Nondimensional Aerodynamic Force Coefficient CompariSon..........ccccceeeeereeereenneennee. 87
CDT-3-12 BET Sea-level Equivalent Descent Rate Comparison with Orion Model

T 2 N USSR 89
BET Swing-angle Comparison with Orion Model in FAST .........cccccevviiiiiiiiiiieeieens 89
Flight Winds during Pendulum Motion 3-11........ccceciiiiiiiiniiiieiiieieeceeeee e 90
SWING ANZIE ..eeitiieiieecie ettt ettt e et e e st e e e be e e tbeessseeessseesssaeessseessaesnseeenssens 91
Parachute Air Relative Velocity NOrth.........cocvieiiiiiciiiiiiiceeeeeeeee e 91
Parachute Air Relative Velocity East .........ccoooieiiiiiiiiiniiiiiee et 92
Parachute Air Relative Velocity DOWI ........cocuviiiiiiieiiieiierieee et 92
Capsule North East POSTHION .......ceviiiiiiiiieiieiiesiee et 93

List of Tables

Table of Contents of Analytical Verification Cases ...........cceeevveereevreenieereesieeseesnennens 46
Approximate CPAS Properties used for Modal Analysis..........ccocceveereiineenencecenene 59
Pendulum Mode Parameter Estimation Results from CDT 3-11 ......cccocvviiiiiiecenene. 61
Equation-error Aerodynamic Modeling Results

based on CDT-3-11 Main 9 Flight Data.........c.cccceeviirviiinienienieniecieeie e 78

Page#: 5of 101



Technical Assessment Report

1.0 Notification and Authorization

The NASA Engineering and Safety Center (NESC) was requested to determine the feasibility of
using modern system identification techniques for developing high-fidelity parachute models
from parachute drop-test flight data, using full-scale Orion Capsule Parachute Assembly System
(CPAS) drop-test pendulum-mode flight data as a test case.

Mr. Daniel G. Murri, NASA Technical Fellow for Flight Mechanics, was selected to lead the
assessment team. The primary stakeholders for this assessment were the analysts, chief
engineers, and project managers of current and future vehicles that use parachutes.
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4.0 Executive Summary

Parachute models are used in numerous flight simulation tools to predict a wide range of
parachute flight performance characteristics (e.g., parachute inflation loads, parachute stability
and dynamics, vehicle touchdown conditions, and, ultimately, the safety and survivability of the
system using the parachute). The current state of the art in developing parachute models is to
initially estimate the parachute characteristics based on the parachute geometry and historical
data and then add increased model fidelity based on data from wind tunnel and/or flight tests.
This approach, however, can be deficient in identifying which parachute states (e.g., angle of
attack, sideslip, angular rates, flyout angles, descent rate, dynamic pressure, proximity to other
parachutes) are responsible for the parachute motion, and the relationship between those states
and the forces on the parachute.

In aircraft flight testing, system identification techniques have been used for many years to
extract highly accurate flight simulation models from flight data. These methods use statistical
metrics and optimization to identify the states and controls responsible for aircraft behavior and
to characterize the relationship of the forces and moments to those states and controls. The
application of these techniques relies on having accurate flight-test instrumentation to measure
aircraft states, control deflections, and aircraft response during dynamic maneuvers.

Some parachute development programs are now obtaining more comprehensive high-quality data
during wind tunnel and flight testing. These data provide the potential to extract highly accurate
models using system identification techniques. The goal of this assessment was to evaluate the
feasibility of using system identification techniques to develop high-fidelity parachute models
from parachute drop-test flight data. If successful, the application of system identification could
reduce the time and cost in developing parachute models, increase fidelity and accuracy of
parachute simulations, provide better understanding of parachute aerodynamics and vehicle
touchdown conditions, and reduce risk or improve understanding of the risk to vehicles and
systems using the parachutes.

This assessment used full-scale Orion Capsule Parachute Assembly System (CPAS) drop-test
flight data as a test case. The CPAS flight tests employed high-fidelity photogrammetry
techniques and an inertial measurement unit (IMU) on the payload to measure the parachute
states, which allowed the application of system identification techniques. Furthermore, the CPAS
flight tests studied were conducted with one main parachute missing (i.e., two of the three
parachutes remaining), where an undesirable dynamic pendulum motion was observed. This
pendulum motion has proven difficult to model accurately in simulations. For example, the
Multi-Purpose Crew Vehicle (MPCV) Program developed a CPAS pendulum-mode
aerodynamic model by starting with historical data and then refining the model using a manual
process of iteratively running the flight simulation and manually changing model parameters
based on engineering judgment and comparison of the simulation results with flight data. The
resulting model predicts parts of the flight time histories fairly well (e.g., the limit cycle
amplitude, frequency, and descent rate of the pendulum mode) but misses some of the coupled
motions and other details of the flight behavior. Ideally, a model developed using system
identification techniques would remove much of the time-consuming manual tuning and provide
a numerically optimized model that accurately predicts more flight behavior and coupling.
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As part of this assessment, three-body (i.e., two parachutes and one capsule) nonlinear equations
of motion were independently developed and implemented in a flight simulation written in
MATLAB. In addition, analytical check cases for parachute modes of motion were developed
and used to validate independent simulation and the Flight Analysis and Simulation Tool (FAST)
used for the CPAS simulation at Johnson Space Center (JSC).

Motions of a dynamic system made up of two parachutes and a capsule connected by elastic lines
can be extremely complicated and can include not only the pendulum mode but also other modes
of motion (e.g., flyout, maypole, and breathing modes). Some of these modes can occur at the
same time, which complicates the analysis. For example, changes to parachute inflated shapes
(including the breathing mode) can occur simultaneously with other modes and affect parachute
motion and aerodynamic characteristics. Because of these complicated mode combinations, two
approaches were used to model and understand the behavior of the two-parachute CPAS system.

The first approach was to analyze the dynamics of each individual mode observed during flight
using first principles and linear modal analysis, making necessary simplifications along the way.
This approach is analogous to the traditional modal analysis technique used to study airplane
flight dynamics, in which the full nonlinear behavior of the airplane is decomposed into the
phugoid and short period modes for the longitudinal dynamics, and into the spiral, roll-
subsidence, and Dutch-roll modes for the lateral dynamics. The modal analysis technique in this
assessment provided accurate modeling of individual modes and important insight into the
geometric and aerodynamic factors affecting these modes. However, it is important to note that
the modal analysis does not address the mechanisms that cause the system to enter a mode of
motion or transition from one mode to another, nor does it describe motions where two or more
modes occur simultaneously.

The second approach used in this assessment was to attempt to model the global nonlinear
behavior of the two parachutes and the capsule system using system identification techniques
that have been successfully applied to aircraft flight testing. As opposed to the linear modal
analysis, it was hoped that a global model developed from system identification would be able to
accurately characterize all parachute motions, including illuminating the mechanisms that cause
the system to enter a specific mode or transition from one mode to another and predicting
motions where two or more modes occur simultaneously.

After an extensive development process, the first step in global modeling using system
identification was successfully applied to identify a high-fidelity model for the acrodynamic
coefficients from the CPAS drop test flight data using equation-error techniques. This
aerodynamic model provides important insight into the quantities affecting the modes of motion
and determines which terms to include in the aerodynamic model.

The second step in the system identification process used the output-error technique in an
attempt to numerically optimize the aerodynamic model to accurately predict the overall time
history of the two parachutes and capsule using flight simulation, including the onset,
characteristics, and coupling of the various modes of motion. Unfortunately, because of practical
and computational difficulties, the output-error optimization did not converge to a parachute
model that, when used in flight simulation, compared well with flight data. Findings and
observations related to the factors that complicated the output-error analysis are provided in this
report. The primary factors were the limited flight envelope of this passive system, which did not
allow identification of the strong aerodynamic restoring force at high total angle of attack; the
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non-physical rapid changes in aerodynamic states near zero total angle of attack, related to how
the parachute axes were defined; and the sometimes unstable behavior of the parachutes that
resulted in poorly conditioned and brittle output-error optimization. Recommendations are
provided for the future application of system identification to parachute modeling, including
techniques that could overcome the limitations found in this assessment.
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5.0 Assessment Plan

The planned products for this assessment included a simulation model of the two-parachute
CPAS, including conditions where pendulum motion has been observed; comparisons of the
predicted motions from simulation to the observed motions during the flight tests; and
recommendations regarding the applicability of system identification to current and future
parachute development programs and on the process for developing parachute models using
system identification, if appropriate.

Technical activities for this assessment included:
1. Acquire CPAS flight test data and parachute geometry characteristics.

2. Develop independent three-body equations of motion and implement in a MATLAB
simulation.

3. Develop analytical check cases and conduct analytical validation of the MATLAB simulation
and FAST used for the CPAS simulation at JSC.

4. Conduct system identification equation-error analysis of flight data to identify key modeling
parameters and develop simulation model structure.

5. Conduct system identification output-error analysis of flight data to develop system
identification CPAS pendulum-mode simulation model.

6. Compare predicted motions from the system identification simulation model with observed
motions from flight tests. Update the simulation model as needed.

7. Develop findings, observations, and NESC recommendations, and prepare an NESC final
report.

6.0 Problem Description

Parachute models are used in numerous flight simulation tools to predict a wide range of
parachute flight performance characteristics (e.g., parachute inflation loads, parachute stability
and dynamics, vehicle touchdown conditions, and, ultimately, the safety and survivability of the
system using the parachute). The current state of the art in developing parachute models is to
initially estimate the parachute characteristics based on the parachute geometry and historical
data and then add increased model fidelity based on data from wind tunnel and/or flight tests.

It is relatively straightforward to enter data from parachute static wind tunnel tests into a
parachute simulation model to represent the static stability and lift and drag at static conditions.
Sometimes, however, these data have unknown scaling effects and may not accurately represent
the characteristics of the full-scale parachute system. In addition, the information required to
model parachute dynamic stability characteristics must be developed from parachutes freely
flying in wind tunnel or flight tests. Extracting dynamic stability data from wind tunnel or flight
tests is more difficult and typically relies on expert judgment to identify the important model
terms and manually tune associated model parameters in a flight simulation model, until the
predicted motions match the flight behavior as closely as possible. This approach can be
deficient in identifying the explanatory variables (e.g., total angle of attack, angular rates, flyout
angles, descent rate, dynamic pressure, proximity to other parachutes), or combinations thereof,
which are needed to predict the parachute motion and to quantitatively characterize the
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relationship between the explanatory variables and the aerodynamic forces acting on the
parachute.

In aircraft flight testing, system identification techniques have been used for many years to
extract highly accurate simulation models from flight data. These methods use statistical metrics
and optimization to identify the states and controls that are responsible for aircraft behavior and
characterize the relationship of the forces and moments to those states and controls. The
application of these techniques relies on accurate flight-test instrumentation to measure the
aircraft states, control deflections, and aircraft response during dynamic maneuvers.

Some parachute development programs are now obtaining more comprehensive high-quality data
during wind tunnel and flight testing. These data provide the potential to extract highly accurate
models using system identification techniques. The goal of this assessment was to evaluate the
feasibility of using system identification techniques to develop high-fidelity parachute models
from parachute drop-test flight data, using full-scale CPAS drop-test pendulum-mode flight data
as a test case. The CPAS flight tests employed high-fidelity photogrammetry techniques and an
IMU on the payload to measure the parachute states, allowing the application of system
identification techniques.

Successful application of system identification techniques for the development of high-fidelity
parachute models could reduce time and cost in developing parachute models, increase fidelity
and accuracy of parachute simulations, provide better understanding of parachute aerodynamics
and vehicle touchdown conditions, and reduce risk or improve understanding of the risk to the
vehicles and systems using the parachutes.

Note that the terms “capsule” and “payload” are used somewhat interchangeably throughout the
report. The CPAS drop tests for this study utilized either a modified capsule Parachute Test
Vehicle (PTV) or a dart-shaped Parachute Compartment Drop Test Vehicle (PCDTV) as a
payload.

6.1 CPAS

A diagram of the CPAS flight test article is shown in Figure 6.1-1. The flight data analyzed for
this assessment were drop tests with two parachutes fully inflated. The normal CPAS system
uses three main parachutes. Figure 6.1-2 shows the Earth-axis and body-axis coordinate systems
used for each parachute. Airflow angles used for the aerodynamic modeling are defined in
Figure 6.1-3. Reference 1 describes the flight test article, instrumentation, and data reduction
required to produce the test vehicle best estimated trajectory (BET), as well as the best estimated
winds and atmosphere data used for the main parachute modeling and prediction testing. The
main parachute BET is the best estimate of the parachute motion and was created from the CPAS
test vehicle data and photogrammetry of the parachute positions relative to the test vehicle.
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Figure 6.1-1. CPASwith Two of Three Main Parachutes Deployed
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Figure 6.1-2. Reference Frames
(Credit: Phil Robinson, NASA JSC)
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Figure 6.1-3. Flight Airflow Angle Definitions
(Credit: Phil Robinson, NASA JSC)

Airflow angles can be expressed in terms of body-axis air-relative velocity components as

B=sin"(v/V) (6.1-1)
o=tan"' (—=w/—u) (6.1-2)
o =cos ' (—u/V) (6.1-3)

@, =tan”" (v/—w) (6.1-4)

V=«/u2+v2+w2 (6.1-5)

Time derivatives of the airflow angles can be expressed in terms of body-axis air-relative
velocity components and their time derivatives as

i =—V21_ . {v‘—v(””’”;; WW)} (6.1-6)
. (wv—wa)
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deé[u—%(uu+W+wW)} (6.1-8)

_ (viv—wv)
(v2 +w2)

Proximity of the parachutes was characterized as shown in Figure 6.1-4. Proximity effects on the
parachute aerodynamics were assumed to depend on the normalized distance and speed along the
line between the parachute centers:

(6.1-9)

T T
D = |:pr1 yEpl ZEpl :| - |:pr2 yEp2 ZEp2 :| (6. 1'10)
D,... =|D|/D, (6.1-11)
d
Vprox ZE(Dprox) (61'12)

r Looking down from above
+X y out of the page

b

______

D, =undeformed chute diameter Porox

g
Figure 6.1-4, Parachute Proximity Quantities

The proximity angle ¢y, is defined as the angle between the air-relative velocity vector and

the line connecting the parachute centers in the y-z plane in parachute body axes, which can be
computed as

Oyrox =tan”' (D, /-D,, ) (6.1-13)

T
where D, = [DWX Dwy D, J is the D vector expressed in parachute wind axes, which are

parachute body axes rotated through the aerodynamic azimuth angle ¢, , so that the air-relative
velocity vector is directed along the negative z parachute wind axis.

Parachute cluster angles, called swing angle 6, and flyout angle 6, are shown in Figure 6.1-5.
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Figure 6.1-5. Parachute Cluster Angles
(Credit: Tuan Truong, NASA JSC)

These angles can be computed from the parachute positions in Earth axes as

T T
rpl/a=|:pr1 YE, ZEIJ —[an YE, ZEJ

T T
rp2/a=|:pr2 YE,, ZEp2:| —[an YE, ZEJ
7=(rpl/a+rp2/a)/2
T &
w=r/[Fl=[% 7, 7]

6, =tan! (Jﬁf +11; /|ﬁz|)

Ry10a =Tpl/a / ||rp1/a

Ry =Tp2/a / ||rp2/a

|
9f=Ecos (”pl/a'”pz/a)

Table 6.1-1 contains the CPAS mass, geometry, and tension line properties.

NESC Document #: NESC-RP-15-01037, Vol. I

Flyout angle is the
half-angle between
the mains in the
strong axis

(6.1-14)
(6.1-15)
(6.1-16)
(6.1-17)
(6.1-18)
(6.1-19)

(6.1-20)
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Table 6.1.1. CPAS Properties used for System ldentification

Quantity Value Units
[ = reference length = nominal parachute canopy diameter 116 ft
S = parachute reference area = nl? /4 10,568.3 ft?
Vo = reference airspeed 32 ft/s
Vea = parachute canopy enclosed air volume = 7(0.71)3/12 140,164 ft®
md, parachute dry mass 10.22 slug
g = gravitational acceleration 32.174 ft/s?
L = nominal line length 234 ft
k = line spring constant 15,000 Ibt/ft
¢'= line damping constant 10,000 Ibf-s/ft
Sec = capsule reference area 213.8 ft?
me, capsule mass 648.44 slug

Flight data came mainly from onboard instrumentation and videogrammetry. Airspeed, total
angle of attack, aerodynamic azimuth angle, and dynamic pressure came from the BET data,
which were based on flight instrumentation data and estimated atmospheric conditions and winds
aloft at the time of the flight test. Velocities, accelerations, and related quantities for the
parachutes were computed by smooth numerical differentiation of the position data obtained
from an IMU on the payload, as well as videogrammetry. Flight data from onboard
instrumentation were corrected for data dropouts and, in some cases, were interpolated to a
uniform sampling rate. The sample rate for the flight data used in the analysis and modeling was
10 Hz, corresponding to a sampling interval of 0.10 s.

Enclosed mass within each parachute canopy was calculated using the volume of an undeformed
hemisphere for each parachute canopy and the local air density from the BET data. As shown in
Table 6.1.1, the nominal parachute canopy diameter was reduced using a factor of 0.7 in the
calculation of parachute enclosed air volume to account for the shape of the parachute canopy in
flight, compared with the measured 116-ft diameter circle formed by the canopy laid flat on the
ground. The enclosed air volume was multiplied by air density at the current altitude,
interpolated from BET data, to compute enclosed air mass. Dynamic air mass effects

(e.g., spillage of the enclosed air mass around the canopy and apparent mass effects) were not
modeled specifically but instead were subsumed into the identified aerodynamic model.

Tension forces in the lines connecting the payload to the parachutes were measured with load
cells. However, the data exhibited non-physical variations because of practical problems with the
measurements and was inconsistent across different parachutes and flights based on model
prediction tests. Therefore, measured line tension forces were replaced with the mean values of
estimated line tension forces computed by force balance using accelerometer data from the IMU
on the payload, the mass of the payload, the estimated aecrodynamic drag coefficient of the
payload, airspeed, dynamic pressure, and the known position of the parachute canopies relative
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to the payload from videogrammetry. Figure 6.1-6 shows a free-body diagram illustrating the
forces acting on the payload, which was used to estimate the line tension forces at each sample
time. The line tension magnitudes at each sample time were determined by least squares because
two line tension magnitudes were computed but all three components of the vectors in Earth axes
were available. Note that the accelerometer measurements from the IMU on the payload quantify
acceleration from applied forces and, therefore, exclude gravity.

—

v We=mg,

Ty + T, =|Ti|fig, +|T |fig, = md, - D,
All quantities except magnitudes ‘T,l and ‘le
are known from measurements and capsule C),

Figure 6.1-6. Capsule Free-body Diagram
6.2 Overview of CPAS Pendulum M ode and Other Benign M odes

Motions of a system made up of two parachutes and a capsule can be extremely complicated and
can include not only the pendulum mode but also other modes of motion (e.g., flyout, maypole,
and breathing modes). In addition, some of these modes can be coincident, and changes to the
parachute’s inflated shape (including the breathing mode) can occur during all of these modes
and affect the parachute motion and aerodynamic characteristics.

As discussed in reference 2, it is apparent from flight tests that the system, made up of two main
parachutes and a capsule, can undergo several distinct dynamical behaviors. The most significant
and problematic of these is the pendulum mode, in which the system develops a pronounced
swinging motion, which for CPAS exhibits an amplitude up to about 24 degrees. Large
excursions away from vertical by the capsule could cause it to strike the ground at a large
horizontal or vertical speed or at a dangerous incidence angle and jeopardize the safety of the
astronauts during a crewed mission. In reference 2, Ali et al. summarized a series of efforts taken
by the CPAS project to understand and mitigate the pendulum issue. The period of oscillation
and the location of the system's pivot point are determined from post-flight analysis [ref. 3].

Other noticeable modes include: 1) the flyout (i.e., scissors) mode, in which the parachutes move
back and forth symmetrically with respect to the vertical axis and come in contact with one
another, similar to the motion of a pair of scissors; 2) the maypole mode, in which the two
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parachutes circle around the vertical axis at a nearly constant radius and period; and 3) the
breathing mode, in which deformation of the non-rigid canopies affects the axial acceleration of
the system in an oscillatory manner. These modes are considered more benign than the pendulum
mode but are important to understand for evaluation and prediction of the overall parachute
characteristics.

6.3 Approach and Description of M ethods

Because of the complicated combinations of modes, two approaches were used to model and
understand the behavior of the two-parachute CPAS system. The initial approach was to first
analyze the dynamics of each individual mode observed during flight using first principles and
modal analysis and make simplifications along the way. This approach is analogous to the
traditional modal analysis technique used to study airplane flight dynamics [ref. 4], in which the
full nonlinear behavior of the airframe is decomposed into the phugoid and short period modes
for the longitudinal dynamics, and into the spiral, roll-subsidence, and Dutch-roll modes for the
lateral dynamics. The modal analysis technique provided insight into the geometric and
aerodynamic factors affecting these individual modes. However, it is important to note that the
modal analysis does not address the mechanisms that cause the system to enter a mode of motion
or transition from one mode to another, nor does it describe motions in which two or more modes
occur simultaneously.

The other approach used in this assessment was to attempt to model the global nonlinear
behavior of the two parachutes and capsule system using system identification techniques, which
have been successfully applied to aircraft flight testing. This global system identification
modeling technique used a two-step process: equation error modeling followed by output-error
model optimization. As opposed to the modal analysis, it was hoped that a global model
developed from system identification would be able to evaluate and model all the parachute
motions, including the mechanisms that cause the system to enter a specific mode or transition
from one mode to another, and describe motions in which two or more modes occur
simultaneously.

As part of this assessment, an independent flight simulation was developed. Equations of motion
were derived for a capsule connected to two parachutes. The capsule is modeled as a rigid body
having 6 degrees of freedom (DOF), and each parachute is modeled as a particle having 3 DOF.
This independent flight simulation was coupled with the system identification tools to allow the
application of the equation-error and output-error methods. In addition, analytical check cases of
parachute modes of motion were developed and used to validate the independent simulation and
FAST, which was used for the CPAS simulation. The description of the equations of motion, the
resulting flight simulation, and the analytical check cases are described in this section. Note that
in Sections 6.3.1 and 6.3.2, which address system dynamics, the symbol " is used to represent a
unit vector; in Sections, 6.3.5 through 6.3.7, which address system identification, the symbol " is
used to represent a parameter estimate.

6.3.1 Pendulum Motion Modal Analysis

Key results from contemporary studies of the pendulum motion are provided here in brevity;
details of the analyses are given in references 5 and 6.
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6.3.1.1 Dynamicsand Aerodynamics Model Structure

The planar dumbbell model used to study the underlying dynamics of the pendulum motion is
illustrated in Figure 6.3.1-1. The capsule is modeled as a particle rather than an extended rigid
body, and aerodynamic forces acting on the capsule are ignored [ref. 7]. The two parachutes are
treated as a single particle. The rigid body B contains two particles. Particle P, has a mass of m,
the total mass of two parachutes, which includes dry mass as well as the mass of air trapped in
each of the canopies. The mass of the entrapped air is calculated based on the method described
in Section 6.1, assuming constant air density. Particle P, has a mass of m; and represents the
capsule. Body B moves such that P. and P, remain at all times in a plane fixed in a Newtonian
reference frame N. A right-handed set of mutually perpendicular unit vectors Ny, n,, and N is
fixed in N. Unit vectors i; and N5 lie in the plane in which motion takes place and are directed
as shown in Figure 6.3.1-1; n; is horizontal, 1, is directed into the page, and N3 is vertical,
directed downward. A right-handed set of mutually perpendicular unit vectors b,, b,, and b5 is
fixed in B. Unit vectors b, and b are directed as shown in Figure 6.3.1-1; b, has the same
direction as the position vector r¥cPL from P, to P;. Unit vector b, is directed into the page
(note that it is fixed in N as well as in B).

Figure 6.3.1-1. Dumbbell Model for Pendulum Motion

The mass center of B, B*, is fixed in B between particles P and P;. The distance R; from B* to
P; can be expressed in terms of the distance L between P, and P;:
mc

RL=—5 1 ]
D (6.3.1-1)

The distance R, from B* to P can be expressed similarly:
my,

R, = —L& | ]
¢ = (6.3.1-2)
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The resultant of the forces acting on P; is given by
F, = W,fi; — Th, (6.3.1-3)

where —Tb, represents the internal force applied to P, to keep it fixed in rigid body B,

W, = my g, and g is the magnitude of the local gravitational force per unit mass. As mentioned
earlier, aerodynamic force acting on the capsule is neglected. The resultant of the forces acting
on P is given by

F. = W,z + (T — A )b, + A,b, (6.3.1-4)

where 4x and A: characterize the resultant of the aerodynamic forces applied to the two
parachutes represented by Pc. W is the sum of the dry weights of the two parachutes; the weight
of the air trapped in their canopies is ignored because the gravitational force exerted on that air is
assumed to be counteracted by buoyancy effects from the ambient atmosphere.

The following two relationships governing translation and rotation of the dumbbell are derived in
reference 5:

. 1 . o
NgaB* — m{—[Ax sin 6 + A, cos 8]n, (6.3.1-5)
+ [W, + W, — A, cos 6 + A, sin 6]ii5}
(mcRc® + myR,?)8 = R.(W;sin® + A,) — R,W, sin8 (6.3.1-6)

One can obtain Equation (6.3.1-6) by summing moments about the mass center, B*, and writing
Euler’s equation of rotational motion for B; the coefficient multiplying 6 is the central moment
of inertia of B for a line parallel to b,. In view of Equations (6.3.1-1) and (6.3.1-2) and the fact
that W, = m; g, Equation (6.3.1-6) can be rewritten as

6+—[(meg—W)sin 6 —A,] =0 (6.3.1-7)
mcL

A,, the magnitude of the resultant of the aecrodynamic axial forces applied to the two parachutes,
can be expressed as

Ay = 2GeSreiCa (6.3.1-8)

where q,, is the dynamic pressure, S,.f is the reference area of a single parachute, and C, is the
drag coefficient for a single parachute. The absolute value of A, is the magnitude of the resultant
of the aerodynamic normal forces applied to the two parachutes; A, can be expressed as

A, = —2G0SeeiCy (6.3.1-9)

where Cy is the aerodynamic normal force coefficient for a single parachute. As discussed in
references 7 and 8, C4 and Cy are nonlinear functions of a, the instantaneous angle of attack of
the parachute:

1 a?
CA((X) = CAo +§CAaa0 a—oz— 1 (631-10)
Cy
Cy(a) = =—=5(a® — ap’a) (6.3.1-11)
20

Here, a is the stable trim angle of attack, and Cy, is the slope of the Cy curve at .
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In a steady-state flight condition, C, and Cy are nonlinear functions of ¢, the instantaneous angle
of attack of the parachute, as shown with the red curves in Figure 6.3.1-2 and discussed in
reference 7. Equilibria exist at the three points where Cy = 0. The equilibrium point & = 0 is
unstable, and the two equilibrium points at & = +a,, are stable. In this analysis, C, is treated as a
constant, and Cy_, the slope of the curve for Cy, is taken to be constant in the neighborhood of an
equilibrium point. Cy is expressed as

CN == CNa(CZ - 0(0) + CNQdQ = CNa(a - ao) + CN(ZG (631-12)

where a is the trimmed angle of attack of the parachute and the term Cy_ d, is added to account
for unsteady flow when o is changing with time. In the literature (e.g., refs. 9 and 15), Cy,, is
multiplied by the time derivative of the angle of attack at the aircraft mass center, a point having
steady-state velocity. Instead, we use the time derivative of angle of attack at a point Q because,
as discussed here, the velocity of this point is nearly constant. @, = 6 — y; therefore, @y = 6
because vy is constant.

The location can be determined of a pivot point Q whose velocity Yv? in N is nearly constant.
The magnitude of Nv© is denoted by V- and regarded as constant. Hence, Yv¥ can be written as

Ny@ =V, (cos a,p by + sinag b;)
where a, is the angle of attack at Q. The velocity YvF¢ of P in N then can be expressed as
NyPe = NyQ + L.0bs = V,, cosag by + (Vo sinag + Lc8)bs; (6.3.1-13)

where r@Pc = —L b, is the position vector from O to P,. The tangent of the angle of attack ¢ at
P is given by

NvPe by V,sinay + L6

t = — = 6.3.1-14
ana NyPc - b, Vo cos g ( )
When both angles of attack are small, the following approximation can be used:
Lc6
axay+—— (6.3.1-15)
Voo
The second term on the right-hand side is referred to as angle of attack induced by 6;
ag =60 —y =06+ ay, where ay; = —y is constant. Thus,
Lc6
a—ay~ 0 +— (6.3.1-16)
Voo
Substitution from Equation (6.3.1-16) into Equation (6.3.1-12) yields
L:6 .
CN = CN(I 0 +V_ +CNLI‘{9
(6.3.1-17)

Lcy .
= CNaH + (CNLZ‘{ + CNa V_> 9

2 Cy,0 + (Cw,), 0
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where (C fo)tot’ total aecrodynamic damping, is defined to be Cy, + Cy,, L¢/Veo-
Substitution from Equation (6.3.1-17) into (6.3.1-9) and then into (6.3.1-7) yields

Ay = —2quSret|(Cny), 0 + Cn, 0] (6.3.1-18)
and

2qoo ref

b
meL

1
(Che)ioe? + 77 [(mcg W) sing + 200, SpefCy 0] =0 (6.3.1-19)

The total weight of the system, VVtot, is equal to the sum of the weight of the load and the dry
weight of the two parachutes (i.e., Wit = W1 + Wc¢). During equilibrium descent in the hi, — h3
plane, the resultant axial force applied to the two parachutes balances the gravitational force
W3, resulting in zero acceleration in the vertical direction. Consequently, Wit is equal

t0 Ax, of Wit = Ay = 290SrefCs. Thus, 2q4Syer can be replaced with Wi, /C,, and

Equation (6.3.1-19) can be rewritten as

tot

A VVtot . 1 . w.
o+ mcLCy (CNd)tote + mel [(mc g —W;)sin6 + C,

Cy, 0| =0 (6.3.1-20)

Over the past 50 years, a number of analytical, numerical, and experimental investigations have
been performed, with the goal of understanding parachute pitch-plane dynamics (e.g., refs. 7 and
10). Reference 11 used computational fluid dynamics to study the stability of various main
parachute configurations from the Apollo and MPCV Programs. It was demonstrated that an
increase in the porosity of the parachute improved its stability characteristics, thus reducing the
severity of the pendulum motion. Figure 6.3.1-2 shows representative plots of Cy and Cy,
comparing a stable versus an unstable main parachute configuration. It is apparent from the

Cy versus «a plot that the unstable configuration has a negative slope at « = 0 and two stable
equilibrium points at +a,. As described in reference 11, by increasing the parachute porosity,
the Cy slope becomes close to zero at @ = 0 and is considered the stable configuration. In
addition, the two stable values «,, shift closer to @ = 0. However, this modification comes at a
cost in the reduction of C4, which results in a higher descent velocity. References 10 and 12
provide similar insight regarding the flow physics associated with non-porous versus porous
configurations and how these affect the parachute stability characteristics. The current

study focuses on the unstable Orion main parachute design (modeled by the red curves in
Figure 6.3.1-2), which is highly susceptible to the pendulum motion under the two-main cluster
configuration.
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Figure 6.3.1-2. Cy and Ca Representative of Unstable and Stable Parachute Configurations
6.3.1.2 Linear Analysis

Much insight into the stability of the parachutes can be obtained by assuming that Cy is a linear
function of a in the neighborhood of a stable equilibrium point, &,. When the swing angle
remains small, the rotational equation of motion is found to have the form of the second-order
linear differential equation governing damped, free vibrations, and a general solution of the
differential equation is given in Equation (6.3.1-25). A point on the dumbbell whose trajectory is
nearly a straight line for undamped, small-amplitude oscillations is identified. The distance from
this pivot point to the capsule is of interest because the capsule moves as though that distance is
the length of a simple pendulum. In the case of a simple pendulum, the distance between the
pivot point and the pendulum bob determines the distance traveled by the bob on a circular arc as
the pendulum swings. The distance between the pivot point and the pendulum bob also
determines the period of oscillation. Analogously, the distance from the pivot point to the
capsule is an important parameter in capsule-parachute pendulum motion. When this distance is
minimized, undesirable swinging motion of the capsule is minimized.

When 6 remains small, Equation (6.3.1-20) can be approximated as

Wtot
mcLCy

. 1 Wiot
(CN‘)tOtQ + — (mcg - Wc) + _CN ]0 = O (631-21)
@ mcL Cy %

6 +
This second-order linear differential equation has the form
¥+ 2bx + w,?x =0 (6.3.1-22)

which governs damped free vibrations. w,, is referred to as the circular natural frequency, and
b/w,, is the fraction of critical damping or damping ratio. b and w,,? are defined as

b= &(CN.)t . (6.3.1-23)
2mcLC, Nt
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and

1 W,
w2 = — [(mc g-We) + ﬁ%] (6.3.1-24)

The general solution of Equation (6.3.1-21) is given by
0 = e P[C; sin (wq t) + C; cos (wgy t)] (6.3.1-25)

where the damped natural frequency, w, 1s given by

Wg =+ wy? — b? (6.3.1-26)
and the constants C; and C, can be expressed in terms of the initial values 8, = 8(t = 0) and
6, = O(t = 0) as

1 ..
¢, =— (6, + bb,) (6.3.1-27)
Wq

C; =6, (6.3.1-28)
The constants appearing in the fraction on the right-hand side of Equation (6.3.1-23) are all
positive; therefore, the sign of b is determined by the sign of (Cy, )tot- Exponential decay in
6 occurs for (Cy, )ror > 0, whereas there is exponential growth in 6 for (Cy, )0t < 0. In either

case, the damped frequency w, of oscillations in 6 is smaller than w,,; consequently, the period
of damped oscillations is larger than that of undamped oscillations.

Solutions of dynamical equations governing planar motions of the dumbbell reveal the existence
of a point Q, on the line joining P; and P, whose trajectory in N is very nearly a straight line;
from this observation, it can be inferred that the magnitude of the acceleration Ya® of Q in N is
nearly zero. In what follows, the distance L, from P; to Q is such that Ya? - by = 0 for
undamped oscillations having small amplitude. It is also shown that, under the same conditions,
NaQ - b, is small when the initial values 8, and 6, are zero and small, respectively. Q is referred
to as the pivot point; the smaller the value of L;, the better the landing conditions will be for the
capsule.

With the aid of Equation (6.3.1-5), the acceleration Ya? of Q in N is given by

NaQ = NaB' 4 (L, — R,)(6bs + 62 b,)
(We +Wp)cos 6 — A, ]

= L, — R Hz]b

[ me +my + ( L L) 1

N [(WC + W;)sin 6 + A4,
me+myg

(6.3.1-29)

+ (L, — RL)é] b,

One can determine the value of L;, such that ¥a? - b; = 0 when 0 remains small and oscillations
are undamped [ref. 5]:
_ (We+W)sin 6+ A, —mcLO

Na@ . p, = +1L,6=0 6.3.1-30
a 3 me +my L ( )
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In view of Equation (6.3.1-7) and the fact that W, = m; g,
(We + W) sin 6 + (me g — W) sin 8

——— +L6=gsinO+L,06 =0 (63.1-31)

Thus, after substitution from Equation (6.3.1-20) with (Cy, )¢t = 0,

Wiot

Ca

. L
—1,6 = m—LL (meg — W) sin 6 + Cy,0|=gsin @ (6.3.1-32)
C

When 6 remains small, L; can be expressed as
_ me g Cy
(mc g — We)Cy + Wit Cy,

L L (6.3.1-33)

It is easily shown that L, = R, when C, = Cy_, in which case Q is coincident with B*. When
Cn, = 0 (a hypothetical limiting case), it is evident that L, slightly exceeds L because the

numerator in Equation (6.3.1-33) becomes the sum of the masses of the dry parachutes and
entrapped air, whereas the denominator consists only of the masses of entrapped air.

As the distance L; decreases, the pivot point moves closer to the capsule, which decreases the
distance the payload travels over a circular path during pendulum motion. Equation (6.3.1-33) is
a key mathematical relationship that substantiates observations made in previous studies of
pendulum motion:

1. Increasing the parachute Cy_ moves the pivot point toward the payload and reduces the

distance traveled by the capsule as it swings. In other words, improving the static stability
alleviates the severity of the pendulum motion.

2. Decreasing the parachute drag coefficient (by increasing its porosity) improves the static
stability of the parachutes. In the context of the linear pendulum analysis, this is equivalent to
moving the pivot point toward the payload and reducing the distance traveled by the capsule
as it swings. However, this benefit comes at the expense of increasing the steady-state
descent rate, which may not be desirable. Note that the overall stability of the pendulum
motion is dependent on both static and dynamic stability. The latter is not addressed in this
analysis.

3. Decreasing the payload mass (the largest contributor to W) shifts the pivot point toward the
parachutes and increases the distance traveled by the capsule as it swings.!

4. An increase in the atmospheric density increases the mass of the air entrapped in the canopy
(the larger part of m) and moves the pivot point toward the parachutes.

These observations are consistent with conclusions drawn in references 7, 10, and 11.

! While this observation seems consistent with reference 7, experience from the CPAS drop tests suggests the
opposite may be true. Half of the nominal two-parachute CPAS development drop tests experienced pendulum
motion, but there were no observations of pendulum motion for the Capsule Pallet Separation System (CPSS),
which used the same parachute configuration numerous times but with a payload that weighed about half as much.
There may have been other contributing factors, and the number of tests is insufficient to draw a conclusion with
high confidence; however, it is still worth noting this discrepancy as it directly applies to the parachute system
analyzed in this study.
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6.3.2 Flyout, Maypole, and Breathing Modal Analysis

The flyout (scissors), maypole, and breathing modes are described separately in this section.
Reference 13 provides complete derivation of the equations of motion.

6.3.2.1 Flyout Mode

Reference 3 describes the flyout, or scissors, motion as two parachutes moving sinusoidally
away from or toward the vertical axis in a symmetrical manner, while the capsule's descent speed
changes sinusoidally. A simple planar model involving three particles is used to study the
underlying dynamics of the scissors motion, as shown in Figure 6.3.2.1-1. Particle P; has a mass
of m; and represents the capsule. The two parachutes are treated as identical particles, P and
P; each has a mass of m., which includes dry mass as well as the mass of air trapped inside the
canopy. The system moves such that the three particles remain at all times in a plane fixed in a
Newtonian reference frame N. A right-handed set of mutually perpendicular unit vectors ny, 0,
and N3 is fixed in N. Unit vectors f; and N3 lie in the plane in which motion takes place and are
directed as shown in Figure 6.3.2.1-1; 1 is horizontal, 1, is directed out of the page, and N5 is
vertical, directed downward. Pg and P, each are connected to P; by a massless, rigid link; the
two links are connected by a revolute joint whose axis is parallel to fi,. Pg and one link are fixed
in a reference frame B, whereas P and the other link are fixed in a reference frame C. The
orientations of B and C in N are described by angles 8; and 8,, respectively. A dextral set of
mutually perpendicular unit vectors by, b,, and b is fixed in B and directed as shown in

Figure 6.3.2.1-1; b, is directed out of the page. A similar set of unit vectors ¢&;, ¢,, and &; is
fixed in C; &, is directed into the page. Note that b, and &, are each fixed in the three reference
frames N, B, and C. The resultant external forces acting on P;, Pg, and P, are denoted by F,;, Fg,
and F., respectively.

(-

-
. 1
@)~

n;

Figure 6.3.2.1-1. Scissors Mode Planar Model

The equation of motion governing the horizontal speed of P;, which is not presented, shows that
horizontal acceleration of P, vanishes under the following conditions: (F, + Fz + F;) - fi; = 0,
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0, = 0,, 6, = 0,, and 6; = 6,. The latter three conditions simply correspond to the symmetric
motion of the parachutes that characterizes the scissors behavior under consideration. In the
following, all four conditions are assumed to exist, and the horizontal speed of P; is taken to be
constant and equal to zero. In that case, the three-particle system has three DOFs in N, and three
motion variables u;, u,, and u; are introduced as follows: u; is the projection onto 3 of the
velocity of P, in N, u, = 6;, and u; = 6,. Using Kane’s method [ref. 14], the equations of
motion can be written in matrix form as

my, +2me  meLsin 8; mcLsin 60,] (1,
mcL sin 6, mclL? 0 [ﬁz}
meL sin 6, 0 meL? s
n; - (F, + Fg + F;) — mcL(cos 0, u,? + cos 0, u3?) (6.3.2-1)
- Lb, - Fy
Lé; - Fe

The mass matrix is symmetric, as expected. One can divide the second and third equations by L.

Symmetric motion of the parachutes occurs when the magnitude of the normal force b, - Fy
applied to Py is identical to the magnitude of the normal force €; - F. applied to P, the initial
values of 8, and 6, are identical, and the initial values of u, and u; are identical.

According to reference 7, the contribution of aerodynamic forces to F; is ignored, and the force
can be expressed as

FL = ngﬁ3 = WLﬁ3 (632-2)
The resultant external force applied to Py is given by
Fp = GooSref[—(Ch)totb1 — Cabs] + Wiy (6.3.2-3)

where W, is the dry weight of a single parachute. The weight of the air trapped in the canopy is
ignored because the gravitational force exerted on that air is assumed to be counteracted by
buoyancy effects from the ambient atmosphere. The total normal force coefficient, (Cy)tot, 1S the
sum of the free-stream normal force coefficient, (Cy )y, and the normal force coefficient due to
parachute proximity effects, (Cy)prox:

(Cn)tor = (Cn)gs + (CN)prox (6.3.2-4)

As shown in Figure 6.3.1-2 and Equation (6.3.1-11), (Cy )¢ is generally a nonlinear function of
a. In general, it is also a function of &. For this analysis it is assumed that the parachutes are
oscillating about some trimmed a. Small angles are assumed, 8’ ~ a’, where 6’ and a' are
deviations about the trimmed 6 and a, respectively, and Cy varies linearly with a. This small
angle assumption is valid for @’ within approximately 15 degrees; however, this is not generally
the case, which may introduce significant errors. (Cy)prox 18 a function of Dy, the distance

between the parachute centers, and V., the time derivative of Dprqx. Proximity distance can be
expressed as Dy, = 2L sin 6 thus, its time derivative is Vyrox = 2L cos 6 6. The derivatives of
the normal force coefficients have a relationship similar to Equation (6.3.2-4):

(CNa)tot = (CNa)fs + (CNa)prox (6.3.2-5)
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The resultant external force applied to P is given by
Fc = qooSref[—(Cn)tort€1 — CaCs] + Wei3 (6.3.2-6)

If the dynamic coupling in Equations (6.3.2-1) is ignored (valid approximation since the
contribution of 11, to 1, is small), damping is neglected, and 6; is assumed to remain small, then
the second of Equations (6.3.2-1) describes an undamped harmonic oscillation:

WC - qooSref(CNa)tot
meL

U, =6, = 6, (6.3.2-7)

The period associated with the scissors motion, T, is found to be inversely proportional to
(CNa)toE

T =2 mel (6.3.2-8)
=27 3.2-
qooSref(CNa)tot - WC
(Cn,)tor can be expressed as a function of T and key system parameters:
a - 2 T
(Cngtot 1S\ T +We ( -9)
co~re

6.3.2.2 Maypole Mode

Maypole motion described in reference 2 consists of two parachutes orbiting about the vertical
axis. It is referred to as the spiral mode in reference 12. A simplified model used to study
maypole motion is illustrated in Figure 6.3.2.2-1. The three particles P;, Py, and P, are the same
as those described in Section 6.3.2.1; in the present model, however, all three are assumed to be
fixed in a rigid body B. A right-handed set of mutually perpendicular unit vectors b;, b, , and b,
is fixed in B and directed as shown in Figure 6.3.2.2-1; b, is normal to the plane containing P;,
P, and P,; and by is parallel to an axis of symmetry of B, which is therefore a central principal
axis of inertia of B. A dextral set of mutually perpendicular unit vectors iy, n,, and 05 is fixed
in a Newtonian reference frame N. fi; is horizontal, i, is directed out of the page, and 5 is
vertical, directed downward. B moves in N such that b; = fi; at all times. Moreover, the
velocity in N of every point on the axis of symmetry of B has the same constant magnitude and
the same direction as ns.
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Figure 6.3.2.2-1. Maypole Mode Mode/
For example, P, lies on the axis of symmetry, so the velocity of P, in N can be written as
VPL == V3ﬁ3 (63.2—10)

where V3 is a constant. Hence, the acceleration in N of P; and every point on the axis of
symmetry is zero:

N

NaPL = @ (6.3.2-11)

The mass center of B, denoted by B*, lies on the axis of symmetry and, therefore, has an
acceleration in N equal to zero. Based on first principles, this requires that the resultant of all
external forces applied to B is equal to zero. The angular velocity Yw? of B in N that
characterizes maypole motion is parallel to a central principal axis of inertia of B:

Nw? = 0b; = Ofi, (6.3.2-12)
where Q is a constant. Thus, the angular acceleration Ya? of B in N is zero:
NaB =0 (6.3.2-13)

Euler’s rotational equations of motion are satisfied by Equations (6.3.2-12) and (6.3.2-13) only if
the resultant moment about B of all external forces applied to B is equal to zero. The
accelerations in N of Py and P, are then determined to be

NaPB = OLsin ® Qb; x b, = —RO?%b, (6.3.2-14)
NaPc = —QLsin & Qb; x b, = RO%b, (6.3.2-15)
where R = L sin &, as indicated in Figure 6.3.2.2-1.

Two additional sets of dextral, mutually perpendicular unit vectors are introduced for
convenience in conducting kinematic analysis and expressing the forces applied to B. Both sets
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of unit vectors are fixed in B. The first set contains €;, €,, and €5, whereas the second set
contains f;, f,, and f5.

The resultants of the external forces acting on P;, Pg, and P, are once again denoted by F;, Fg,
and F¢, respectively. As in Section 6.3.2.1, F; is expressed as

FL s ngﬁ3 = WLﬁ3 (632-16)
The resultant external force applied to Py is, in general, given by
Fz = qooSref[—(Ch)tot€1 + Cy€; — C4€3] + WeH; (6.3.2-17)

where W, is the dry weight of a single parachute. (Cy )0t can in this case be expressed as in
Equation (6.3.2-4). In addition, it is assumed that ® = a and the parachutes are in static
equilibrium with constant flyout angles and at some trimmed angle of attack ayi,,, while
performing the maypole motion. The resultant external force applied to P, is similar to Fp:

Fe = qooSrefl—(Cn)totfy + Cyfy — Cafs] + WA, (6.3.2-18)

However, the side forces associated with Cy would yield a nonzero moment about B* that is
parallel to b;. Hence, maypole motion requires

C, =0 (6.3.2-19)

Because P; and Py are connected by a rigid link, each exerts a force on the other. The force
exerted by P, on Pg can be expressed as T €. This internal force must be accounted for when
applying Newton’s second law to Pg; however, forming dot products with &; will eliminate T.
That is,

(Fgp +Té;)-& =Fgz-& =mcNafs g (6.3.2-20)
Substitution from Equations (6.3.2-14) and (6.3.2-17) yields
{qooSref[—(Cn)tor€1 — Co€3] + Wehs} - €1 = —qooSref(Ch)ror + We sin @
= —m:RO%b, - &,
= —mcRQ? cos ® (6.3.2-21)
This relationship can be solved for (Cy)ot:
mcRN? cos ® + W, sin &

qooSref

Thus, the aerodynamic normal force is seen to be directly proportional to the magnitude of the
centripetal acceleration of Py (or P¢). One can also conclude that the radius and period of the
maypole mode is dependent on the value of (Cy )0t at Qirip- FOr a given orbital radius, R, the
orbital angular rate is given by

(6.3.2-22)

(C\)tot =

Q= JooSref(Cn)tot — We sin @ (6.3.2-23)
mcR cos @
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The orbital period of maypole motion is thus seen to be inversely proportional to (Cy)tot.>
Finally, by appealing to the fact that the resultant external force applied to B must be 0 for
maypole motion to take place, a relationship between (Cy )0 and C4 can be obtained. The

resultant is given by
Fz +F. +F, = qoSeer[—(C &, +f)—-Cu@;+f
B c L = QooSrefl—(Cn)tot (€1 1) a(€3 3)] (6.3.2-24)
+ (ZWC + WL)ﬁ3 - O

Hence,
(Fg + Fc + F) " b3 = {gooSrer[— (C)eor (€1 + £1) — Ca(€5 + £3)] + 2W¢ + WA} - by
= —qooSrefl2(Cy)tor SiN @ + 2C, cos P)] + 2W, + W,
=0 (6.3.2-25)
or
2We +mpg — 2qQ0SrefCyq cOS P

C = 6.3.2-26

6.3.2.3 Breathing Mode

Parachutes are made using flexible materials and are inherently non-rigid objects. As they
deform during flight, the projected reference area Spr,; changes and affects the axial motion of
the system. Reference 2 describes this axial oscillatory behavior as the “breathing mode.” Cluster
Development Test (CDT) 3-02 flight test data showed that during the breathing mode as the
canopies contracted from the nominal reference area, V4., increased; conversely, as the
canopies increased from the nominal reference area, V., decreased. This oscillatory behavior
occurred with a period of 4.5 seconds.

The underlying dynamics of the breathing mode are straightforward and can be represented by
Equations (6.3.2-27) through (6.3.2-29). The parameter 7 is used to approximate the deformation
of the parachute away from its nominal projected area, with n < 0 depicting a contracted canopy
and 1 > 0 an expanded canopy. The oscillatory deformation behavior can be represented by a
second-order harmonic oscillator. The natural frequency, w,,, is dependent on many parameters
(e.g., the parachute material properties, porosity, natural environments).

fi+dn+ win=20 (6.3.2-27)
The C4 consists of a baseline term and a term dependent on 71:
Ca=Cyqy +Ca1 (6.3.2-28)

The equation of motion in the down direction is
(my, + 2m¢ gry)W = SpespW?Cy + (M, + 2Me gry) g (6.3.2-29)

where m 4y is the dry mass of the parachutes and w is the velocity in the down direction.

2 This conclusion appears to contradict the findings in reference 12, which suggests that the orbital period increases
with Cy. However, the authors of reference 12 state that those results are only applicable to a narrow range of initial
conditions, which may explain the discrepancy.
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6.3.3 Independent Parachute/Capsule Simulations I mplementing Full Three-object
Nonlinear Equations of Motion

A MATLAB-based standalone CAPDYN simulation was created to investigate the motion of a
generic crew module capsule connected to one or two parachutes. MATLAB was selected for the
simulation for greater ease in integrating it with existing MATLAB-based system identification
tools. CAPDYN is a complex, multiple DOF simulation that models the interaction of one or two
parachutes connected with flexible riser lines (modeled as springs with damping that apply
tension-only forces along the direction of the lines) to a crew module capsule, each under the
influence of forces due to gravitational attraction, aerodynamics, and the force exerted by each
riser line. The gravitational force exerted on the air entrapped in each canopy is assumed to be
counteracted by buoyancy effects from the ambient atmosphere.

6.3.3.1 CAPDYN Notations

Many authors use different and varied notations for expressing vector quantities, as well as
direction cosine matrices (DCMs) and quaternions. This section explains the notations used
herein. To define a vector that is directed from one point “A” to another point “B,” the notation
RpB/a is used. With this notation, no specific coordinate frame is implied. To identify the
coordinate frame in which a vector is expressed, the vector is enclosed in parentheses with a
subscript identifying the frame. For example, if the vector Rp/a is expressed in the North-East-
Down (NED) frame (defined in the next section), then it is denoted by (RB/A) NED. If the vector
Rp/a is expressed in the capsule body frame (“b”) (also defined in the next section), then it is
denoted by (RB/A) b.

Likewise, DCM and quaternion notation used herein employs a similar notation. Assume some
quaternion represents the orientation of coordinate frame “C” relative to the axes of coordinate
frame “D,” then the quaternion that represents the orientation of frame D relative to frame C is
written as g p/c, which can be thought of as the quaternion that transforms vectors from frame C
to frame D. Similarly, a DCM expressing the relative orientations of those frames could be

denoted as Cpyc.

Throughout this document, the orientations of coordinate frames is defined using quaternions
rather than DCMs, although either is mathematically suitable. However, throughout the
mathematical literature, there are two forms of quaternions, which are distinguished by how they
are used. One form of quaternion seen in mathematical literature is used to rotate a specified
vector through some angle in a right-hand sense about some direction as defined by the
quaternion. The other form used in flight mechanics applications (and in this document)
describes the relative orientations of two different coordinate frames in which the components of
a common vector are defined. In the latter application used herein, the vector itself is not rotated
by the quaternion; rather, a common fixed vector as observed in two coordinate frames whose
relative orientations are defined by a quaternion can be transformed from one frame to the other
using that quaternion. The defining relationship between a vector expressed in coordinate frame
C, or (R)c, and the same vector expressed in another coordinate frame D, or (R)p, is provided in
the quaternion notation used herein as the following quaternion product of three quaternions:

(R)b = (dp/c)” (R)c dp/c. The middle quaternion shown on the right-hand side of the equation
is a quaternion representation of the vector being transformed, with zero scalar part, and vector
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part equal to the components of the vector (R)c. The asterisk superscript on the leading
quaternion on the right side of the equation represents the conjugate of quaternion g p/c.

6.3.3.2 CAPDYN Coordinate Frames

For the equation of motion derived herein, a right-handed reference frame with its x-axis pointed
north, its y-axis pointed east, and its z-axis pointed down with its origin placed at some arbitrary
location is defined as the NED frame. For the purposes of this analysis, oblate or spherical Earth
geometry and kinematics are not considered, nor is the rotation of the Earth or its orbit around
the Sun. Per these simplifications, the NED frame is considered an inertial frame for applying
Newton’s laws of motion. The precise location of the origin of the NED frame is arbitrary and,
without loss of generality, in this analysis is assumed to be located on the surface of the Earth
somewhere in the general vicinity of the three bodies being analyzed (i.e., the capsule and each
of the two parachutes).

Additionally, the analysis described herein does not model the inverse-square gravity model

(g = u/r*, where r is the distance from the center of the Earth to the center of mass (CM) of an
object, including its altitude above the surface of the spherical or oblate Earth, and y is the
product of the gravitational constant and the mass of the Earth). Instead of the inverse-square
gravity model, the analyses described herein use a fixed value of gravity at the mean surface of
the Earth, or 9.80665 meters per second squared (m/s?), or 32.17405 ft/s?, which is assumed to be
constant at all altitudes.

The capsule includes two coordinate frames defined as the capsule structural reference frame
and the capsule body frame. The capsule structural frame is used to define the location of
specific elements of the capsule geometry and the placement of items in the capsule. Its x-axis is
located along the axis of symmetry of the capsule with its direction pointed aft, toward the
capsule heat shield; its y-axis points toward the crew entry hatch, and its z-axis completes a
right-handed coordinate frame. Its origin is arbitrary and is normally positioned some distance
forward of the capsule’s top, and it is sometimes defined as the virtual point that is the apex of
the capsule’s conical shape. However, the precise location is not important for the derivation of
the equation of motion in this document (the relative locations of items of interest in the capsule
are important).

The capsule body frame is a right-handed coordinate frame with its origin located at the CM of
the capsule with its x-axis pointed forward or away from the crew module heat shield; its y-axis
is parallel to the y-axis of the capsule structural frame, and its z-axis completes a right-handed
coordinate frame. The axes of the capsule body frame are rotated 180 degrees about the y-axis
compared with the capsule structural reference frame, and its origin is offset from the origin of
the capsule structural frame. It is offset axially along the axis of symmetry from the arbitrary
location specified for the origin of the capsule structural frame to the actual CM of the capsule.
In general, it is located off the axis of symmetry of the capsule due to the non-zero lateral CM
location of the capsule relative to its axis of symmetry. The distribution of mass in the capsule is
designed intentionally so that its CM is offset from the axis of symmetry to allow the desired
steady-state “hang angle” of the capsule as it descends under the influence of its parachutes.

Figure 6.3.3.2-1 is a depiction of the crew module geometry showing the two coordinate frames
and their relative positions and orientation.
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X )-(YZS are capsule structural frame axes
X

; B XYZ, are capsule body frame axes

=AP/C " 2 )
Cis crew module center of mass
AP is parachute 1 & 2 attach point

c s Fap/c is vector from C to AP

Heatshield

Axis of symmetry

Figure 6.3.3.2-1. Capsule Coordinate Frame Definitions

Each parachute is modeled as a “point mass” whose dynamics are influenced only by forces
exerted on them from aerodynamics, tension in the riser lines connecting them to the capsule,
and gravity, resulting in three translational DOFs for each parachute. The parachute orientations
change due to the translation of each parachute relative to the attach point on the capsule, while
connected by their riser lines to the capsule. The parachutes are not modeled as rigid bodies with
specified moments of inertia whose rotational dynamics could be computed by moments applied
to them. However, the rotational orientation of the parachute canopies caused by their translation
relative to their attach point on the capsule is obtained in these derivations by consideration of
the kinematics of such motion.

For the purposes of the derivations included herein, each parachute is assumed to be a point mass
with no rotational dynamics. Affixed to each parachute is a “wind” reference frame whose origin
is located at the point-mass representation of the parachute mass at a specified distance above the
plane of the opening to the parachute canopy’s hemispherical shape and along its axis of
symmetry. Such a parachute “wind” reference frame allows for traditional aerodynamic forces to
be applied to the parachutes using air relative velocity and angle of attack. For the purposes of
the derivations herein, the x-axis of each parachute “wind” reference frame is defined such that it
points toward its attach point on the capsule, in the direction of its riser line force that connects it
to the crew-module attach point. Its z-axis is defined such that the instantaneous air relative
velocity vector (i.e., the velocity of each parachute relative to winds applied to it) is contained in
the parachute wind frame x-z plane. Finally, the y-axis of each parachute wind frame completes
a right-handed reference frame. As a consequence of these parachute “wind” reference frame
definitions, the orientations of the axes continually change relative to NED as each parachute’s
air relative velocity vector changes direction due to parachute translational motion and winds
applied, and due to the effects of the forces from the riser lines connecting the parachutes to the
capsule. Due to the definitions used for the parachute wind reference-frame axes, the total angle
of attack of each parachute is contained in the x-z plane with no sideslip aerodynamic angle in
the y-axis directions, as for “wind axis” coordinate frames often described in airplane and missile

Page#: 36 of 101



aerodynamic and dynamics analyses. However, these definitions of the x-, y-, z-axes do not
preclude applying aerodynamic forces along the y-axis of each parachute.

Figure 6.3.3.2-2 is a depiction of the relative orientations and positions of the two parachutes
relative to the capsule and the inertial NED frame. The figure shows the parachute “wind”
reference-frame axis definitions as described and the geometric parameters used to define the
relative orientation and position of each parachute from the capsule.

Parachute 2
Parachute 1

r NED Frame

Down
Figure 6.3.3.2-2. Parachute Wind Reference Frame Definitions
6.3.3.3 Parachute Equations of Motion

The forces applied to each parachute and the forces and moments applied to the capsule are
created by aerodynamic, gravity, and tension forces in the riser lines that connect each parachute
with its corresponding attach point on the capsule. The riser lines are considered elastic lines that
apply tension-only forces modeled as springs with damping (numerical values are provided in
Table 7.1-1). Those forces and moments are shown in the free-body diagrams of each parachute
and the capsule in Figure 6.3.3.3-1.
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Parachute 2

Parachute 1

gz is aero force on parachute 2
Ez is parachute 2 riser line

tension force
ﬂz is weight of parachute 2

W F M
L —
&1 is aero force on parachute 1 \f A
-C
E, s parachute 1riser line AP
tension force ARC

ﬂl is weight of parachute 1 ecC

wﬁ gc is aero force on crew module capsule

North MC is aero moment on crew module capsule
E “ARC” is aerodynamic reference center
ast “C" is capsule center of mass
W is weight of capsule
NED Frame - c
Down

Figure 6.3.3.3-1. Free-body Diagram of Three-object Equation of Motion

The forces applied to each parachute by the riser lines connecting them to the capsule are, by
Newton’s third law of motion, equal in magnitude and opposite in direction to the forces applied
by the riser lines to the capsule. This is illustrated in Figure 6.3.3.3-1 by the vectors F1 and —F1
and F2 and —F> as identified in the free-body diagram of each body. Since the riser lines are
assumed to provide tension-only connections that allow line stretch but no compression forces,
the force provided by each riser line is consistent with modeling as a spring with damping so that
the force applied is computed as shown in Equations (6.3.3-1) through (6.3.3-3):

FE=Tn F,=T,1, (6.3.3-1)
Ty =kr* (& = & _initiar) + kp € (6.3.3-2)
Ty = kr* (€ = € initiar) + kp € (6.3.3-3)

In the equations above, k7 is the spring constant (Ibf/ft), kp is the spring damping constant (Ibf-
s/ft), €1 and ¢, are the current lengths of the riser lines for parachutes 1 and 2, €iinitial and &initial
are the initial (unstretched) lengths of the parachute riser lines, and the ¢; and €2 dot terms are the

rates of change of the riser line lengths. The unit vectors from the parachute attach point on the
capsule to each parachute are computed as shown in Equations (6.3.3-4):

Ipi/ap
n,=—"—

- |£pl/Ap| (633-43)
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_ Ipz/ap

(6.3.3-4b)

h; =

|£Pz /AP|
If the unit vectors shown in Equations (6.3.3-4) are computed in the NED reference frame, then
they can be transformed to the capsule body frame, b, as needed.

For the purposes of this analysis, it is assumed that the aecrodynamic forces exerted on the two

parachutes (A1 and A2, as shown in Figure 6.3.3.3-1) will be specified in the parachute’s wind
frame as described earlier, using typical aerodynamic conventions with axial force applied
opposite its x-axis, normal force applied opposite its z-axis, and side force applied in the
direction of its y-axis. The total angle of attack will be computed in Equation (6.3.3-10b) to
compute the aerodynamic force coefficients, and the aerodynamic forces will be computed from
those coefficients and each parachute’s aerodynamic reference area and dynamic pressure. The
aerodynamic coefficients Cy4, Cy, and Cy represent the axial force, side force, and normal force
coefficients, respectively, for each parachute, and are used to compute the aerodynamic forces in
the parachute wind frame as shown in Equations (6.3.3-5):

—Ca1

(Al)p1 = o1 SRef1 Cy1 (6.3.3-5a)
_CNl

_CAZ
(Az)pz = qo2 SRef2 Cy, (6.3.3-5b)

_CNZ

The notation ( )p1, ( )p2 indicates that the aerodynamic force shown in Equations (6.3.3-5) is in

the wind frame of parachute 1 or 2. The terms go 1 SrRef 1 and go 2 Sref2 in Equations (6.3.3-5)
represent the product of the dynamic pressure (pounds per square foot (psf)) and aerodynamic
reference area (square feet (ft?)) of parachutes 1 and 2, respectively, and convert the
nondimensional aerodynamic coefficients into physical aerodynamic forces (pounds force (Ibf))
exerted on the parachutes. As described earlier, the parachutes are assumed to be point masses,
or particles, subject only to forces applied that result in 3-DOF translational motion. Therefore,
no aerodynamic moments are considered for the parachutes in this analysis.

Once the aerodynamic forces of each parachute have been computed in their respective wind
reference frames, as defined in Equations (6.3.3-5), those aerodynamic forces are transformed to
the NED frame before combining with the other forces applied to the parachutes (also
represented in the NED frame). Newton’s second law of motion is applied to compute the
parachute translational accelerations and velocities. Later in this section, the mathematical steps
necessary for computing the orientation of each parachute’s wind reference-frame axes are
presented. Steps are presented for computing the DCM and/or quaternion that defines the
orientation of the parachute wind reference frames relative to the NED frame that allows a
transformation of the parachute’s aerodynamic forces to the NED frame.

Once the aerodynamic forces applied to each parachute have been transformed to the NED
frame, they can be combined with the riser line forces and the weight of each parachute to apply
Newton’s law since the NED frame is assumed to be an inertial reference frame. The

Page#: 39 of 101



translational dynamics equations for each parachute in the NED frame are shown in
Equations (6.3.3-6):

>F (él - T ﬁl)

(—1)NED = % = — NED + ENED (633-63.)
>F (éz - Tz ﬁz)

(EZ)NED = _TanZVED — — NED ENED (6.3.3-6b)

The term gygpin Equations (6.3.3-6) represents the gravity vector at the surface of the Earth with

components (0 0 go) since gravity is assumed to be directed in the down direction, or along the |
z-axis of the NED frame. The negative sign on the riser line force applied to each parachute is
needed because the direction of the unit vectors n; and N, is directed from the capsule parachute
attach point to each parachute, and so the force exerted on each parachute is equal in magnitude
and opposite in direction per application of Newton’s third law. Once the acceleration of each
parachute in the NED frame has been computed, that acceleration can be integrated to compute
the velocity of each parachute relative to the NED frame. This velocity can then be integrated
again to compute the translation of each parachute relative to the NED frame. Summarizing, the
following equations of motion are provided for each parachute’s translational DOF, as shown in
Equations (6.3.3-7):

W)y = @vep = (V) = [ @D dt (6.3.3-Ta)
TRy = Wi = (R, =S Wi dt (6.3.3-Tb)
(Ve = @ep = (Vo) g = @ dt (6.3.3-70)
SR g = @wep = (Ra), 0= (W)wsp dt (6.3.3-7d)

As described earlier, the definition of the parachute wind reference frame places its x-axis along
the riser lines connecting each parachute to the capsule attach point and pointed toward the
capsule attach point. The z-axis is defined so that it and the x-axis are contained in a plane that
contains the x-axis and the instantaneous air relative velocity vector (i.e., the velocity of the
parachute relative to local wind (Vrel = V ground relative — V'wind)). Finally, the y-axis is defined such
that it completes a right-handed frame.

Equations (6.3.3-4) define unit vectors that point from the capsule parachute attach point to each
parachute’s wind frame origin. If the vectors used in those calculations are measured in the NED
frame, then ; and N, unit vectors define unit vectors that point from the capsule attach point to
each parachute in the NED frame. This is so that, per the definition of the x-axis described in the
preceding paragraph, the x-axis unit vectors of each parachute’s wind reference frame are
represented by the unit vectors —11; and —1,.

Because the y-axis of each parachute’s wind reference frame is defined to be perpendicular to the
plane containing its x-axis and the air relative velocity vector, the unit vector for the y-axis can
be computed using a cross-product operation as j = (I X V.¢)/|1 X Vg |, where 1 and j
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represent the unit vectors for the x-axis and the y-axis of the parachute wind reference frame; Vrel
is the air relative velocity vector, with all defined relative to the NED frame; % represents the
vector cross-product operator; and the vertical bars (] |) indicate the magnitude of a vector
quantity.

The cross product 1 X V. is defined as the magnitude of unit vector 1 times the magnitude of
Vel times the sine of the angle between them, and its direction is in a right-hand rule sense of
crossing the 1 unit vector with the Vrel vector. The sine of the angle between the 1 unit vector
and Vel is the sine of the total angle of attack of each parachute. To define polarity of the angle
of attack consistent with typical aerospace applications (e.g., positive sideslip angle produces
aerodynamic force in the positive y-axis direction, and positive angle of attack produces
aerodynamic force in the negative z-axis direction), the cross product (- 1) X V. will define the
proper direction of the y-axis unit vector j of the parachute wind frame. Once the x-axis and
y-axis unit vectors of each parachute’s wind frame are known, then the z-axis unit vector k can
be computed as k = 1 X j to define a right-hand reference frame. The following equations
describe this approach:

. _(IP1/AP) R
(ip1) yep = = )”ED| = —(01) \zp (6.3.3-8a)
Yp1/4P) yip
(i ) _ _(%Pl)NED X (Vps rel)NED (633-8b)
- ONED |—(!P1)NED X (YPlrel)NED|
(i_{Pl)NED = (im X ip1) (6.3.3-8¢)
. —(Tp2/ap) -
(p2)Nep = — =r2/ 4P NED ( z)NED (6.3.3-8d)
| (_PZ/AP)NEDl
- x (V
(ipz) _ (:PZ)NED (_PZ rel)NED (6,3,3-86)
- /NED |_(1P2)NED | X (‘_/Pz rel)NED

(i_(PZ)NED = (ipz X ipz) (6.3.3-8f)

Once the unit vectors of each parachute’s wind reference frame relative to the NED frame are
computed as defined by Equations (6.3.3-8), the DCM or quaternion that defines their
orientations relative to the NED frame can readily be computed. For example, the DCM for the
orientation of the parachute’s wind reference frame relative to the NED frame is defined, with its
rows equal to the elements of the 1,j, and k unit vectors of the parachute’s body frame, as:

((i NED (im)NEDx (iPl)NEDy (im)NEDZ
Cpi/nep = NED (iPl)NEDx (iPl)NEDy (iPl)NEDZ (6.3.3-9a)
NED (EP 1)NED x (EP 1)NEDy (l—(” 1)NED z
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gpz /NED

(6.3.3-9b)

J(EPZ)NED 1 [@PZ)NEDX (ipz)NEDy (iPZ)NEDZ]
(iPZ)NED (iPZ)NEDx (iPZ)NEDy (iPZ)NEDZ
(i—{PZ)NED l(BPZ)NEDx (BPZ)NEDy (i—(PZ)NEDZJ

Once the orientation of each parachute’s wind frame is defined with a DCM as shown in
Equations (6.3.3-9) or equivalently with a quaternion, the aerodynamic forces applied to each
parachute can be transformed from body frame to NED.

6.3.3.4 Derivation of Capsule Equations of Motion

For the purposes of this analysis, it is assumed the aerodynamic forces and moments exerted on

the capsule (Ac and Mc, as shown in Figure 6.3.3.3-1), are specified in its body frame as
described in Section 6.3.3.2. Typical aerodynamic conventions are used, with axial force applied
opposite the x-axis, normal force applied opposite the z-axis, and side force applied in the
direction of the y-axis. The aerodynamic moments are defined relative to the capsule’s
aerodynamic reference center (ARC), which is an arbitrary location chosen by the developers of
the aerodynamic model. The location of the ARC is specified in the capsule’s structural
reference frame, as defined in Section 6.3.3.2. As a result, aerodynamic moments exerted on the
capsule must be transferred from the ARC to its CM before applying Euler’s law for the capsule
rotational equations of motion.

The aerodynamic forces applied to the capsule are computed using nondimensional aerodynamic
coefficients for axial force, side force, and normal force denoted as C,4, Cy, and Cy, respectively.
By traditional definitions, aecrodynamic axial force is directed in the negative x-axis direction of
the capsule body frame, acrodynamic side force is directed in the positive y-axis direction, and
aerodynamic normal force is directed in the negative z-axis direction. These coefficients
generally are defined as functions of Mach number, angle of attack, and sideslip angle, or
alternatively for axisymmetric or nearly axisymmetric bodies, as Mach number, total angle of
attack, and aerodynamic roll angle. The relationship of the total angle of attack (&rotal) and

aerodynamic roll angle (@aero) With angle of attack () and sideslip angle (/) are

_ tan(g)
@n(@ero) = o3 (6.3.3-10a)
cos(rota) = cos(a) cos(B) (6.3.3-10b)

Once the aecrodynamic angles (& and f) or (Total and @aero) and the aerodynamic force
coefficients have been computed, the capsule acrodynamic forces in its body reference frame can
be computed as

— Cac

(Ac)b = qoc Srefc Cyc (6.3.3-11)
—Cnc

The term “go ¢ Sref ¢ in Equation (6.3.3-11) represents the product of the capsule dynamic

pressure, go ¢ (psf), and its aerodynamic reference area, Srer ¢ (ft%), and converts the
nondimensional aerodynamic coefficients into physical aerodynamic forces (Ibf) exerted on the
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capsule. The subscript b for the capsule aerodynamic force Ac indicates that it is resolved in its
body axis frame.

As was the case with the parachute equations of motion, the aerodynamic forces applied to the
capsule can be transformed from the body frame to the NED frame for application of Newton’s
second law.

In a similar manner, the aerodynamic moments applied to the capsule are computed using
nondimensional aerodynamic coefficients for roll axis, pitch axis, and yaw axis denoted as C,

Cm, and Cy, respectively. By traditional definitions, aerodynamic moment coefficients are
defined to produce positive right-hand rule moments about the body frame x-, y-, and z-axes.
These coefficients generally are defined as functions of Mach number, angle of attack, and
sideslip angle, or alternatively for axisymmetric or nearly axisymmetric bodies, as Mach number,
total angle of attack, and aerodynamic roll angle. The aerodynamic angles were defined
previously, with Equations (6.3.3-10) showing the relationship between them. Once the
aerodynamic angles (& and f3) or (@rotal and @aero) and the aerodynamic moment coefficients
have been computed, the aerodynamic moments about the capsule aerodynamic reference center
can be computed as

Ce
(Mc¢ arc)p = doc Srefc Trefc Cn (6.3.3-12)
Cn

The term “q, ¢ Srefc ?refc’”’ 1N Equation (6.3.3-12) represents the product of the capsule
dynamic pressure, go ¢ (psf), with its aerodynamic reference area, Sref ¢ (ft?), and its
aerodynamic reference length, £rer - (ft), to convert the nondimensional aerodynamic moment
coefficients into physical aerodynamic moments (ft-1bf) exerted on the capsule at the
aerodynamic reference center. The subscript b for the capsule aerodynamic moments, (M c ARC)a,
in Equation (6.3.3-12), indicates that it is resolved in the capsule body axis frame. The subscript
“c arc” indicates that the moment computed as in Equation (6.3.3-12) is about the capsule’s
aerodynamic reference center and must be transferred to the crew module capsule CM before use
in the rotational equation of motion.

In addition to the static or steady-state acrodynamic moments exerted on the capsule, there are
also moments exerted due to aerodynamic damping caused by the angular velocity of the crew
module and/or the rate of change of angle of attack and sideslip angle. The aerodynamic

damping moments are computed from nondimensional aerodynamic damping coefficients Cep,
Cmqy Cnr) ) Cm a’
physical moments exerted on the capsule as

and C p- The aerodynamic damping derivative coefficients are converted to

Ct’pp
M = Srec frere 22 ) 0 4 Crad 6.3.3-13
(_Cdamping)b = {oc 9ORefc tRefC ZVRelC mq 9 md'a ( eDeIT )
Cor 7 + Cn/'gﬁ

The transfer of the aerodynamic moments from the capsule’s ARC to its CM can be
accomplished by computing the additional aerodynamic moment on the capsule about its CM,
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due to the aerodynamic forces applied at the ARC by computing the vector cross product of the
vector from the capsule CM to its ARC and its aerodynamic force vector as

(AMc)b = (IARc/c)b X (Ac )b (6.3.3-14a)
—(Xare — %¢)s
(IARC/C),, = (Varc = Yc)s (6.3.3-14b)

—(Zare — 2¢)s
where Xggrc, Varer Zarc, are the locations of the ARC and x, y, z. are the locations of the capsule
CM, each in the capsule structural reference frame (denoted by the subscript s). The negative
signs on the x-axis and z-axis differences are used to transform from capsule structural frame to
capsule body frame because the x-axis and z-axis directions are reversed for the capsule
structural reference frame and the capsule body reference frame.

The total aerodynamic moment exerted on the capsule about its CM in the capsule body
reference frame is the sum of the static aerodynamic moment relative to the aerodynamic
moment reference center (M ¢ 4r¢)» in Equation (6.3.3-12), the incremental moment of the
aerodynamic forces about the capsule CM (AM ¢)» in Equation (6.3.3-14a), and the aerodynamic
damping moment (M damping)b in Equation (6.3.3-13):

(Mc), = (Mearc), + (AMc), + (M) (6.3.3-15)

Once the aerodynamic forces applied to the capsule have been computed and transformed to the
NED frame as described in the previous section, they can be combined with the riser line forces
from each parachute and with the capsule weight to apply Newton’s second law of motion since
the NED frame is assumed to be an inertial reference frame. The translational equation of motion
for the capsule in the NED frame are

Z EC NED
me me

(éc +Tin + T, ﬁz)

(ac),,p = NED 4 gep (6.3.3-16)

As before, the term g zpin Equation (6.3.3-16) represents the gravity vector at the surface of the

Earth with NED frame components (0 0 go) since gravity is assumed to be directed in the down

direction, or along the z-axis of the NED frame. The terms 7 and 7> and fi; and i, were defined
previously as the forces applied to the capsule by each parachute’s riser lines and the unit vector
from the capsule parachute attach point to each parachute, respectively. Once the acceleration of
the capsule in the NED frame is computed, it can be integrated to compute the velocity of the
capsule CM relative to the NED frame, and then that velocity can be integrated again to compute
the translation of the crew module CM relative to the NED frame. Summarizing, the following
integrations are performed for the capsule translational DOFs:

%(‘—,C)NED = (EC)NED - (‘—,C)NED = f(EC)NED dt (633-173)

%(BC)NED = (Vowep - (BC)NED = J(V)wep dt (6.3.3-17b)

Once the aerodynamic forces applied to the capsule are computed as defined in the previous
section, the capsule rotational dynamics can be computed from the application of Euler’s law of
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motion for rotational angular momentum of the capsule. This indicates the change in angular
momentum of an object relative to an inertial frame of reference is equal to the sum of the
moments applied to that body.

If [ ¢ is the moment of inertia tensor (or dyadic) of the body and @ is the angular rate of that
body relative to some inertial frame of reference, then the angular momentum of that body Hc is

defined as Hc = | ¢ @c. Further, application of Euler’s law of rotational motion can be used to
compute the time derivative of the angular momentum as

d d d d
@) =g (lewc) =3(l) e+ Log(wd),

+we X (g . 'Qc) =% (M), (6.3.3-18)

The cross-product term shown in Equation (6.3.3-18) is required because the reference frame
used for the calculations is the capsule body frame, which is rotating with an angular velocity of
o relative to the inertial NED frame (although the components of @ are expressed in the rotating
capsule body frame b). Assuming the capsule moment of inertia tensor (or dyadic) is constant,
Equation (6.3.3-18) can be rearranged to compute the time rate of change of the angular velocity
of the capsule body reference frame axes relative to the inertial NED frame in the capsule body
frame as

(@), =17 {2M), — (@), x (1o (@0),) ] (6.3.3-19)

The sum of the moments applied to the capsule CM in its body reference frame (M )5 consists
of the aerodynamic moment as defined in Equations (6.3.3-12) through (6.3.3-15), and the
moment about the capsule CM due to each parachute’s riser line force applied to the attach point
on the capsule, which is offset from its CM. The moments exerted about the capsule CM from
the parachute riser lines in its capsule body frame are defined as

(MPl c)b = (EAP/c)b x T, (§1)b (6.3.3-20a)
—(xap — x¢)s

(tapsc), = 1 Gar—¥0)s (6.3.3-20D)
—(24p — 2¢)s

(Mpz C)b = (IAP/c)b xT, (ﬁz)b (6.3.3-20¢)

As with the aerodynamic moment calculation, the vector from the capsule CM to its parachute
attach point (I ap/c)» in Equations (6.3.3-20) is defined relative to the locations in the capsule
structural reference frame and transformed to its body frame by negating the x- and z-axis
components. The force applied by each parachute’s riser line is the product of a scalar force
magnitude, 71 or 72, and a unit vector in capsule frame, denoted by (1;)» or (N, )s in Equations
(6.3.3-20a) and (6.3.3-20c) and defined in Equation (6.3.3-4). In summary, the sum of moments
about the capsule CM is

2 (M)b - (Mc)b + (Mm c)b + (Mpz c)b (6.3.3-21)
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Equation of motion (6.3.3-19) provides capsule-body-frame components of the angular
acceleration of the capsule relative to the inertial NED frame. Capsule-body-frame components
of the angular velocity of the capsule relative to the NED frame are obtained by integration:

(@), =J (@¢)pdt (6.3.3-22)
6.3.4 Analytic Check Casesfor Simulation Verification

This section presents an overview of a series of analytical check cases developed for the purpose
of verification of the new flight simulation tool, CAPDYN. The individual verification cases are
identified in Table 6.3.4-1. Cases 1 through 5 were designed to isolate and verify limited aspects
of the numerical solution of the equations of motion in CAPDYN by reducing the configuration
to its simplest form and simplifying the motion characteristics to their basic components. The
CAPDYN results were verified for cases 1 through 5 by comparing the predicted motion with the
analytical solution and with results from FAST (i.e., the Flight Analysis and Simulation Tool) in
three of the five cases. Cases 6 through 10 describe more complex motion, where a comparison
of results from CAPDYN and FAST was used to assess verification of CAPDYN. The details of
the derivation and development of each case, as well as the verification results from CAPDYN
and FAST, are included in the appendices (see Volume II).

Table 6.3.4-1. Table of Contents of Analytical Verification Cases

Development Verification
Case# | Title Appendix Simulations
1 Constant Density Descent A CAPDYN and FAST
2 Exponential Density Descent B CAPDYN and FAST
3 Vertical Wind Shear, Constant Density C CAPDYN
4 Steady State Glide D CAPDYN and FAST
5 Horizontal Wind Shear, Constant Density E CAPDYN
6 Pendulum Motion F CAPDYN and FAST
7 Damped Pendulum Motion G CAPDYN and FAST
8 Maypole Motion H CAPDYN and FAST
9 Nonplanar Pendulum Motion 1 CAPDYN and FAST
10 Nonplanar Flyout Motion J CAPDYN and FAST

FAST is a multi-body, variable-DOF simulation developed for the study of atmospheric and
powered flight. It has been used extensively by the CPAS project for pretest analysis and post-
test reconstruction, including modeling two-parachute cluster pendulum dynamics.

6.3.5 Nonlinear Aerodynamic Modeling from Flight Data using Equation Error

The equation-error method is applied most commonly to calculate aerodynamic model parameter
estimates that minimize the sum of squared differences between values of nondimensional force
and moment coefficients determined from measured flight data and corresponding values
computed using the model. A separate modeling problem can be solved for each force or
moment coefficient, corresponding to minimizing the equation-error in each individual equation
of motion for the six rigid-body DOF. Nondimensional force coefficients are computed from
flight data as follows
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CA=—CX=—%(ma “T-g,) (6.3.5-1a)

Cy =—(ma,-g,) (6.3.5-1b)

Cy =—CZ=—_L(maZ—gZ) (6.3.5-1¢)
qS

where the quantities a,, a,, a, are components of the acceleration vector in parachute body axes,
and not the output from accelerometers. The quantities g, g, g, are the components of

gravitational acceleration in parachute body axes. For parachute aerodynamic modeling, the
aerodynamic moments are assumed to be small, so that

C,=C,=C,=0 (6.3.5-2)

This results in N values of the nondimensional force coefficients, where N is the number of data
points for the flight data. These values often are called measured nondimensional force and
moment coefficients even though they are not measured directly, but rather are computed from
other measurements and known quantities using Equations (6.3.5-1).

Analytic parameterized models are postulated for the dependence of the nondimensional
aerodynamic force coefficients on a linear combination of model terms assembled from the
measured explanatory variables, known as regressors. Note that although the combination of
regressors is linear, each regressor can be an arbitrary linear or nonlinear function of the
explanatory variables. The unknown parameters in the models are estimated using a least-squares
optimization criterion. Using the Cy modeling as an example, a selected model structure might
include four regressors, as follows:

Cy =Cn 61+ Cy, & +Cy &+ Cy 6 (6.3.5-3)

where CN1 ,C N, ,CN3 , CN4 are unknown model parameters and &;,¢, ,&3,&, are regressors

computed from measured explanatory variable data (e.g., total angle of attack and airspeed data).
Substituting force coefficient values computed from Equation (6.3.5-1c¢) on the left, with
regressor values computed from the measured explanatory variable data on the right, results in an
over-determined set of equations for the unknown aerodynamic model parameters
Cy,>Cn,,Cn,.Cy, - This problem can be solved using a standard least-squares method applied

to Equation (6.3.5-3) and other similar model equations for the other nondimensional
aerodynamic force coefficients, individually. Determining which particular regressors (model
terms) should be included in models such as the example shown in Equation (6.3.5-3) is called
model structure determination, which is discussed in Section 6.3.6.

For example, the least-squares problem for the normal force coefficient Cy is formulated using
the model structure in Equation (6.3.5-3) as

7=X0+¢ (6.3.5-4)

where
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z=[Cy(1) Cy(2) ... Cy (N)]T = N x1 vector of values computed from flight data

T
0= [C y, Cn, Cy, C NJ =4 x1 vector of unknown parameters

X=[& & & ¢&;]=Nx4 matrix of explanatory data vectors or regressors

e=[e(1) £(2) ... s(N)]T=N><1Vectorofequationerrors

The matrix X is assembled using flight data, with each column representing a regressor
(modeling function). The best estimate of the unknown model parameters € in a least-squares
sense comes from minimizing the sum of squared differences between the dependent variable
measurements Z and the model output:

J(0)=%(z—X0)T(z—X0) (6.3.5-5)
The least-squares solution for the unknown parameter vector @ is [ref. 15]
n -1
0= (XT X) X7z (6.3.5-6)
and the estimated parameter covariance matrix is computed from
n -1
Cov(6)=6" (XT X) (6.3.5-7)
The model output is
y=X0 (6.3.5-8)
and the model fit-error variance estimate is
T .
POR Gk ) Cind ) (6.3.5-9)
(N - ”p)

where the number of unknown parameters is n, =4 for this example. The standard errors of the

p
estimated parameters are given by the square root of the diagonal elements of the covariance
matrix

s(6;)={c;  Jj=12...n, (6.3.5-10)
The vector of equation-error residuals is computed from
E=7-y (6.3.5-11)

The equations above show that the equation-error method for parameter estimation has a
relatively simple, non-iterative solution, based on linear algebra. The modeling can be done
using Equation (6.3.5-3) (or analogous versions of these equations for the other DOF, with
different model terms), one at a time. The equation-error method can be considered a method
wherein the model matches nondimensional aecrodynamic coefficients rather than the measured
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outputs, as in the output-error method described later. This can be seen in Equations (6.3.5-1)
and (6.3.5-3), where the dependent variable data in the equation-error method are
nondimensional aerodynamic coefficient data computed from measured flight data.
Consequently, a model that uses equation-error parameter estimates will not produce the best
match to the measured responses of the dynamic system (such as total angle of attack or
airspeed), because that is not what is being optimized. On the other hand, there is no need to
integrate equations of motion to get model outputs when using the equation-error method,
because the matching is done in the equations of motion directly, hence, the name “equation-
error.” One important practical consequence is that the equation-error method can be applied
equally well to data from inherently stable or unstable dynamic systems. Another important
consequence is that the model structure can be efficiently determined using equation-error
because the equation-error problem has a rapid, one-shot linear algebra solution, whereas output-
error requires an iterative nonlinear optimization involving integration of the equations of
motion. The equation-error method is implemented in the System IDentification Programs for
AirCraft or SIDPAC [refs. 15 and 21], program lesq.m, and this tool was applied to the flight
data.

In theory, the model residuals & = z— y are assumed to be white noise with no deterministic

character. However, because of small aerodynamic model structure errors and unmodeled effects
(e.g., aeroelasticity and unsteady aerodynamics), most practical applications of aerodynamic
modeling produce residuals that resemble colored noise with dominant low-frequency content.
Colored noise is time-correlated with non-uniform variance as a function of frequency, whereas
white noise has no time correlation and constant variance as a function of frequency. This
mismatch between theory and practice adversely impacts the computed uncertainties for the
model parameter estimates.

A method that corrects for colored residuals to produce accurate parameter uncertainties is
described in references 15 and 16. This method accounts for colored residuals by modifying the
calculation of the covariance matrix in Equations (6.3.5-7) and (6.3.5-9) with an improved
estimate of the residual variance and time correlations. The correction is implemented in
SIDPAC program r colores.m, which was used to compute equation-error model parameter
uncertainties.

Two important indicators of the suitability of the flight data for modeling purposes are signal-to-
noise ratio (SNR) of the measured outputs to be modeled (nondimensional aerodynamic force
coefficient data in this case), and correlations among the regressors. Measured output SNR can
be computed independently from the modeling process using a global optimal Fourier smoothing
technique'” to separate deterministic signal from random noise. This technique is implemented in
the SIDPAC program smoo . m. Pairwise correlations for the regressors are quantified by the
correlation coefficients, which can be computed using SIDPAC program regcor . m. Each
correlation coefficient is an inner product of two data vectors scaled to unit length with their
mean values removed. The simple pairwise correlation between regressors ¢; and ¢ is given by

S i

S i Sk

(6.3.5-12)
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where

N
Si=2160-&[&0-4] (63.5-132)
i=1
N — 12 N ~ 2
Sy =21 & (1)=& ] S =2 [ & (1)-&] (6.3.5-13b)
i=1 i=1
_r z 1<
E=—>&(i) &=—>&(i) (6.3.5-13¢)
N T N
Similarly, the correlation between a regressor ¢; and the measured dependent variable z is
S (6.3.5-14)
I’Z e DI
TS
where
1
Z=— ] 6.3.5-15
Z NZZ(Z) ( a)

N N
N N = N =2
Sp=2080)-& [2()-7] 5.=2[=()-7] (6.3.5-15b)
i=1 i=1

Correlation coefficients lie in the range [—1, 1]. A value of 1 indicates data vectors with identical
normalized variations. A value of —1 indicates data vectors with normalized variations that differ
only by a minus sign. A value of 0 indicates that the normalized variations are completely
uncorrelated, which means the normalized data vectors are orthogonal.

In general, output SNR greater than 3 and pairwise regressor correlations with magnitude less
than 0.9 are acceptable. However, acceptable values of these metrics do not guarantee that a
good model can be identified from the data. That determination must come from actually
identifying models and testing their prediction capability.

6.3.6 Model Structure Determination Using Multivariate Orthogonal Functions

The task of determining which modeling functions should appear on the right sides of Equations
(6.3.5-3) through (6.3.5-5) is called model structure determination. One effective method to
accomplish this task is called multivariate orthogonal function modeling [refs. 15, 17-19]. The
technique begins by generating candidate multivariate functions of the selected explanatory
variable data, up to a selected maximum model complexity. Although any function of the
explanatory variables could be used, multivariate polynomials and spline functions are preferred
because of their similarity to a truncated Taylor series and their easy physical interpretation.
These ordinary functions are orthogonalized so that each of the resulting orthogonal functions
retains only the explanatory capability that is unique to that modeling function. With this data
transformation, it is a straightforward process to select which of the orthogonal modeling
functions are most effective in modeling the measured data for the dependent variable, and how
many of these orthogonal functions should be included to identify a model that exhibits both a
good fit to the modeling data and good prediction capability for other data. The final steps are an
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error-free transformation from the selected orthogonal modeling functions back to physically
meaningful ordinary functions of the explanatory variables, and calculation of the uncertainties
for the associated model parameter estimates.

The orthogonalization can be implemented using a standard QR decomposition of the matrix of
candidate regressors:

X =0R (6.3.6-1)

where the columns of X contain the candidate modeling functions, @ is an orthonormal matrix

with the same dimensions as X, and R is a square upper triangular matrix. Implementations of
OR decomposition algorithms are available in many numerical analysis software packages,

including MATLAB, which was used for this work. Substituting the decomposition in Equation
(6.3.6-1) into Equation (6.3.5-8) yields

R'RO=R"Q7; (6.3.6-2)
RO=07; (6.3.6-3)

From Equation (6.3.6-3), the elements of @ can be found by simple back substitution, because
R is an upper triangular matrix. Rewriting Equation (6.3.6-3) in component form yields

—]/'11 Hy --- l"lnc ] él qsz
O r22 e r2nc é2 _ qu (6 3 6'4)
10 0 _énc_ ancz

where q; is the jth column of the matrix Q. The right side of Equation (6.3.6-4) is a vector of
projections of the dependent variable vector Z onto the orthonormal functions in the columns of
Q. The absolute values of these quantities indicate the degree of correlation of the orthonormal
functions in the columns of Q with Z and, consequently, the effectiveness of each orthonormal
function in modeling the dependent variable data. Note that the model parameters

éj, j=1,2,..,n. are associated with the original multivariate modeling functions in the
columns of X and not with the orthonormal functions in the columns of Q.

The form of a multivariate orthonormal function model is

where z is an N-dimensional vector of dependent variable data (e.g., nondimensional force
coefficient data), gz = [21,22,...,2 N]T , modeled in terms of a linear combination of » mutually
orthonormal modeling functions ¢ > J=L2,..n. Each ¢ ; is an N-dimensional vector that in
general depends on the explanatory variables. The a o J= 1,2,...,n, are constant model

parameters to be determined, and & denotes the model residual vector. Equation (6.3.6-5)
represents a mathematical model for the dependent variable z in terms of orthonormal functions
generated from the explanatory variable data. The importance of determining which modeling
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functions should be included in Equation (6.3.6-5), which determines the model structure, is
addressed below.

Assembling the n orthonormal modeling functions from Equation (6.3.6-5) in the columns of an
NXxn matrix Q ,

0=[q.92. - 4] (6.3.6-6)

. T . .
and defining the unknown parameter vector a = [al,az,...,an] , Equation (6.3.6-5) can be written
as

z=Qa+e¢ (6.3.6-7)

Equation (6.3.6-7) is the same equation error-model equation discussed earlier, except that the
modeling functions are now mutually orthonormal functions. In this case, it is easier to determine
an appropriate model structure because the explanatory capability of each modeling function is
completely distinct from all the others due to the mutual orthogonality of the columns of Q .

This decouples the least-squares modeling problem, as shown here.

For mutually orthonormal functions,

R (6.3.6-8)

g = iLj=L2,..,n .3.6-
B97700 for i» Jj /

and QT Q is the identity matrix. Using Equation (6.3.6-8) in the least-squares solution from

Equation (6.3.5-8), the jth element of the estimated parameter vector & is given by

i;=q) 1 (6.3.6-9)

The least-squares cost function using orthonormal functions is then

n

J(&):l(sz—dT&):l{sz—Z(q;z)ﬂ (6.3.6-10)

J=1

Equation (6.3.6-10) shows that when the modeling functions are orthonormal, the reduction in
the least-squares cost function resulting from including the term a ¢ ; in the model depends only

on the dependent variable data z and the added orthonormal modeling function ¢;. The least-

squares modeling problem is therefore decoupled, which means each orthonormal modeling
function can be evaluated independently in terms of its ability to reduce the least-squares model
fit to the data, regardless of which other orthonormal modeling functions are already selected for
the model. If the modeling functions were instead polynomials in the explanatory variables (or
any other non-orthogonal function set), then the least-squares problem would be coupled and
iterative analysis would be required to find a subset of the candidate modeling functions for an
adequate model structure.

The quantities quz are calculated for all n, candidate modeling functions and are used to

identify the model structure, which involves selecting the functions to be included in the model
from the pool of n, candidate modeling functions.
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The orthonormal modeling functions to be included in the model are chosen to minimize the
predicted squared error metric predicted squared error (PSE) defined by [refs. 15 and 20]:

1

PSE = N(Z -04)' (:-Qd)+02, —

— 6.3.6-11
ax N ( )

where the first term on the right is the mean squared fit error for the model, and the second term
on the right is a model complexity penalty term proportional to the number of terms in the
model, n. The latter term prevents overfitting the data with too many model terms, which is
detrimental to model prediction accuracy [refs. 15 and 20]. The PSE metric quantifies expected
squared prediction error for an identified model when applied to data not used in the model

identification process. The constant o, is an upper-bound estimate of the squared error
between future data and the model (i.e., the upper-bound squared error for prediction cases). An
estimate of 0'31 . that is independent of the model structure can be obtained by applying a global

optimal Fourier smoother [ref. 15] to the measured dependent variable data. This quantification
of the dependent variable noise variance can then be multiplied by a safety factor to implement a

conservative estimate for o=

~ax - 1he process is analogous to choosing a confidence level for an

F-ratio test in model structure determination. In this assessment, the estimated dependent
variable noise variance was multiplied by a factor of 25 (equal to a factor of 5 for the standard

deviation) to obtain a conservative estimate of G,%m ,

o2 =256* or ©,,=56 (6.3.6-12)

Using a conservative upper bound estimate for ¢, means the PSE metric will tend to

overestimate actual squared prediction errors for new data. Therefore, the PSE metric
conservatively estimates the squared error for prediction cases.

Combining Equations (6.3.6-10) and (6.3.6-11) yields

U (V2
PSE—ﬁ[z z—jz:‘; (4] 2) ]+c7maxﬁ (6.3.6-13)
While the mean squared fit error must decrease with the addition of each orthonormal modeling

2
function to the model (because —(quz ) is always negative), the model complexity penalty term

o,fmx n/N must increase with each added model term (n increases). Introducing the orthonormal
modeling functions into the model in order of most to least effective in reducing the mean

2
squared fit error (quantified by (quz ) for the jth orthonormal modeling function) means that the

PSE metric will always have a single global minimum.

Because the quantities z” z, 0',%, e » and N depend only on the dependent variable data and

therefore cannot be altered by the model, Equation (6.3.6-13) shows that the criterion for
including each ¢; in the model can be reduced to
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2
(472) > O (6.3.6-14)

The criterion in Equation (6.3.6-14) is the mathematical statement of a simple physical idea that
only modeling functions that reduce the mean squared fit error by an amount that exceeds the
maximum expected noise variance should be included in the model. This is the condition
necessary for PSE to decrease when ¢ is added to the model. Reference 20 contains further

statistical arguments and analysis for the PSE metric, including justification for its use in
modeling problems.

Using orthonormal functions to model the dependent variable data makes it possible to evaluate
the merit of including each modeling function individually, based on the PSE metric. The goal is
to select a model structure with minimum PSE, and the PSE always has a single global minimum
for orthonormal modeling functions. Model structure determination based on the PSE metric is
therefore a well-defined and straightforward process that can be (and was) automated.

The model parameters and uncertainties associated with the original modeling functions in the
columns of the X matrix are determined from Equation (6.3.6-3), using all rows and columns of

the R matrix up to and including the index associated with the last element of vector Q7 z

selected for the model [ref. 15]. SIDPAC program mof . m implements this model structure
determination procedure using multivariate orthogonal functions and was used for this
assessment. SIDPAC program r colores.m was used to compute the model parameter
uncertainties accounting for colored residuals.

Note that there are no requirements regarding the form of the candidate modeling functions -
they can be multivariate polynomials, multivariate spline functions, or any other linear or
nonlinear function that can be computed from the explanatory variable data. Inputs required from
the analyst relate only to the limits of what should be considered (e.g., which explanatory
variables to consider, maximum order of multivariate polynomial functions to consider, spline
knot locations). Obviously, the identified model is dependent on the candidate modeling terms
available for selection. However, the pool of candidate modeling terms can be specified
generously, subject to computational constraints, because the modeling algorithm automatically
sorts which terms are important, based on the data, and omits the rest. The result is a global
parsimonious model that characterizes the functional dependencies accurately and predicts well.

6.3.7 Model Refinement using Output-Error

The results of equation-error modeling are an identified model structure (specific model terms
selected for inclusion in the model) and estimates of the model parameters (multipliers for the
selected model terms) and their uncertainties, based on the flight data. The previous subsections
showed that equation-error results come from matching model outputs to flight data for the
nondimensional aerodynamic force coefficients.

A common desire is to have model outputs match the physical system outputs. This can be done
using the output-error approach, wherein model parameters are automatically adjusted inside a
nonlinear simulation so that the simulation outputs match the physical system outputs in a
weighted least-squares sense.

To do this effectively for the CPAS flight data, a nonlinear simulation of the two-parachute-with-
payload dynamic system was required. Section 6.3.3 describes the development of the equations
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of motion for the two-parachute-with-payload dynamic system, as well as the development and
testing of a nonlinear simulation implemented in MATLAB, based on these equations of motion.
A modified version of this simulation, called the CP2 nonlinear simulation (for the capsule and
two parachutes), was implemented in MATLAB and used for the output-error analysis and
prediction testing. The CP2 nonlinear simulation differs from the nonlinear simulation described
earlier, called CAPDYN, in that CP2 was developed with the simulation architecture and
interfaces necessary for use with SIDPAC programs. CP2 also used standard SIDPAC routines
for utilities (e.g., quaternion algebra, interpolation, and numerical integration). The CP2
nonlinear simulation was validated against CAPDYN using check cases, and CAPDYN was
validated using analytic solutions, as described earlier and documented in Appendices A through
J in Volume II. The CP2 nonlinear simulation was further validated by back-driving the CP2
nonlinear simulation with flight accelerations, and noting that this produced a perfect match with
measured flight responses of the parachutes (see Figures 7.4-1 through 7.4-3).

Although it is possible to use FAST for output-error analysis (and that was attempted initially,
with significant effort), FAST was not built to be used inside an output-error optimization loop,
which is required for output-error parameter estimation. In addition, the long run times in FAST,
the requirement to work remotely from NASA LaRC on NASA JSC computers (where FAST
must run), and the difficulties in accessing and modifying the aerodynamic model in FAST, were
practical problems that could not be overcome. This drove the need to develop the CP2
MATLAB simulation, which was less general than FAST (i.e., specific to the CPAS problem),
but faster, easier to modify and test, and readily used in the SIDPAC output-error optimizer.

The CP2 nonlinear simulation implemented equations of motion for the two-parachute-with-
payload dynamic system, which can be described by the following general nonlinear equations of
motion:

%=f[x(t),u(t),0] x(0)=x, (6.3.7-1a)
y(t)=h[x(t),u(t),0] (6.3.7-1b)
z(i)=y(i)+v(i) i=12,...,N (6.3.7-1¢)

where [ represents the nonlinear equations of motion, /4 represents equations for computing the
outputs, x(¢) is the state vector for the parachute cluster at time 7, which includes positions and
velocities of the parachutes and payload, u(¢) represents the input vector to the dynamic system

at time, ¢, which is composed of estimated winds aloft in this case, and the elements of the
unknown parameter vector @ are aerodynamic model parameters, such as those shown on the

right side of Equation (6.3.5-3). The discrete measured output vector is z (i), the discrete model
output vector is y (i), and v(i) is the discrete output measurement noise. Note that the nonlinear

simulation is built to compute outputs at the discrete measurement times associated with the
measured outputs from flight data z (i), using estimated winds aloft for u(¢), current values of

the model parameters @, and a Runge-Kutta numerical method to solve the nonlinear equations
of motion.
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The unknown parameters in vector # can be estimated from measured data using an output-error
formulation. In this approach, @ is chosen to minimize the cost function

J(0)= %i [2()-y(D)]" R'[2(i)-p(i)] (6.3.7-2)

where R™' is a weighting matrix. This cost function represents minimizing the weighted sum of
squared differences between the measured outputs z and the model outputs y for the same
measured input u. For the current problem, the measured outputs to be matched might be true
airspeed of each parachute and various angular deflections of the parachute cluster, among other
outputs, and the measured inputs are the estimated winds aloft. This formulation is called “output
error” because the unknown parameters are chosen to minimize the weighted squared-error
between the physical measured outputs and the model outputs computed using a simulation.

The weighting matrix R~ is, in general, arbitrary, but if the noise v in Equation (6.3.7-1c¢) is
assumed to be zero-mean Gaussian and R is chosen as the discrete noise covariance matrix, i.€.,

v isN(O,R) (6.3.7-3a)

Cov[v(i)]=E[v(i)v" (/) |= RS, (6.3.7-3b)

then minimizing the cost function in Equation (6.3.7-2) corresponds to maximizing a Gaussian
likelihood function, which means that the resulting parameter estimates are maximum likelihood
estimates. Maximum likelihood parameter estimates have several desirable properties as the
number of data points gets large (e.g., being unbiased, approaching the true value, and having
error bounds that approach the theoretical minimum).

Because of the nonlinearity of the cost function in Equation (6.3.7-2), along with the generally
coupled dynamics in Equations (6.3.7-1), the output-error cost function depends nonlinearly on
the unknown parameter vector €. Consequently, output-error parameter estimates must be
computed using a nonlinear optimization method. Typically, a relaxation method is used with the
modified Newton-Raphson method (also called the Gauss-Newton method) and the simplex
method (see reference 15 for details). When this process converges, an estimate for the noise
covariance matrix R can be found from the simple closed-form expression:

S [0 s =050 6374

i=1

Rl
N
where R is the value of R that minimizes the cost function in Equation (6.3.7-2) given that the
parameters @ are fixed. The relaxation method alternates between the nonlinear optimization to
estimate @ and the closed-form R matrix update in Equation (6.3.7-4), until estimates of both

0 and R converge. This procedure has been mechanized in SIDPAC program oe . m and used
successfully for a wide variety of aerospace dynamic modeling problems. Reference 15 provides
further theoretical and practical details on the output-error parameter estimation method and the

solution procedure outlined here. The output-error solution, therefore, includes maximum
likelihood estimates for both the unknown parameter vector # and the noise covariance matrix

R, where the estimates from flight data are denoted by 6 and R, respectively.
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In practice, the number of data points for most flight test maneuvers is large because of relatively
high sample rates used to collect data for dynamic analysis, and the parameter covariance matrix

can be computed using maximum likelihood estimates § and R as|[ref. 15]:
N -1
Cov(6)= l:ZST (i) f\'_IS(i)} (6.3.7-5)
i=1

The quantity S (i) is the output sensitivity matrix, which quantifies the sensitivity of the model

outputs to the model parameters, with model parameters equal to their estimated value

s(i)=20)

6.3.7-6
> ( )

0=0

Output sensitivities can be calculated analytically by solving a set of sensitivity equations
derived by differentiating Equations (6.3.7-1) with respect to @, or by finite differences applied
to Equations (6.3.7-1). Reference 15 provides theoretical and practical details on computing
output sensitivities and solving the output-error parameter estimation problem.

When the columns of the output sensitivity matrix (the output sensitivity to individual
parameters) are linearly independent and nonzero, each model parameter has a unique and
significant impact on the model outputs, so that minimizing the output error will be a
well-conditioned optimization problem leading to accurate values for the unknown parameters,
with small uncertainties. The inputs will influence the output sensitivities through the dynamic
and output Equations (6.3.7-1) and the covariance matrix calculation (Equation (6.3.7-5)).

Output noise levels (quantified by k) also affect the covariance matrix calculation in
Equation (6.3.7-5). In a rough sense, the covariance matrix is determined by squared noise-to-

signal ratio, where R represents the noise variance (square of the noise level) and the output
sensitivities S (i) represent the signal for the parameter estimation problem.

The estimated parameter standard errors are computed as the square root of the diagonal
elements of the covariance matrix

é.=JC. i=12,...,n (6.3.7-7)

The 95% confidence interval for each estimated parameter is based on the Gaussian distribution
assumption for the measurement noise and the likelihood function and can be calculated as

0,c [éj—z&j,éﬁz&j} i=1,2,....n (6.3.7-8)

The estimated parameter uncertainty calculations in Equations (6.3.7-5) through (6.3.7-8) are
based on the assumption that the model residuals are white Gaussian noise. In practice, however,
the model residuals are typically not white Gaussian with constant variance, as assumed in the
theory, but are colored (time correlated) with non-uniform variance, typically as a result of
relatively small model structure errors or unmodeled effects. The mismatch between theory and
practice regarding the character of the model residuals results in estimated parameter uncertainty
bounds that are overly optimistic (too small) when computed using the standard procedure of
Equations (6.3.7-5) through (6.3.7-8). References 15 and 16 describe a rigorous and flight-
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validated solution to this problem, which involves improving the R estimate and using that
improved estimate to compute a corrected covariance matrix. The necessary correction can be
done as a post-processing of the model residuals because only the covariance matrix is affected

(and consequently the estimated parameter uncertainties), but not the parameter estimate . The
computations are analogous to those used to correct the parameter uncertainties for equation-
error parameter estimates, which were described earlier. This post-processing was applied using
SIDPAC programm_colores.m to compute accurate parameter uncertainties for the output-
error modeling results.

7.0 DataAnalysis

This section describes the system identification methods used to develop parachute aecrodynamic
models from flight data. A general description of the equation-error and output-error modeling
approaches are provided in Sections 6.3.5 and 6.3.7 and can be found in reference 15. The
material describing multivariate orthogonal function modeling is provided in Section 6.3.6 and is
based on references 15 and 17-19. Data analysis and modeling tasks in this assessment were
done using SIDPAC software written in MATLAB [refs. 15 and 21].

Flight data came mainly from onboard instrumentation and videogrammetry. Airspeed, total
angle of attack, aerodynamic azimuth angle, and dynamic pressure came from the BET data,
which was based on flight instrumentation data and estimated atmospheric conditions and winds
aloft at the time of the flight test. Flight data from onboard instrumentation were corrected for
data dropouts and were interpolated to a uniform sampling rate. Sample rate for the flight data
used in the analysis and modeling was 10 Hz, corresponding to a sampling interval of 0.10 s.
CPAS mass, geometry, and tension line properties are given in Table 6.1.1.

7.1 Resultsfor Pendulum Motion Modeling using Simplified Linear
Equations and Defined Aerodynamic M odel Structure

The first CPAS drop test with two main parachutes that exhibited significant pendulum motion
was CDT 3-11 [refs. 2 and 3]. According to reference 2, one-third of the way into the full open
portion of the main parachute flight, the system developed a swinging motion of approximately
15 degrees in amplitude, which increased up to 24 degrees as it approached the ground. During
the pendulum motion, the system was translating toward the Northeast due to the direction of the
wind as it descended. The parachute cluster appears to have aligned its “weak" axis with the
direction of the wind. Reference 3 defines the “weak" axis as being parallel with the wind
direction and orthogonal to the plane of oscillation that contains the two parachutes. The motion
can be approximated as planar in nature; hence, Equations 6.3.1-5 through 6.3.1-11 should be
adequate for capturing the gross characteristics of the pendulum motion. The simplified planar
model, however, does not predict the onset of the pendulum motion nor does it predict system
behavior with no pendulum motion.

It is important to note that in Section 6.3.1.2, a linear analysis (small disturbance theory) was
performed by linearizing the nonlinear Cy versus a curve shown in Figure 6.3.1-2 about one of
the stable equilibrium points at +«, and yields many insights into the pendulum motion using
the concept of the pivot point. However, in reality the pendulum motion is a nonlinear
phenomenon at which the parachutes sustain large oscillations between the two stable trim points
at +a,. Reference 6 provides nonlinear analysis of the pendulum motion.
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As a part of the nonlinear analysis of the pendulum motion described in reference 6, the output-
error method [ref. 15], widely used in parameter estimation for aircraft, was applied to the
pendulum portion of the CDT 3-11 flight data. To perform the optimization, the routine called
oe .m in the SIDPAC toolbox [ref. 21] was used. The vector of parameters to be estimated was

©=[Cy Ca, @ Cy, Cn,] (7.1.1)

The aerodynamic model structures shown in Equations 6.3.1-10 and 6.3.1-11 are based on
previous studies [refs. 7, 8, 11, and 12] and are not identified from the flight data. An additional
damping term, Cy,, was added in Equation (6.3.1-12) to account for unsteady time lag effects in
the rotational DOF [refs. 5 and 9]. The MPCV aerodynamic database suggests that for pendulum
motion to occur an unstable (negative) value of Cy, is required. The measurements from the
flight data to match are 8 (swing angle), V;,_ i (air relative velocity in the Down direction), and
Vatair (root-sum-square of the air relative velocity in North and East directions). System
properties used in the planar dynamics model are recorded in Table 7.1-1. Note that these
properties differ slightly compared with the nominal properties used for System ID given in
Table 6.1.1. Furthermore, the simplified model assumes constant air density and, hence, a
constant mec.

Table 7.1-1. Approximate CPAS Properties used for Modal Analys's

Parameter Value Units
Sref (single parachute) 10,563 ft?
L 235 ft
Capsule weight, W, 21,906 Ibf
Dry weight of two parachutes, W, 656 Ibf
Total mass of two parachutes, (dry and 614 slugs
entrapped air), m.
Distance from system CM to capsule CM, R, 114 ft
Line spring constant, K 15,000 1bf/ft
Line damping constant, # 10,000 1bf-s/ft

Winds act as the main source of excitation to the two-parachute cluster system. In the flight data,
the best estimated winds are provided in the NED directions. For flight winds to be used in the
planar dynamics model, the flight winds in the North and East directions were resolved along the
plane of the pendulum oscillation, as shown in Figure 7.1-1. Output-error analysis converged
within 80 iterations. Figure 7.1-2 shows a comparison between the output-error model and the
flight data. Other than the initial amplitude mismatch during the first 15 seconds (s), the
identified planar model appears to provide a good match with flight data in the swing-angle time
history. The fundamental frequency (0.068 Hz) of the swing angle is virtually identical between
the identified model and the flight data, while there appears to be a 2-second phase lag toward
the end of the data set. The model swing-angle amplitude is within 20% of the flight data. Vja¢ 5ir
from the flight data and the model also compare well. The slightly larger differences in V;,, 5, are
likely due to the lack of best estimated winds in the Down direction. Considering the drastic
simplification of the actual system dynamics (e.g., 18 DOF, flexible riser lines, non-rigid
parachutes), it is noteworthy that the fundamental characteristics of the pendulum motion can be
captured using only three output variables (swing angle, Viat airs Vg air)-
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Figure 7.1-1. CDT 3-11 Flight Winds
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Figure 7.1-2. Output-error Model with CDT 3-11 Flight Data

Table 7.1-2 shows the parameter estimation results from the output-error method by using

the planar pendulum model described in Section 6.3.1 to match the pendulum portion of the

3-11 flight. The estimated parameters and their standard errors are listed in columns 2 and 3,
respectively. The standard errors were corrected for colored residuals using the m_colores.m
function in SIDPAC [ref. 21]. The standard error on Cy,, is about 48% of the estimated parameter

value, which is fairly high. This is largely due to the initial mismatch between the model and
flight. The standard error on Cy,, drops to 20% of the estimated value if data only between

30 and 60 seconds are considered. Furthermore, the large standard error on €y may be attributed
to model structure error by assuming a constant value of Cy, . In the current MPCV aerodynamic
database, Cy, is a function of a.
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Figures 7.1-3 to 7.1-5 compare the identified Cy, Cy,, and 4 versus @ models with the current

MPCYV aerodynamic database. For the static Cy model, the trends are similar, with the database
showing a greater value for , but a shallower slope value of Cy at «, (smaller restoring force).
For the damping derivative, the model indicates a constant Cy, , whereas the database shows
variations with a. Furthermore, the model shows significantly higher value of Cy, (more
dynamic instability). For Cy, the database and the model show similar trends, with the database
having a constant value of C4 between a =—16 and 16 degrees.

Table 7.1-2. Pendulum Mode Parameter Estimation Resultsfrom CDT 3-11

Par ameter 0 5(0)
Ca, 0.927 0.034
Cy, (rad™h) —0.329 0.179
a, (rad) 0.189 0.038
Cn, (rad™") 0.1901 0.091
Cy, (rad/s)~! —0.988 0.0684
0.02 T T T T T 7T
0.015 |
0.01}
RS
0.005 - /‘ AN
<_)Z ol » ‘ r /‘
-0.005 F \\ ’7/
-0.01 Model
' —®— Database
-0.015 |
—0,02 / IIII 1 1 1 1 1
-20 -15 -10 -5 0 10 15
o, deg

Figure 7.1-3. Cy versusea, /dentified Model versus MPCV Database
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As part of the model validation, the parameters identified from the pendulum portion of the CDT
3-11 flight shown in Table 7.1-2 were used to predict the pendulum motion from the CDT 3-12
flight. According to reference 2, during the CDT 3-12 drop test the pendulum motion occurred
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almost immediately after full inflation of the main parachutes and gradually increased to an
amplitude of approximately 24 degrees until impact. Similar to the CDT 3-11 flight, the system
was also translating toward the Northeast due to the direction of the winds as it descended.
Figure 7.1-6 shows the CDT 3-12 flight winds resolved in the plane of the pendulum oscillation,
which were used in the simulation as a forcing function. Figure 7.1-7 shows a comparison of the
model (using the aero parameters identified from the CDT 3-11 flight) with the CDT 3-12 flight
data. Once again, other than the initial amplitude mismatch, the identified planar model appears
to provide an excellent match with flight data in the swing-angle time history. Both model and
flight data show the swing angle fundamental frequency to be 0.07 Hz, while error in the
amplitude of oscillation is within 10%. V,

ngair aNd Viggqir also show good comparisons.
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Figure 7.1-7. Prediction Test usng CDT 3-12 Flight Data
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It is apparent from Figures 7.1-2 and 7.1-7 that the identified planar dumbbell model does a good
job matching the underlying dynamics of the pendulum motion from both the CDT 3-11 and
3-12 flight data. However, its limitations should be reemphasized. The dumbbell model is not
capable of producing some of the more complicated behaviors (e.g., the maypole and flyout
motions) observed during the CDT 3-02 and 3-08 flights in which the pendulum motion did not
occur [refs. 2 and 3]. The model also does not predict how pendulum motion is triggered. Visual
inspection of the flight data with pendulum motion (3-11 and 3-12) and without pendulum
motion (3-02 and 3-08) suggests there is a correlation between a large gradient in the wind
direction while the magnitude exceeds a certain threshold and propensity to pendulum motion. It
is a topic for future research.

Finally, the current model does not provide much insight into why a cluster of three parachutes is
more resistant toward the pendulum motion compared with a cluster of two parachutes.
According to reference 3, CDT 3-07 involved three parachutes. Pendulum motion was observed
during a brief interval in which the configuration of the parachutes changed from the usual
triangular arrangement to a collinear one with coincident projections of all three parachutes onto
the plane parallel to the wind direction. The oscillations damped out after the parachutes
regained their triangular configuration. Equations 6.3.1-5 through 6.3.1-11, therefore, are
applicable in the case of pendulum motion with three parachutes, with the following
modifications: 1) W, and M are the dry weight and total mass of three parachutes, and

2) a coefficient of 3 replaces 2 in Equations 6.3.1-8 and 6.3.1-9.

Simulations of the planar pendulum model with the identified output error nonlinear
aerodynamics based on CDT 3-11 were performed to provide further insight into the pendulum
motion. This is similar to the large disturbance studies described in reference 7. The left plot in
Figure 7.1-8 shows the swing angle time history, and the right plot shows the phase portrait of
the parachute a. The blue dots represents the two stable equilibrium points at +oo (reference 7
refers to ao as the stable glide point), while the green dot represents the unstable equilibrium
point at a = 0. The parachute-capsule system starts out in a steady descent and is subject to a
disturbance in 0. Due to the unstable aerodynamic damping, the parachute immediately seeks out
the stable equilibrium at + 0o and attempts to trim there. Meanwhile, the swing angle amplitude
is still fairly small (between ~ £0.1 rad). However, due to the negative damping, the parachute is
unable to stay at + ao and jumps to the other stable equilibrium at —ao (crossing a = 0 along the
way). Eventually, the system manifests into a stable limit cycle where the parachutes oscillate
back and forth between the two stable equilibrium a, resulting in large swing angles (+0.4 rad or
23 degrees).
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Figure 7.1-8. Simulation of Planar Pendulum M odel with |dentified Output Error Mode (swing
angle (left), angle of attack phase portrait (right))

Figure 7.1-9 shows simulation results of the same system, except, at 7= 50 seconds, positive
(stable) aerodynamic damping is artificially introduced. Due to the large initial swing angle and
rate, the system almost immediately develops into the limit cycle oscillation (a jumps from 0 to
+a0). At T= 50 seconds, the sign on Cy, is flipped from negative to positive. The stable
aerodynamic damping causes the amplitude of the swing angle to diminish gradually over time
(reducing the kinetic energy of the system). At around 7 = 160 sec, the parachute eventually
settles at one of the stable equilibrium a, and the amplitude of the swing angle asymptotically
reduces to zero. Note that this is merely a simulation study highlighting the role of the unstable
aerodynamic damping. In reality, due to the passive nature of the system, once the pendulum
motion occurs there is little that can be done to stop the limit cycle oscillation.
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Figure 7.1-9. Simulation of Planar Pendulum M odel with | dentified Output Error Model (stable
damping at T = 50 seconds; swing angle (left), angle of attack phase portrait (right))

Similar analysis was performed for the four possible parachute designs (i.e., statically
unstable/dynamically unstable, statically stable/dynamically unstable, statically
unstable/dynamically stable, and statically stable/dynamically stable) and the resultant pendulum
motion. Figure 6.3.1-2 illustrates the difference in the Cn versus a curve between a statically
stable versus a statically unstable parachute. The unstable configuration has three trim points:
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unstable equilibrium at & = 0 and stable equilibrium at a = 0. Cy is positive for a dynamically

stable configuration and negative for a dynamically unstable configuration.

Figure 7.1-10 illustrates the case of the statically unstable/dynamically unstable configuration
(current Orion parachutes). For the given initial swing angle and rate, the system immediately
develops into a large limit cycle oscillation (6 ~ £0.4 rad or 23 degrees), and the parachute «

oscillates back and forth between the +ao equilibrium points.
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Figure 7.1-10. Statically Unstable and Dynamically Unstable Configuration; Swing Angle Phase
Portrait (left), Angle of Attack Phase Portrait (right)

Figure 7.1-11 illustrates the case of the statically stable/dynamically unstable configuration. The
system sustains oscillation about the sole equilibrium point at a = 0. The amplitude of the swing
angle limit cycle is, however, much smaller compared with the statically/dynamically unstable
case (€ <=+0.2 rad). According to reference 10, in the parachute community, the system
illustrated in Figure 7.1-10 is considered unstable, and the system shown in Figure 7.1-11 is
considered stable. As discussed in Section 6.3.1, one method for improving the static stability of
the parachute is to increase its porosity. This comes at the expense of increasing descent rate.
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Figure 7.1-11. Statically Stable and Dynamically Unstable Configuration, Swing Angle Phase
Portrait (left), Angle of Attack Phase Portrait (right)

Figure 7.1-12 illustrates the case of the statically unstable/dynamically stable configuration. For
the given initial swing angle and rate, the system trims at the —ao equilibrium point. Due to the
stable damping coefficient, the swing angle asymptotically goes to zero. In steady state, the
motion can be described as a “gliding” descent. To change the dynamic stability of the system,

gaps and ring sails must be strategically placed on the parachute.
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Figure 7.1-12. Statically Unstable and Dynamically Stable Configuration, Swing Angle Phase
Portrait (left), Angle of Attack Phase Portrait (right)

Figure 7.1-13 illustrates the case of the statically stable/dynamically stable configuration. The
system trims at the stable equilibrium point of o = 0 degrees, while the swing angle
asymptotically goes to zero. In steady state, the motion can be described as a vertical descent.
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7.2 Modal Analysis Results
7.2.1 Flyout Mode

The flyout/scissors motion observed during the CDT 3-02 and 3-08 flights is shown in

Figure 7.2.1-1. The motion is approximately planar in nature. The red and blue curves indicate
the paths traced out by the parachutes relative to the capsule during one cycle of the flyout
motion. The observed period of oscillation from both flights is roughly 15 seconds. From
Equation (6.2.2.1-9), a value of (Cy,)tor = 1.2 rad™" can be determined. A value of 0.2 rad ™!

was determined for (Cy_)¢s from the pendulum motion analysis shown in Table 7.1-2. This
suggests that (Cy_)prox should be on the order of 1 rad~1.
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Figure 7.2.1-1. Flyout/Scissors Motion from Flight Data (CDT 3-02 (left), CDT 3-08 (right))

Figure 7.2.1-2 shows derived measurements taken during the CDT 3-02 flight of the total normal
force coefficient, (Cy,_)ot, resolved along the proximity axis with the corresponding proximity
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distance, Doy, for each parachute. Dpox is normalized by the nominal diameter of the

parachutes, 116 ft. The data are fairly linear for 0.6 < Dj,;ox < 1 and flatten out for Dppox > 1.
The red line indicates a least squares linear fit. It is apparent that (Cy ).t has an equilibrium at

Dprox 0£0.6 (or 6, = 6, = 6, = 0.15 rad). The slope of the least squares fit is approximately
1.25 rad ™1, consistent with the analysis of the scissors motion in isolation as described in the

previous paragraph. The scatter in the plots is due in part to the multidimensional nature of the

data set (e.g., Cn is also a function of &, Vprox, etc.). Similar exercises were performed for the

CDT 3-08, CDT 3-11, and CDT 3-12 flights, all of which yielded consistent results (see Figures

7.2.1-3 through 7.2.1-5).
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Figure 7.2.1-2. (Cy)¢or from CDT 3-02 (parachute #1 (left), parachute #2 (right))
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Figure 7.2.1-3. (Cy)¢or from CDT 3-08 (parachute #1 (left), parachute #2 (right))
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Figure 7.2.1-4. (Cy)¢oe from CDT 3-11 (parachute #1 (left), parachute #2 (right))
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Figure 7.2.1-5. (Cy)¢or from CDT 3-12 (parachute #1 (left), parachute #2 (right))
7.2.2 Maypole Mode

According to reference 2, the CDT 3-02 flight exhibited one full period of the maypole motion,
as illustrated in Figure 7.2.2-1. The motion is approximately circular in nature and lasted for
about 35 seconds. The red and blue curves indicate the paths traced out by the parachutes relative
to the capsule during the maypole motion.
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Figure 7.2.2-1. Maypole Motion from Flight Data

The analysis discussed in this section is based on the assumption that during the maypole motion
the parachutes orbit around the vertical axis of symmetry in a perfect circle with a constant
angular speed. To analyze the flight data, the line integrals of the paths traced out by the
parachutes during the maypole motion were computed. This resulted in an equivalent circle with
a radius of 50 ft or a constant flyout angle (or @iy, ) of 0.21 rad. This is consistent with the
observation from reference 12 that the interference aerodynamic forces cause the unstable
parachutes to seek a trim angle of attack greater than the freestream trim « (0.19 rad shown in
Table 7.1-2). Using Equation (6.2.2-22), (Cy )0t required to maintain the maypole motion is
determined to be approximately 0.0485. As a verification, one can compute (Cy )0t USING
(CnJtor (1.25 rad™! from flyout analysis), @i, (0.21 rad), and a, (0.15 rad, from flyout

analysis). This yields a (Cy)ot Value of 0.072, which is in the ballpark with the 0.0485 value
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derived from maypole analysis alone. The pendulum analysis (proximity aero ignored) in Section
7.1 yields a Cy, value of 0.19, which suggests that the scissors and maypole modes are
dominated by proximity aerodynamics. For sustained Maypole motion, the aero (predominately
proximity aero) balance out the centripetal acceleration of the parachutes causing them to circle
the vertical axis at a constant flyout angle and angular velocity.

7.2.3 Breathing Mode

As described in Section 6.0, the breathing mode captures the physics in the coupling between
oscillations in the parachute reference area (due to flexibility effects) with velocity in the Down
direction. Figure 7.2.3-1 shows the best estimate parachute reference area and velocity in the
Down direction from 7' = 164 to 234 seconds from the CDT 3-02 flight test. Figure 7.2.3-2
shows the fast Fourier transform (FFT) of the time domain data. It is apparent that the parachute
reference area has a dominate peak at 0.23 Hz (period ~4.3 sec). Vaown has two relatively large
peaks below 0.1 Hz and a third peak at 0.23 Hz, which matches the dominate peak of the
parachute reference area. Hence, there is an apparent coupling between Sref and Vaown. The slow
oscillations (low frequency peaks below 0.1 Hz) in Viown are likely due to wind. The 0.23-Hz
mode is present throughout the entire drop test and present in CDT 3-02, 3-11, and 3-12 as well.

Figure 7.2.3-3 shows the simulation results for the breathing mode with the system having a
nominal Vg, of approximately 34 feet per second (ft/s). w,, is scaled such that the period of
oscillation is around 4.5 seconds to match the flight data. n = 0 represents the nominal S.;,
while 7 = +1 represents Sp; at its maximum and minimum derivations from the nominal. It is
apparent that as 1 approaches 1, Vaown approaches its minimum value of 32 ft/s, and as n
approaches —1, Viown approaches its maximum value of 35.2 ft/s. Furthermore, 1 has a slight
phase lead on Vdaown, as would be expected.
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Figure 7.2.3-1. CDT 3-02 Best Estimate Ser and Vaown (T=160 to 234 sec)
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7.3 Equation-Error Aerodynamic Modeling Results

The first step in global modeling of the CPAS drop test flight data was the application of the
equation-error method. Flight test results obtained using the equation-error approach are
presented in this section, along with prediction results using flight data that were not used to
identify the models.

Five flight tests applicable to this work were conducted with the CPAS configuration consisting
of two main parachutes and a payload. Two other CPAS drop tests were conducted with two
main parachutes, but they were not applicable because they utilized a modified main parachute
configuration. Only the flight data for both main parachutes fully inflated were used for the
analysis. The flight data from parachute 9 on flight test CDT-3-11 was selected for identifying
the parachute aecrodynamic models because that flight data had the most active dynamics for the
longest period of time.

Figure 7.3-1 shows modeling results for C,, Cy, and Cy using CDT-3-11 flight data for
parachute 9. The plots on the left side show the identified model fits to flight data from parachute
9 during the CDT-3-11 flight test, and the plots on the right show the residuals, which are the
difference between the flight data and the identified model shown in the left plots for each
nondimensional force coefficient.

The identified models clearly capture the main effects. The residual plots indicate small
remaining deterministic components, but these components have amplitudes close to the noise
levels for the flight data and, consequently, are difficult to identify. The SNR for the C, data
was much higher (SNR = 51) than for Cy (SNR = 8) or Cyy (SNR = 6). Lower SNR

compromises the model identification, because there are smaller deterministic effects standing
out above the noise, which makes it more difficult to identify what those deterministic effects
are, based on the data.
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Figure 7.3-1. CPAS Equation-error Modeling, CDT-3-11, Main 9

Table 7.3-1 shows the identified model terms, with associated parameter values and
uncertainties, based on CDT-3-11 flight data for the Main 9 parachute only. These model terms
were selected from a postulated pool of candidate model terms, using orthogonalization and
statistical modeling metrics, as described in Section 6.3.6. Each nondimensional aerodynamic
force coefficient had its own pool of candidate model terms, assembled using measured
explanatory variable data. All of the candidate modeling terms were polynomial terms of order 2
or less, along with spline terms.

The identified model can be impacted by which modeling terms are included in the pool of
candidate modeling terms, along with the information content of the modeling data.
Consequently, some investigation was conducted regarding the extent of the candidate modeling
pool required. This was done by simply including many different and more complex modeling
terms in the candidate pool, and allowing the algorithm to sort through all of them to find the
terms with statistical significance for the model, based on the data alone. It was found that
polynomial and spline terms with more complexity (higher order than 2) were not selected as
statistically significant for inclusion in the model. This is not unusual for modeling problems
using real physical data, and therefore the pool of candidate modeling terms included only
polynomial terms of order 2 or less, along with spline terms. Note that this determination is
based on the flight data available. It is possible that other flight data with more dynamic
information content could produce different modeling results.
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As an example, the C, modeling used a pool of candidate modeling terms composed of every

possible polynomial combination, up to second order, of the following 14 explanatory variables:

y

o

b

or,

dT lref

3

2V

q, D

> & prox>

V

prox>

(10-Dpre ).+ (11-D ).+ (12-D ). -

(1.3—mex)l+,

(1.4—D

prox )+ >

1 1 1
(aT_16)+’ (aT_20)+’ (aT_24)+’

where the spline notation is defined by
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and similarly for the other spline functions.
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(7.3-1)

(7.3-2)

The model structure determination algorithm (mof . m from SIDPAC) assembled the candidate
modeling functions (120 of them in this case), then orthogonalized these candidate modeling
functions and ranked them as follows (showing only the top 20 most effective modeling
functions output by mof . m):
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0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
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Minimum PSE occurs at the third ranked orthogonal function (see column marked pe, which
contains the positive square root of the PSE metric), so the first three functions were included in
the model, then transformed back to ordinary functions with their associated estimated
parameters, as listed in Table 7.3-1. Note that the R2 metric indicates that the model has captured
97 percent of the total variation in the C, data, using only three orthogonal functions identified

from the pool of candidate model terms. The column marked dmse shows the reduction in mean
squared model fit error with the addition of each orthogonalized candidate modeling function.
Note that the ordering of the functions is defined by this quantity, which therefore decreases in
magnitude (but is always negative), moving down the rows. The PSE metric selects the first
three orthogonal functions as those that reduce the mean squared fit error by an amount
significantly greater than the observed noise level for the measured output data, which is the

C, data in this case. The column marked F is the F-ratio, a statistical metric that is large positive

for significant functions to include in the model, the column marked perr is the percent fit
error, and the column marked index shows an index that identifies each particular function.
A completely analogous process was used to identify the models for Cy and Cy;, with the

results given in Table 7.3-1.

The following equations specify the model structure for the parameter values and uncertainties
given in Table 7.3-1:

2
_ V

o

bl . AR _ .
Cy = CY% gLVsm(aT) + CYM ﬁLVsm(OtT)q + CYDprnx D yon s1n(¢pmx)

I 1 .
+Cy, (0.8—-D,, 4 )+ i (8,0, ) + Cryp ‘”LVsm(aT)mex (7.3-3)
CY _Sin(¢prox)
o
cv=cy “lic o +c (0.8-D )1 c08 (@, r0x ) (7.3-4)
N N, 2V0 Ng, “T N Dprox g prox ) prox
where
0.8—-D for (0.8—D >0
(0_8_mex)1 — ( prox) 01.( prox) (7.3-5)
* 0 otherwise
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Table 7.3-1. Equation-error Aerodynamic Modeling Results

based on CDT-3-11 Main 9 Flight Data

Model Term

Parameter Estimate
(Standard Error)

~1.9577
(0.0077)

0.9297
(0.0068)

~2.2803
(0.0452)

0.2007
(0.0280)

~0.2544
(0.0170)

Cy

~0.0382
(0.0024)

(0.8-D

L.
prox ) N Sin (¢pr0x )

0.5407
(0.0255)

bl
%—;efsin(aT)D

prox

0.3701
(0.0198)

Yl
LT sin (0 )

~0.0834
(0.0080)

dTlref
2V

0.3630
(0.0032)

C N aT

~0.0964
(0.0017)

(0'8 - Dprox )i_ cos (¢pr0x)

0.1030
(0.0123)

Figures 7.3-2 through 7.3-4 show prediction tests for the identified aerodynamic model using a
presentation similar to that used in Figure 7.3-1. Only the flight data shown in Figure 7.3-1 was
used to identify the aerodynamic model. The flight data in Figures 7.3-2 through 7.3-4 was used
only for prediction testing. The model identified from flight data for parachute 9 on flight test
CDT-3-11 (Figure 7.3-1) was used to predict the aerodynamics for parachute 8 on flight test
CDT-3-11 (Figure 7.3-2), parachute 14 on flight test CDT-3-12 (Figure 7.3-3), and parachute 3
on flight test CDT-3-8 (Figure 7.3-4). In each prediction case, explanatory variable data from the
prediction test were used with the identified model to predict the nondimensional force

coefficient data.
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Although the aerodynamic model was identified from flight data for only one parachute during
one flight test, the prediction plots in Figures 7.3-2 through 7.3-4 demonstrate that the identified
model had good prediction capability for flight data not used in the modeling. The prediction
quality and residual magnitudes in Figures 7.3-2 through 7.3-4 are comparable to those shown in
the model identification plots of Figure 7.3-1, which is a strong indicator of a good model. Note
that this does not mean the identified model is perfect, which it clearly is not, but rather that the
model fit quality and the prediction quality are similar. This means the fit to the data is
approximately the same for both the data used to identify the model and for data that were not
used in any way to identify the model. Furthermore, as discussed earlier, only dynamic
characteristics with magnitude at least three times larger than the noise level and clearly
correlated with orthogonalized candidate model terms can be reliably modeled. The prediction
case shown Figure 7.3-2 is for the other parachute in the CDT-3-11 flight test, whereas the
prediction cases shown in Figures 7.3-3 and 7.3-4 are for parachutes in other flight tests,
conducted on different days. Prediction cases for all parachutes from all five flight tests exhibited
similar good prediction capability, with comparable residual magnitudes.

Note that in the equation-error method, it is possible to combine data from different parachutes
and different flight tests by simply stacking the data and conducting the analysis normally,
because the equation-error approach uses regression and linear algebra. This approach was
investigated with various combinations of flight data from different parachutes and flight tests,
but it was found that the flight data from parachute 9 on flight test CDT-3-11 had sufficient data
information content to identify aerodynamic models with good prediction capability. Using flight
data from other parachutes on flight tests CDT-3-11 and CDT-3-12, or combined flight data for
the parachutes on these flights resulted in similar identified model structures and model
parameter estimates. This is supported by the fact that the models identified from the flight data
for parachute 9 on flight test CDT-3-11 exhibited good prediction capability for all other
parachutes and flight tests, as shown in Figures 7.3-2 through 7.3-4. Flight tests CDT-3-2,
CDT-3-8, and CDT-3-15 had insufficient dynamic information for good model identification
(low SNR), so the flight data from those tests were used only for prediction testing. The
prediction capability for models identified from parachute 9 on flight test CDT-3-11 was equally
good for all parachutes on all five flight tests, regardless of the dynamic information content in
the flight data or the dynamic modal responses exhibited.
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Figure 7.3-4. CPAS Equation-error Mode Prediction, CDT-3-8 Main 3

7.4 Output-Error Aerodynamic Modeling Results

The next step in global modeling of the CPAS drop test flight data was the application of the
output-error method. Output-error analysis is typically done using the aerodynamic model
structure identified from equation-error analysis, as described previously, and using the equation-
error model parameter estimates for the identified model structure as starting values for the
output-error analysis. This process has been used successfully in the past on many different
aircraft and flight test programs [ref. 15].

The parachute aerodynamic modeling problem differs from past applications in important ways,
the most significant of which is that the dynamic system is a three-body cluster composed of two
parachutes and the capsule payload with elastic connections between the parachutes and the
capsule payload, rather than a single aircraft. This made the problem challenging in ways that
were not anticipated at the initiation of the study. The main challenges encountered in the output-
error analysis for parachute aerodynamic modeling in a three-body parachute cluster were:

e From prior work documented in the literature and wind tunnel testing, parachutes are known
to have a strong restoring aerodynamic normal force at high values of total angle of attack.
Because the flight tests were passive tests (not actively controlled over a desired range of
angle of attack), the flight data included very few data points at high total angle of attack,
which meant that the strong restoring force at high total angle of attack was not identifiable
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from the flight data. This was not a factor for equation-error modeling, which does not
involve integrating the equations of motion. However, this issue was important for output-
error modeling because without that strong restoring aerodynamic force, the integration of
the equations of motion in the nonlinear simulation diverged quickly using models identified
using equation error, which did not identify the strong aerodynamic restoring force at high
total angle of attack. This required introducing a term for the strong restoring normal force at
high total angle of attack in the aerodynamic model used for output-error analysis to prevent
divergence during the output-error optimization. The added term was a stabilizing quadratic
spline term at high total angle of attack, added to the C, model,

2
C o —35)" for o > 35
Cy, (o —35)) = Ny, (07 =39) ! (7.4-1)

s 0  for ap <35

This model term was suggested by parachute aerodynamic modeling results found in the
literature (e.g., reference 10). The value of the Cy ~ parameter for this model term was
o135

chosen by engineering judgment, to avoid divergence in the simulation runs required for
output-error optimization. Subsequent efforts to estimate the value of this parameter value
using output-error parameter estimation were unsuccessful. Aerodynamic models identified
using multivariate orthogonal functions included angular rate terms, including total angle of
attack rate and aerodynamic azimuth angle rate. When these terms are included in a nonlinear
simulation, there are difficulties associated with initializing the quantities to match flight data
and with computing these values accurately and without time lag inside the nonlinear
simulation. Essentially, real-time derivatives had to be computed in the nonlinear simulation
based only on the past values of the quantity being differentiated (e.g., total angle of attack).
This resulted in reduced accuracy and time lag, which were both detrimental to output-error
modeling accuracy. Note that the equation-error approach did not have this problem because
the explanatory variables, including total angle of attack and aecrodynamic azimuth angle
time derivatives, were computed directly from the entire flight data record for the equation-
error analysis; therefore, these quantities had neither the reduced accuracy nor the time lag
problem.

In the nonlinear simulation, the parachute z-axis was always directed into the air-relative
velocity vector to make the polarity associated with the aerodynamic model consistent.
However, when the air-relative velocity vector was nearly parallel to the parachute x-axis
directed along the line connecting the center of the parachute and the payload attachment
point, there were rapid oscillations of the parachute axes orientation. This is a non-physical
characteristic related to how the parachute axes were defined. To prevent these non-physical
rapid oscillations, a deadband was implemented (similar to the FAST implementation) to
freeze the parachute axes orientation for low values of the air-relative velocity component
along the parachute z-axis. This was necessary because the parachute axes orientation
affected the computation of the total angle of attack rate and the aerodynamic azimuth angle
rate, which were used as explanatory variables in the aerodynamic model. Similarly, when
the air-relative velocity vector passed from one side of the parachute axes x-y plane to
another, the aerodynamic azimuth angle rate spiked to very high values for just a few time
steps. This effect is also non-physical because the air-relative velocity vector does not rotate
about the parachute x-axis rapidly, but rather passes nearby or through it on the way to the
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other side of the parachute axes x-y plane. This effect was mitigated by freezing the
aerodynamic azimuth angle rate inside the deadband for low values of total angle of attack.

e The two parachutes were connected to the capsule payload by elastic riser lines, which were
modeled in the nonlinear simulation with a fixed spring constant and damping coefficient.
For parachute cluster dynamic modeling, the line tension dynamics and interaction of the
capsule payload and line tension forces with the parachute aecrodynamics at the start of each
simulation run dominated the dynamic motion computed by the nonlinear simulation.
Consequently, it was necessary to use flight data from the capsule payload to estimate line
tension forces and use that information in the nonlinear simulation so that the modeling
problem could be focused on the parachute aerodynamics. When this was not done, the
problem became a difficult nonlinear dynamics problem simultaneously involving the
parachute aerodynamics and the line tension dynamics.

e When a dynamic system is inherently stable, output-error modeling is a simple and
straightforward follow-on analysis, starting from the model structure and model parameter
values computed in the equation-error analysis. However, the fact that equation-error
modeling works regardless of the stability of the system can lull an analyst into assuming that
the output-error solution will be simple and straightforward in the case of an unstable system.
This generally is not true, as evidenced by this assessment, and this issue was a major source
of unanticipated technical effort. The parachute aerodynamic modeling problem in this
assessment could be called a brittle output-error optimization because there were stable and
unstable terms in the Cy; aerodynamic model identified using the equation-error method,

which caused difficulty in the output-error optimization.

Figures 7.4-1 through 7.4-3 show the output-error fit to flight data from the CDT-3-11 flight test,
using the CP2 nonlinear simulation and back-driving the equations of motion with measured
flight acceleration data. Bias errors in the flight data for Earth-axes velocity were estimated and
removed using output-error parameter estimation, in the manner described earlier. The existence
of these biases was identified by noting a drift in the Earth axes positions produced by the CP2
nonlinear simulation when back-driving the equations of motion with measured flight
acceleration data. The output-error parameter estimation for these bias parameters (i.e., one for
each component of Earth axes velocity, for each parachute, for a total of six bias parameters) was
straightforward and successful, as evidenced by the excellent match between the flight data and
the CP2 nonlinear simulation outputs shown in Figures 7.4-1 through 7.4-3. This demonstrated
that the CP2 nonlinear simulation was implemented properly and was a good mathematical
representation of the CPAS parachute cluster dynamics.
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Figure 7.4-3. CPZ2 Back-driven with Flight Accelerations

For this CP2 simulation run, the nondimensional aerodynamic coefficients were computed from
the CPAS flight data and using the identified equation-error model inside the CP2 nonlinear
simulation. Figure 7.4-4 shows that the identified equation-error model was reasonably close to
the nondimensional aerodynamic force coefficient data that resulted in the excellent output
match shown in Figures 7.4-1 through 7.4-3.

The next step was to use the aecrodynamic model identified using the equation-error method as
the aerodynamic model inside the CP2 simulation, then adjust the parameters in that model
structure to best fit the CP2 outputs to the CPAS flight data in a weighted least-squares sense.
This is the output-error approach described earlier.

Aerodynamic model structures used for the output-error analysis were those identified from the
flight data using the equation-error method, as described in Section 7.3 and listed in Table 7.3-1.
The associated model parameter estimates obtained from applying the equation-error method
were used as starting values for the output-error analysis.
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Figure 7.4-4. Nondimensional Aerodynamic Force Coefficient Comparison

Unfortunately, the output-error optimization problem turned out to be very difficult, mainly as a
result of attempting to estimate both proximity effects and other aecrodynamic effects
simultaneously, in a problem that was highly sensitive to small changes in the model parameters
and the orientation of the parachutes. This situation might be called a brittle optimization
problem. Many variations were attempted to help the optimization converge, such as shortening
the data record length, providing the aerodynamic model with measured explanatory variable
data (as opposed to time-integrated explanatory data) inside the nonlinear simulation, optimizing
model parameters for only one aerodynamic coefficient model at a time, changing the finite
differencing method used to compute local output sensitivities to model parameter changes, and
using a local exhaustive search rather than the conventional slope-based modified Newton-
Raphson optimization technique. Ultimately, none of these approaches produced results that
agreed well with the flight-test time histories.

7.5 Simulation Comparisonswith Flight Data
7.5.1 Current Orion Model in FAST Simulation versus Flight

The current CPAS main parachute aerodynamic model is part of the MPCV aerodynamic
database [ref. 22]. It models the aerodynamics for the full-open, steady-state portion of a one-
main-out scenario. The effort to develop this model was spurred by the observation of
unfavorable pendulum motion on the CDT-3-11 and CDT-3-12 full-scale drop tests. The model
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is intended to capture this pendulum motion to enable higher fidelity risk assessments and
control algorithm development.

This aerodynamic model was developed through a highly manual process. The equations of the
model were split into the three critical components of the aerodynamics: static, dynamic, and
proximity effects. The general shape and dependencies of the static components were derived
from historical data [refs. 10, 11, and 23]. The dynamic and proximity effects initially were not
well understood, and the equations and the coefficient values were developed iteratively.

The model was defined using FAST through manual updates to the aerodynamic coefficients in
the equations at each iteration. The key parameters of interest in this reconstruction process were,
in order of importance: descent rate, swing angle, flyout angle, and overall orbiting behavior. If
the model could match the gross descent rate, peak swing angle, approximate pendulum
frequency, and approximate pendulum onset, it was considered a good model. The quality of the
drop test data was not high enough to enable exact reconstructions of the trajectories over
minutes of flight time. Additional detail about the initial development can be found in reference
24, and updates regarding more recent changes can be found in reference 25.

The current Orion model (v0.94-1) implemented in FAST is compared with the BET for CDT-3-
12 in Figures 7.5.1-1 and 7.5.1-2. Note that simulation parameters used in FAST differ slightly
from the parameters listed in Table 6.1.1 and used in system identification. The FAST
simulations used a slightly larger enclosed mass scale factor, 0.75, in the axial direction and a
slightly smaller payload-to-parachute nominal line length of 230 ft. Also, the system
identification focused on CDT-3-11, which has a different payload mass than CDT-3-12

(20,340 1bm). The criteria given for an acceptable model have been met with good comparisons
in both descent rate and swing angle. Similar trajectory reconstruction quality was also obtained
for the four other one-main-out drop tests.
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7.5.2 System ID Model in CAPDYN Simulation versus Flight 3-11

The identified nonlinear aero model based on the simplified planar dynamics as described in
Section 7.1 was implemented into CAPDYN to predict the pendulum motion portion of the 3-11
flight. The parachutes were assumed to be on top of one another due to the lack of proximity
aerodynamics. Figure 7.5.2-1 shows the flight winds during the pendulum period of the 3-11
flight. Figure 7.5.2-2 compares the swing-angle time history from CAPDYN and flight. The
discontinuities in the CAPDYN swing-angle time history are an artifact of the manner in which it
is computed in CADPYN. Generally, the discontinuities appear when the swing angle crosses
zero. Figures 7.5.2-3 through 7.5.2-5 compare the North, East, and Down air relative velocities
of one of the parachutes. Figure 7.5.2-6 compares the North and East positions of the capsule.
The system is translating toward the Northeast due to the winds while undergoing pendulum
motion.

It is important to note that while CAPDYN with the simple aero model does a reasonable job of
matching certain key outputs from flight during the pendulum motion, it does not match well
with the rest of the flight or with flights with no pendulum motion (e.g., 3-02 and 3-08). This is
inherently the limitation of the planar dynamics used to generate the simplified aero model.
Furthermore, the simplified aero model cannot predict when the pendulum mode will occur.
Based on observations of the four sets of flight data, it appears the pendulum motion triggers due
to a combination of a sudden change in the wind direction while the magnitude exceeds a certain
threshold. It is a highly complex and nonplanar event and is beyond the capability of the planar
dynamics model.

As discussed previously, it was hoped that the system identification methods described in
Sections 7.3 and 7.4 would have been successful in identifying a global nonlinear parachute
model that would predict when the pendulum mode would occur and capture all the modes of
motion.
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Figure 7.5.2-1. Flight Winds during Pendulum Motion 3-11
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8.0 Findings, Observations, and NESC Recommendations
8.1 Findings

The following findings were identified and are based on the analyses conducted during this
assessment and on prior experience with system identification:

F-1. Based on modal analysis, pendulum motion can be mitigated by decreasing the parachute
drag coefficient (by increasing its porosity), which improves the static stability
characteristics of the parachute. However, this benefit comes at the expense of increasing
the steady-state descent rate, which may not be desirable.

F-2. The overall stability of the pendulum motion is dependent on both static and dynamic
stability of the parachutes. It was determined that the Orion parachutes are dynamically
unstable through system identification of the flight data using the planar pendulum
model.

F-3. Increasing the payload mass (the largest contributor to Wiot) improves the stability of the
system.? However, this benefit comes at the expense of increasing the steady-state
descent rate, which may not be desirable.

3 While this observation seems consistent with reference 7, experience from the CPAS drop tests suggests the
opposite may be true. Half of the nominal two-parachute CPAS development drop tests experienced pendulum
motion, but there were no observations of pendulum motion for the CPSS, which used the same parachute
configuration numerous times but with a payload that weighed about half as much. There may have been other
contributing factors, and the number of tests is insufficient to draw a conclusion with high confidence; however, it is
worth noting this discrepancy as it directly applies to the parachute system analyzed in this study.
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F-5.

F-7.

F-9.

F-10.

F-11.

F-12.

F-13.

Based on modal analysis, pendulum motion is exacerbated with increasing atmospheric
density because the mass of the air entrapped inside the canopy increases as the system
descends in altitude.

A parachute aerodynamic model based on planar pendulum dynamics provided nonlinear
Cv and C4 models that are consistent with the current MPCV aerodynamic database. Cy
is consistent in sign (dynamically unstable) but more unstable compared with the current
MPCYV aerodynamic database.

Based on observations from flight data, it appears the pendulum motion for the two-
parachute/payload system can be triggered by a sudden change in wind direction when
the magnitude exceeds a certain threshold. Due to the passive nature of the system and
the unstable damping, once the pendulum motion occurs there is little chance of exiting
the limit cycle.

Based on modal analysis, the flyout and maypole modes are dominated by proximity
aerodynamics.

Based on modal analysis, the orbital period of maypole motion is seen to be inversely
proportional to (Cy)¢ot-*

Analytical check cases verified the accuracy of the JSC FAST simulation and the
MATLAB-based CAPDYN simulation.

Successful equation-error modeling was achieved relatively easily and quickly. Identified
models predicted data from other flights with accuracy comparable to that observed in the
modeling process, which is indicative of a good model.

Aerodynamic normal force models identified using the equation-error technique did not
capture the strong restoring normal force generated by parachutes at large angles of
attack. This was because the flight tests were passive tests (i.e., not actively controlled
over a desired range of angle of attack), and the flight data included few data points at
high total angle of attack, which meant that the strong restoring force at high total angle
of attack was not identifiable from the flight data. This limitation in the flight data did not
hinder equation-error modeling, which does not involve integrating the equations of
motion.

The limited range of total angle of attack in the flight data was an important limitation for
output-error modeling. Without a model term implementing strong restoring normal force
at high total angle of attack (a model term not identifiable using equation error, because
of few flight data points at high total angle of attack), integration of the equations of
motion in the nonlinear simulation diverged quickly. Therefore, output-error modeling
required introducing a stabilizing term in the normal force aerodynamic model at high
total angle of attack.

For parachute cluster dynamic modeling, the line tension dynamics and interaction with
the parachute aecrodynamics at the start dominated the dynamic motion computed by the
nonlinear simulation. Consequently, it was necessary to use flight data from the capsule

4 This conclusion appears to contradict the findings in reference 12, which suggests that the orbital period increases
with Cy. However, the authors of reference 12 state that those results are applicable only to a narrow range of initial
conditions, which may explain the discrepancy.
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F-14.

F-15.

F-16.

F-17.

F-18.

F-19.

payload to estimate line tension forces and use that information in the nonlinear
simulation as known information, so that the modeling problem could be focused on the
parachute aerodynamics. If this was not done, the output-error optimization included
complex nonlinear three-body dynamics involving the parachute aerodynamics and the
line tension dynamics simultaneously.

Output-error modeling for a multi-body dynamic system requires a simulation that can be
readily modified with different aerodynamic models and back-driven by various flight
data (e.g., flight accelerations).

To use the identified aerodynamic models in a nonlinear simulation for a parachute
cluster, there must be a model for the line tension forces, probably dependent on tension
line lengths and rate of change of the tension line lengths. Identifying a line tension
model from flight data would require accurate measurement of the parachute position
relative to the payload attachment point.

Although there were no faults found with the output-error modeling approach per se, the
application of output-error modeling to a parachute cluster gave rise to important
practical problems. Because of the manner in which the parachute axis system was
defined in the nonlinear simulation, there were often high-amplitude, non-physical values
for the aerodynamic azimuth angular rate due to the parachute axis system flipping
orientation to keep the parachute z-axis pointing into the air-relative velocity vector,
which was necessary for the correct aerodynamic force polarity from the identified
aerodynamic model. This caused problems because the aerodynamic azimuth angular rate
was used as an explanatory variable in the aerodynamic model.

Error and time lag were introduced in the computation of time derivatives inside the
nonlinear simulation because the time derivatives had to be computed from only present
and past values. The total angle of attack and aerodynamic azimuth angle time derivatives
were important explanatory variables in the identified aerodynamic model, which made
this issue important.

Relatively long data records had to be used for the output-error modeling to capture data
information for various modal responses that occurred throughout a flight. This was
problematic for output-error analysis, which involves repeated time integrations for
different variations in the aerodynamic model parameters to find an optimized solution,
because that led to lengthy and time-consuming computations for the output-error
optimization. The long data records were also necessary because of the large time
constants for the parachute cluster dynamic motion, making the use of shorter data record
lengths within a flight an ineffective strategy. A long time integration effectively adds the
aerodynamic modeling errors cumulatively over time, which makes convergence of the
output-error solution more difficult. Specifically, a drift or inaccuracy in the attitude of
the parachutes will adversely affect nearly every important explanatory variable (e.g.,
total angle of attack, proximity distance and proximity relative velocity, and both total
angle of attack rate and aerodynamic azimuth angle rates).

When a dynamic system is inherently stable, output-error modeling is usually a simple
and straightforward follow-on analysis, starting from equation-error results. However, in
the case of an unstable system, the output-error solution becomes more difficult. The
parachute aerodynamic modeling problem in this assessment could be called a brittle
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8.2

output-error optimization because there were both stable and unstable terms in the Cnv
aerodynamic model, which caused difficulty in the output-error optimization.

Observations

The following observations were identified:

O-1.

0O-3.

O-4.

8.3

Flight data for the parachute motion were obtained from videogrammetry implemented
on the capsule payload, not from sensors on the parachute. Only position could be
measured in this manner, which means that the velocities and accelerations were obtained
from smooth numerical differentiation. One important consequence, in terms of
modeling, was that the accelerations obtained for the parachutes were actual accelerations
and not specific applied forces, as would be measured by accelerometer sensors.

Aerodynamic models identified using multivariate orthogonal functions included angular
rate terms (e.g., total angle of attack rate and aerodynamic azimuth angle rate). When
these terms are included in a nonlinear simulation, there are difficulties associated with
initializing the quantities to match flight data and with computing these values accurately
and without time lag inside the nonlinear simulation.

In the nonlinear simulation, the two parachutes were connected to the capsule payload by
elastic riser lines, which were modeled with a fixed spring constant and damping
coefficient. This caused difficulty with initializing the nonlinear simulation to match the
flight data because of line tension transients, which need to die out before the nonlinear
simulation run can begin properly.

Practical expertise on parachute aerodynamics was critical to the effort because parachute
aerodynamics are complex and made more complex by the interaction effects between
multiple parachutes. Investigations such as these will benefit from co-locating parachute
and system identification experts.

NESC Recommendations

The following NESC recommendations are directed toward the analysts of current and future
vehicles that want to further develop the application of system identification methods for
extracting high-fidelity parachute simulation models from flight data:

R-1.

R-2.

R-4.

Consider the application of check cases presented in Section 6.3.4 and Volume II to help
validate new parachute simulations. (F-9)

Install miniature IMU instrumentation at the top center of each flight-test parachute
canopy, attached as rigidly as possible to the canopy, to provide data for line tension
modeling and for improved time synchronization and accuracy of the photogrammetry.
(F-13, F-15, O-1)

Install reliable and accurate instrumentation for direct measurement of the line tension to
improve both the line tension model and the parachute aerodynamic model. This could be
done with a calibrated load cell near the attachment point on the capsule payload.

(F-13, F-15, 0-3)

Install video cameras in the capsule to individually record each parachute’s canopy to
provide direct evidence of the canopy shape versus time, particularly to support
identification of parachute aerodynamic proximity effects. (F-7)
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R-5. Obtain accurate measurements or estimates of winds aloft to directly improve the
parachute aerodynamic modeling. Any reduction in the time and distance differences
between the flight test and winds aloft measurements will improve modeling results.
(F-6, F-10, F-18, F-19)

R-6. Conduct flight tests for parachute aerodynamic modeling on days and at times and
locations where significant wind shears are expected because primarily wind shears
excite the dynamic motion of the parachutes. (F-6, F-10 through F-12, F-18, F-19)

R-7. Investigate a new formulation for the parachute cluster nonlinear simulation, with the
objective of avoiding large, non-physical values of aerodynamic azimuth angular rate
resulting from changes in the air-relative velocity orientation relative to each parachute.
Another solution would be to identify aerodynamic models that use only past values of
explanatory variables rather than their time derivatives, which would address the
difficulty in computing accurate real-time derivatives inside the nonlinear simulation.
(F-16 through F-19, 0-2)

R-8. Investigate the use of alternatives to time-domain output-error modeling for the parachute
aerodynamic modeling problem (e.g., frequency-domain output-error modeling and filter-
error modeling). (F-11 through F-13, F-15 through F-19, O-1 through O-3)

9.0 Alternative Viewpoint(s)

There were no alternative viewpoints identified during the course of this assessment by the
NESC team or the NRB quorum.

10.0 Other Ddiverables

No unique hardware, software, or data packages, outside those contained in this report, were
disseminated to other parties outside this assessment.

11.0 LessonsLearned

No lessons learned were identified for inclusion in the NASA Lessons Learned Information
System (LLIS).

12.0 Recommendationsfor NASA Standards and Specifications

No recommendations for NASA standards and specifications were identified as a result of this
assessment.

13.0 Definition of Terms

Finding A relevant factual conclusion and/or issue that is within the assessment
scope and that the team has rigorously based on data from their
independent analyses, tests, inspections, and/or reviews of technical
documentation.

Lessons Learned Knowledge, understanding, or conclusive insight gained by experience
that may benefit other current or future NASA programs and projects. The
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Observation

Problem

Recommendation

experience may be positive, as in a successful test or mission, or negative,
as in a mishap or failure.

A noteworthy fact, issue, and/or risk, which may not be directly within the
assessment scope, but could generate a separate issue or concern if not
addressed. Alternatively, an observation can be a positive
acknowledgement of a Center/Program/Project/Organization’s operational
structure, tools, and/or support provided.

The subject of the independent technical assessment.

A proposed measurable stakeholder action directly supported by specific
Finding(s) and/or Observation(s) that will correct or mitigate an identified
issue or risk.

14.0 Acronymsand Nomenclature List

14.1 Nomenclature

ax, Ay, Az body-axis translational acceleration components, ft/s>

C, Cn, Cu nondimensional rolling, pitching, and yawing moment coefficients
Cx, Cy, Cz  nondimensional x, y, z body-axes aerodynamic force coefficients
C4 nondimensional axial aerodynamic force coefficient

Cn nondimensional normal aerodynamic force coefficient

g Earth gravitational acceleration = 32.174 ft/s?

h altitude above mean sea level, ft

I, [, I body-axis moments of inertia, slug-ft2

L x-z body-axis product of inertia, slug-ft>

[ reference length, parachute canopy nominal diameter, ft

m parachute mass, slug

N number of data points

N[m, R] Gaussian vector random process with mean m and covariance R
Dqr body-axis roll, pitch, and yaw angular velocity components, deg/s or rad/s
q dynamic pressure, 1bf/ft?

rms root mean square

S parachute reference area, ft?

T line tension, 1bf

u, v, w body-axes air-relative velocity components, ft/s

V airspeed, ft/s

o angle of attack, deg or rad

ar total angle of attack, deg or rad

B angle of sideslip, deg or rad

At sampling interval, s

ba aerodynamic azimuth angle, deg or rad

Pprox proximity angle, deg or rad

$,0,¢Y Euler roll, pitch, and yaw angles, deg or rad

% parameter vector
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Superscripts

estimate or nondimensional
matrix inverse

time derivative

transpose

attachment point on the capsule
body axes

Earth axes

flyout

reference value or bias term
parachute 1

parachute 2

proximity effect

swing

14.2 Acronyms

ARC
BET
CAPDYN
CDT
CM
CP2
CPAS
CPSS
DCM
deg
DOF
FAST
FFT

ft

ft/s
IMU
JSC
LaRC
Ibm
Ibf
L/D
MPCV
m/s?
NED
NESC
psf
PCDTV
PSE
PTV

Aerodynamic Reference Center

Best Estimated Trajectory

Capsule Dynamics

Cluster Development Test

Center of Mass

Capsule and Two Parachutes
Capsule Parachute Assembly System
Capsule Pallet Separation System
Direction Cosine Matrix

degree

Degrees of Freedom

Flight Analysis and Simulation Tool
Fast Fourier Transform

feet

feet per second

Inertial Measurement Unit

Johnson Space Center

Langley Research Center

pound mass

pound force

Lift to Drag Ratio

Multi-Purpose Crew Vehicle

meters per second squared
North-East-Down

NASA Engineering and Safety Center
pounds per square foot

Parachute Compartment Drop Test Vehicle
Predicted Squared Error

Parachute Test Vehicle
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S

second

SIDPAC System [Dentification Programs for AirCraft
SNR Signal-to-Noise Ratio
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