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Solar sails are being developed as a mission-enabling technology in support of future 
NASA science missions. Current efforts have advanced solar sail technology sufficient to 
justify a flight validation program. A primary objective of this activity is to test and validate 
solar sail models that are currently under development so that they may be used with 
confidence in future science mission development (e.g ., scalable to larger sails). Both system 
and model validation requirements must be defined early in the program to guide design 
cycles and to ensure that relevant and sufficient test data will be obtained to conduct model 
validation to the level required. A process of model identification, model input/output 
documentation, model sensitivity analyses, and test measurement correspondence is required 
so that decisions can be made to satisfy validation requirements within program constraints. 

characteri stic acceleration (mm/s2
) 

sai l area (m2
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Nomenclature 

so lar radi ati on pressure (4.56 X 10-6 N/m2
) 

sa il efficiency 
mass of spacecraft bus (kg) 
mass of sa il assembly (kg) 
sai l loading (gim2

) 

I. Introduction 

SOLAR sails are be ing developed as a miss ion-enabling technology in support of future science miss ions such as 
Solar Polar Imager, Particle Acceleration Solar Orbiter, and L l Diamond. Current advances made under the In­

Space Propulsion Technology (lSPT) program have progressed the technology far enough to go to the nex t step, 
fl ight va lidati on. If chosen for the New Millennium Program (ST9), fl ight validation will reduce the risk (Le., 
increase Technology Readiness Level, TRL) associated wi th solar sail technology. Due to the gossamer nature of 
solar sail s, prototype ground testing is limited by the size of avail able tes t facili ties (max imum - 400 m2 sail) and by 
a "non-relevant" 1-g environment. Therefore, a primary objective is to test and validate solar sai l models that are 
currently under development so that they may be used with confi dence in future science mjssions (i.e. , sca lable to 
10,000 m2 and larger) . Va lidation requirements must be defined earl y in the fli ght validation program to ensure that 
relevant and sufficient flight test data is obtained to conduct model validation to the high level required. This 
includes a process of model identifica tion (which models are needed), model input/output documentation (what does 
it take to run the models) , model sensiti vity analysis (how well do the inputs/outputs need to be known), and test 
measurement correspondence (what tests are needed and how accurate do they need to be made to validate the 
models). Given thi s information, decisions can be made between what the modelers wo uld need for complete 
validation and what a program, given money/ti me constraints, can deli ver. 
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II. Current Models 
Currently, under the ISPT solar sail propulsion activity, various modeling efforts are being tracked which defi ne 

the current state of the art in so lar sail spacecraft models. The NMP ST-9 Solar Sail Flight Validation (SSFV) stud y 
team is also taking advantage of this assessment to help defi ne the requirements for a future so lar sail fli ght 
validation. Tab le 1 summarizes the current modeling efforts and categori zes based on their primary function; some 
of the more sophisti cated models overlap in functionality. Structural models focus on determination of sa il 
membrane and support structure (booms) shape for both stati c and dynamic cases. Guidance, Navigation and 
Control (GNC) and Attitude 
Contro l System (ACS) models 
include those specific to 
atti tude determi nati on, thrust 
vector contro l, and orbit 
analysis. Environment models 
deal with the interaction of the 
so lar sail with the space 
environment and include 
plasma interactio n and 
spacecraft charging. The 

Model Name 

AEC-Able Structural 

L'Garde Structural 

Operational Sail Shape for Able 

Operational Sail Shape for L'Garde 

Structural Analysis & Synthesis Tools 

Advanced Computational Models 

Analytical Scaling Laws 

Solar Sail Propulsion Modeling Tool 

Solar Sail Spaceflight Simulation Software 

Lightweight Sail Atti tude Control System 

Gimbaled-Boom Mounted Bus 

NASA Charging Analyzer Program 2000 

Plasma Interaction Model 

NUMerical InTegration (charging) 

Developer 

AEC-Able 

L'Garde 

NASA-LaRC 

NASA-LaRC 

NASA-JPL 

NASA-LaRC 

Tenn. Tech 

SRS 

NASA-JPL 

Ariz. State 

NASA-JPL 

NASA-MSFC 

Virg inia Tech 

NASA-JPL 

Category Platform Status 

Structural ANSYS Med 

Structural FAIM Low 

Structural NASTRAN Med 

Structural ABAQUS Med 

Structural MATLAB/C Low 

Structural/ACS ABAQUS Low 

Structural MATLAB Low 

Structural/ACS PC/OpenGL Med 

GNC/ACS MATLAB Med 

GNC/ACS MATLAB Med 

GNC/ACS MATLAB Low 

Environment JAVA GUI High 

Environment High 

Environment FORTRAN Med 

platfo rm descriptor is an 
indicator of whether the model 
is fi nite element (FE) based or 
not; the majority of the 
structural models are FE-based. 
The status column represents a 
qual itati ve, comparative 
measure of model development 
progress and level of validation Table 1: Solar sail models included in the model-measurement matrix. 
testing. 

III. Model-Measurement Matrix 
Of the several model validation techniq ues available [1] , validation by comparison to test data on prototypes 

(components, subsystems, and systems) is the most beneficial in technology development. Technology Readiness 
Level (used by NASA as a technology maturity metric) defi nitions are based on testing [2]. A crucial step for 
validati on req uirements definition and model validation (once the data has been taken according to those 
requirements) is to catalog the correspondence among model inputs, outputs, and test measurements. Currentl y, an 
Excel® spreadsheet is being developed to address thi s need . Figure 1 shows a screen shot of thi s model­
measurement matri x illustrating the general format. Displayed is the input/output sheet fo r the S5 [3] model; tabs at 
the bottom select each of the other models. Each model will have a sheet giving details of each input/output 
parameter (e.g., sail materi al properties, sail shape, trajectory) and which test measurement(s) would provide the 
respective input or output during the validation analyses. Links are provided to additional info rmation describ ing a 
particular parameter or fi eld. Measurement data available for model validation will include; in-house testing done by 
the sa il prov ider, NASA in-house testing, ground system demonstration (GSD) testing at various NASA fac ilities for 
lO-m and 20-m sa il s, and eventuall y, data fro m the va lidation fli ght of a 40-m sail. It has also been proposed to link 
this model-measurement matrix directly with another ongoing effo rt by Adams [4] which focuses on the 
development of a complete reference database of technology development completed thus far within the so lar sail 
program. Compilation of thi s information during the earl y stages of the program aids in determination of test plans 
and in decision making when having to make trade-off compari sons between what measurements are desired and 
what can actually be done within program cost and schedule constraints. 

2 
Solar Sail Technology and Applications Conference - Sept 2004 



A12 ~ In uilOUI UI Oescriplion 

A B 
1 Solar Sail Spaceflight Simulation Software (S5 ADe S) 
2 
3 Subcomponents 

4 Trajectory Optimization 
5 Attitude Dynamic. and Control 

6 Solar Radiation Prel8ure 
7 Trajectory Determination 

8 Trajectory Control 

9 

Developer 

JPL 
Ball Aero,pace 
U. of Michigan 

JPL 
U, of Colorado 

c 

maJnmodul6s 

OPT 
ADC 
SRP 
DET 

TCN 

o E 

submodules 

TGP • Traj ectory Propagator component 
APG • Attftude Prop.gator component 

t 
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13 OPT 

14 M odufo-ro.-A1odU/c Inrcrf;;co 
15 Solar Radiation Pressure 

16 US8f·ro-Modulo IntruliK:6 
17 Rendezvous Constra int Input 
18 AltitUde Extrema Constraint Input 

19 DUration Extrema Constraint input 
20 Initial f Final State Input 

21 Target State Type Input 
22 Sail Normal Constra int 

23 AngUlar Acceleration Constraint 
24 Optimization Control Parameters 
25 Previous Solution 

26 Initial Sail Attitude 
27 Control Point Epoch 

28 ·· Control Point Initial Guess 

29 Ephemeris Input 
30 User Imposed Bounds 

31 Automatic Scaling of Variables 

32 Sail Complaxlty 
33 Minimum Solar Distance 
34 launch Vehicle Model 

35 Iterative Output 

36 EphemeriS Output 

37 Output Optimized Solution 

OPT_070 nl. 

OPT_DOl nl. 
OPT_D03 nl. 
OPT_D04 nla 
OPT_C06 nl. 
OPT_D07 nl. 
OPT_OO8 nl. 
OPT_OO9 nl. 
OPT_019 nI. 
OPT_020 nl. 
OPT_021 nl. 
OPT_022 nla 
OPT_023 nl. 
OPT_024 nle format 
OPT_026 nl. 
OPT_026 nl. 
DPT_029 nla 
OPT_030 nl. 
OPT_033 nla 
OPT_036 nl. 

nla 

nla 
nla 
nla 
nl. 
nl. 
nl. 
nl. 
nle 
nla 
nla 
nI. 

nla 
nla 
nl. 
nla 
nl. 

from SRP module 

user definedfmlsslon requirement 
user denned/mlsslon requirement 

user dennedfml'llon requirement 
user definedfmlssion requirement 

uaer denned/mlssion re quirement 

j
user defined/mission requirement 

user denned/mlS9lon requirement 
uller dennedfmlsslon requirement 

j
use previous solution as initial guess 

uler det'lnedfmlsllon re quirement 
. ~se r definedfmisslon requirement 

user defined/mission requirement 

J read external files 
user defined/mission requirement 

autoscale switch 

use r input 1 
n/a user defined/mission re quirement .. 

nfa uear dennedfmlulon requirement 

nfa output 
OPT_037 nfa nte output 

OPT _038 nfa nle ·~.outPut 
OPT _039 nfa n/a output 38 Thrust History 

39 Iurn t:tlltorY. 
•• • • •• '\ Valdattn GcNh _~lIDo_lOOS<. ...... ~ITs,oj~ ~'A5U~11.""IIm~t""""""""' :LO"'T"''' "" .. r. ..... Sll.<.L-.J.!lJ.:J .-

Figure 1: Screen shot of model-measurement matrix showing general format. Each model 
(tabs at bottom) has a worksheet with links to current or planned test measurements. 

IV. Model Sensitivity Analyses 

Once the inputs and outputs of each model have been cataloged, some approach is required to determine how 
important a measurement is or how accurately the measurement needs to be taken. The dependence of a model on a 
particul ar measurement (Le., degree of need for validation) has to be weighed against feasibility, cost, mass, 
technical development, and schedule constraints, just to name a few. A common approach to quanti fy this 
dependence is to conduct sensiti vity analyses on the model to identify which outputs are highly sensitive to small 
perturbations in inputs . If a model has a highl y-sensitive output parameter, the corresponding input variab les must 
be well known or accurately measured. Even when comparing model outputs to test data directly (e.g. , FEA­
generated vibration modes vs. laser vi brometer measurement data), model inputs must reflect precisely the test 
conditions, espec iall y for high-sensitivity outputs and measurement data cannot be so noisy as to be useless for 
model-output comparison. Determinjng the acceptance level of a measurement can be determined by this type of 
analysis . A simple example is presented here for il lustration purposes. The example is taken from McInnes [5J , 
reformulated for a design proposed for the 40-m flight va lidation program [6]. A primary performance metric for 
solar sails is the characteristic acceleration ao given by 

2ryP 
ao = ------;-----,----;-

as +(mB / A) ' 

where ry is the sail efficiency (0.85 used here), P is the so lar radiation pressure constant for a perfectly absorbing 
surface (4.56 X 10-6 N/m2), as is the mass per unjt area of the sai l assembly (membrane and booms) , and mB is the 
mass of the spacecraft bus. For this example, the spacecraft bus includes all other components not included in the 
sail assem bly such as power, electronics, communications, and instrumentation (payload). Splitting the spacecraft 
into two subsystems, the "engine" and "everything else" allows the examination of how separate subcomponents 
affect characteristic acceleration. The "X" in Fig. 2 locates a solar sai l design (40-m, state-of-the-art) in the center of 
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surface representing the response of characteristic accelerati on to changes (± 50%) in sai l loading and bus mass. As 
expected, decreasing sail loading (Le., decreasing membrane and boom mass) or decreasing bus mass increases 
characteristic acceleration. However, the example is here to illustrate the concept of sensitivi ty. Note that the 
response surface has a much steeper slope (higher sensiti vity) in the direction of the bus mass axis as compared to 
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Figure 2: Solar sail characteristic acceleration as a function of 
sail loading and bus mass with the design point for a 40-m 
flight validation shown with an X. 

sai l loading axis for a given percentage 
change. Reducing bus mass by 10% will 
yield more perfo rmance gain (hi gher 
acceleration) than the same percentage 
change in sail loading. This may lead one 
to make the decision to direct more design 
and test effort towards reduction of bus 
mass rather than towards thinner sa il s. 
Although this is a simplistic example, it 
illustrates the process required to identify 
sensitivity of outputs to changing inputs. 
Appl yi ng this technique to the parameter 
space of each of the solar sail models can 
guide design, testing, and validation 
processes. Particularly, to a flight 
va lidation program, sensiti vity analyses 
can help define what requirements are 
needed specificall y for model validation 
so that they can be incorporated early into 
the program to assist in test planning and 
hard ware development. 

V. Validation Requirements 
W ith the relevant models identified, their inputs/outputs catalogued , and sensiti vity analyses done to determine 

cri tical parameters, initial requirements can now be defined specific to model validation. Although much more 
rigorous va lidation and verification procedures will eventuall y be implemented for each model , this preliminary 
fra mework, utilizing a model-measurement matrix to map model inputs/outputs to specific measurement data and 
then conducting first-level sensi ti vity analyses to help quantify the importance of the measurement and how 
accurately the measurement needs to be made, can assist in initial requirements definition and program decision 
making in support of meeting these requirements. Listed here are the New Millennium Program's (ST9) Solar Sail 
Flight Validation study team's validation goals: 

Goal!. VaJidate processes and design tools for solar sail fabrication 
0" Verify processes for fabrication and scaling 
0" Verify sa il system design tools 
0" Verify sail system packaging 

Goal 2. Validate controlled deployment 
0" Validate sai l deployment on the ground 
0" Validate sail deployment in space 
0" Validate attitude control during deployment 

Goal 3. Validate in-space structural characteristics 
0" Validate sail shape model 
0" Validate structural loads model 
0" Validate sail thermal model 
0" Validate sail dynamics model 

Goal 4. Validate solar sail attitude control 
0" Validate a method for identifyi ng all torques 
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0' Verify ACS methodology 
0' Validate model for attitude maneuvering and pointing contro l 

GoalS. Validate solar sail thrust performance 
0' Validate models of thrust vector magnitude and direction 
0' Validate models for sai lcraft trajectory correction and maneuvers 

Goal 6. Characterize the sail's electromagnetic interaction with the space environment 
0' Characterize induced magnetic fields 
0' Determine electrostatic charging 

These are currently undergoing initial definition review with expected refinement occurring during program 
development. With model validation being a primary goal, implementation of a process, such as the one presented in 
thi s paper, is vi tal to program success. Figure 3 lists a few representative measurements that will be used to validate 
the vari ous models and how both models and measurements wi ll have to correspond to satisfy va lidation goals. 
Development of scalable, robust, high-confidence level models is absolutely required to advance so lar sail 
technology for integration into space systems; hi gh confi dence can only be achieved through proper va lidation. 

MEASUREMENTS 

@ 
1. Design tools & Boomimembrane stiffness·mass test data System areal 

fabrication methods 
density. 

Fabrication processes scalability & Repeatability data lor seaming (e.g., rip stops), handling and 
repeatability 01' Fabrication design packaging (pack factor) . 

Packaged volume scalability 01' Fabrication process volume - scalable to larger 

~ 
<t' Packaging volume 

2. Deployment 

Boom shape, loads and vibration 
01' Mechanical/structural 

modes prediction ./ Membrane management ,. 
iii 

.rSymmetry If. ... Deployment dynamics prediction .r Attitude Control [ 
:::I .. 
tl n 
:::I Membrane shape, tension and In·space structu !! ... ... vibration modes: billowing & wrinkling characteristics ~ (/) 

predictions .r Sail shape ~ .r Structural loads Ii 
Boom/membrane thermal predictions ./ Thermal :I 

.r Dynamics 

4 . Att itude control 
Torque data from reaction wheels, magnetometers, vane 

.r Attitude maneuvering & dellection, gimbal rotation, cp'cm. Att~ude rates about axes, 

pointing control pointing range & errors. 
(/) Flight system behavior prediction . .r ACS methodology Control Authority data: Attitude/thrust proliles, biased 
U 
< Thrust vector prediction . compensation torque, attitude controlabi l~/stability margins & 
"- sensitivities. 
U Trajectory prediction (position, velocity) 
Z 
CI Orbit-change man ewer prediction Thrust data vs. sailcraft orientation (cone/clock angles wrt 

.;' Thrust vector sun line), ACS pointinll'thrust vector magnitude & steering . 

.r Traiectory correction & Orbit tracking data: DSN, GPS. 
maneuvers 

Induced magnetic field prediction 
6. Characterize EM 

interaction 
Magnetometer data (boom or free-nyer). 

Electrostatic charging prediction Potentials, particle densitie$'currents (3-D data of 
.r Magnetic fields plasma sheath around sailcraft) . 
./ Electrostatic chargi ng 

Figure 3. Solar sail models and measurement data correspondence to meet validation goals. 

VI. Summary 

Solar sails are being developed as a mission-enabling technology in support of future NASA sc ience missions. 
Current advances have progressed so lar sail technology far enough to justify a flight validation program. Due to the 
gossamer nature of so lar sail s, prototype ground testing is limited. Therefore, a primary objective is to test and 
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validate so lar sai l models that are currently under development so that they may be used with confidence when 
scaled to the larger sizes required by future missions. Both system and model validation requirements must be 
defined early in the program to guide design cycles and to ensure that relevant and sufficient test data will be 
obtai ned to conduct model validation to the level required. This paper presents a basic fra mework or process of 
model identification, model input/output documentation, model sensitivity analyses, and test measurement 
correspondence to assist in requirements definition and program decision making to meet those requirements within 
program constraints. 
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