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Abstract

This paper determines model performance prediction
accuracy as a function of model fidelity for a complex
oplo-mechanical systein. Thetest article is the Micro-
Precision Interferometer testbed; a ground-based hard-
ware model of a future spacchorne interferometer. The
primnary modeling tool is the Integrated Modeling of Op-
tical Systems (IMOS) package. Threc models of the MP1
testbed were created for this study;each with a unmque
optical and structural model fidelity. The paper comnpares
disturbance transfer function predictions from the three
models with measured disturbance transfer functions from
the hardware testbed. Results suggest mcaningful model
prediction errors exist when simple models arc used to
represent a complex opto-mechanical systemn. However,
modest increases inmodel fidelity canlead to significant
improvement.

1. Introduction

Discovery of earth-like planets around other stars re-
quires an inst rument with 1nicro-arcsecor 1 ast romet ric
measurement accuracy [1, 2]. Spaceborne optical interfer-
omecters are likely to be the first instrument class capable
of achieving this accuracy level. Although this partial-
aperture approach offers a number of hmportant advan-
ages over the traditional full-apertureapproach ( eg., the
Hubble Space Telescope) the instrument requires stabi-
lization of optical elements down to the nanometer level
as well as laser metrology resolution at the picorneter
level [3]. The charter for the JPL Interferometer Technol-
ogy Program (1'1’1) is to mitigate risk for this opticalin-
terferometer mission class [4]. A number of ongoing com-
plementary activities address these techuology challenges.
These activities are: integrated modecling methodology de-
velopment and validation, metrology and vibration hard-
ware testbed development, and flight qualification of t he
interferometer components. Though al of these activities
arc necessary to buy downmission risk, it is integrated
modeling that ultimately will be used in the mission and

instrument design.

Spaceborne optical interferometer imnodels must rep-
resent in some forin the structure, the optical elements,
the control systems (actuator and sensor dynamics), and
the disturbance sources. Detailed models of each of these
elements for a complex opto-mechanical system is an ex-
tremely time consuming and costly task. Furthermore,
the larger the model, the more unwieldy it becomes to
exercise. Conversely, lower fidelity models may take con-
siderably less time to build and execute. However, the
results may be in question if thie sinple model does not
accurately represent the rea problem. Careful consider-
ation must be taken to maintain model fidelity where it
significantly impacts performance prediction and simplify
where it does not.

T'his paper quantifies the relationship between model
prediction accuracy and model fidelity for a specific com-
plex opto-mechanical systein.  The test article is the
Micro-Precision Interferometer (MP1) test bed; a dynam-
ally and dimmensionally representative hardware model
of a future spaceborne optical interferometer (see Fig-
ure 1) [1]. The modeling too] is the Integrated Modeling
of Optical Systems (1 MOS) package[5, 6]. The integrated
modeling methodology combines structural modeling and
optical modeling within a common software environment.

T'hree models oft he M Pltestbed were created for this
study; cach with a unique optical and structural model
fidelity. Disturbance transfer functions, measured from
the attachment point of the primary disturbance source
(spacecraft reaction wheel assemblies) to output optical
sensors, are the primary measurements used for instru-
ment performance assessment. These transfer functions
accurately depict (in alinear sense) the effectiveness of vi-
bration attenuation strategies at achieving nanometer sta-
bilization of optical clements on a large, lightly-damp ed,
flexible structure excited by mechanical vibrations. This
paper describes the three models and compares the pre-
dicted disturbance transfer functions from each with the
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Abstract

This paper determines model performance prediction
accuracy as a function of modd fidelity for a complex opto-
mechanical system. The test article is the Micro-Precision
Interferomneter testbed; a .groutlcl-based hardware model of
a future spaceborne interferometer. The modeling tool is
the Integrated Modeling of Optical Systems (IMOS) pack-
age. Three models of the MPItestbed were created for this
study; each with aunique opticaland structural modelfi-
delity. The paper compares disturbance transfer function
predictions from the three models with measured distu -
bance transfer functions from the hardware testbed.

1. Introduction

Discovery of cartll-like planets around other stars re-
quires an instrument with iicro-arcsecond ast romet ric
measurement accuracy [1, 2]. Spaceborne opticalinterfer-
ometers are likely to be the first instrument class capable
of achieving this accuracy level. Although this partial-
aperture approach offers a nuinber of important advar -
tages over the traditional full-aperturcapproach (e g, tile
Hubble Space Telescope) the instrument requires stabi-
lization of optical clements down to the nanometer level
as well as laser metrology resolution at the picometer
level [3].The charter for the J 1’1, Interferometer Technol-
ogy Program (1'1'1") is tomitigate risk for this opticalin-
terferometer mission class [4]. A number of ongoing coun-
plementary activities address these technology challenges.
These activities are: integrated modeling methodology de-
velopment and validation, metrology and vibration hard-
ware testbed development, and flight qualification of the
interferometer components. Though al of these activities
are necessary to buy down mission risk, it is integrated
modecling that ultimately will be used inthe mission and
instrument design.

Spaceborne optical interferometer inodels must rep-
resent in some form the structure, the optical elements,
the control systems (actuator and scnsor dynamics), and
the disturbance sources. Detailed models of cach of these

elements for a complex opto-mechanical system is an ex-
t remely t ime consuining and cost ly task. Furthermore,
the larger the model, the more unwieldy it becomes to
exercise. Conversely, lower fidelity models may take con-
siderably less time to build and execute. 1 lowever,the
results may beinquest ion if the simple model does not
accurately rcpresent tile rea problem. Careful consider-
ation must be t aken to maint ain model fidelity where it
significantly inipacts performance prediction and simplify
where it does not.

This paper quantifies the relationship between model
prediction accuracy andmodel fidelity for a specific com-
plex opto-mechanical system. The test article is the
Micro-Precision Interferometer (MP1) testbed; a dynam-
ically and dimensionally representative hardware model
of a future spacchorne optical interferometer (sec Fig-
ure 1) [1]. Themodeling tool is the Integrated Modeling
of Optical Systems (IMOS) package [5, 6]. The integrated
modeling methodology combines structural modeling and
optical modeling within a common softwarc environment.

Three models of the MPItestbed were created for this
study; ecach with a unique optical and structural model
fidelity. Disturbance transfer functions, measured from
the attach ment point of the primary disturbance source
(spacecraft reaction wheel assemnblics) to output optical
sensors, arc the primary measurements used for instiru-
ment performance assessment. These transfer functions
accurately depict (in a linear sc nse) the effectiveness of vi-
brationattenuation strategies at achieving nanometer sta-
bilization of optical elements on a large, lightly-damp ed,
flexible structure excited by mechanical vibrations. This
paper describes the three models and compares the pre-
dicted disturbance tra nsfer functions from each with the
act ual measured disturbance t ransfer funct ion from the
testbed.

2. MPI Testbed Description
Pigurel snows a bird’s-cyc view of the testbed which
contains al the systems necessary to perforim a space-



Figure 1: Bird’s-eye view of the MPI Testbed.

based, optical interferometer mecasurcinent. From the en-
trance apertures all the way through to the optical de-
tectors, the gellar beam bounces off tweilty-sever] optical
surfaces which arc distributed across a 7intruss struc-
ture. Three appendages make up the base structure which
is composed of drawn-wall aluminum st ruts. The opt i-
cal mounting design strategy was to £roup the optical
clements that were close in proximity and mount these
groups onindependent, locally stiff plates. These plates
attached kinematically to the structure. Fachindividual
optic is mounted on a stiff mirror mount which clamps to
the respective mounting plate.

The goa for the optical and structural model is to ac-
curately represent the dynamics which couple to the dis-
turbance transfer function with the lowest possible fidelity
model. ‘1’0 determine this desired mode] fidelity, threedif-
ferent MPI structural /optical models were created. At
least two approaches exist to change model fidelity. The
first is to place the fidelity inspecific components thought
to be the major contributors to tile optical metric cou-
pling. For example, place a large amount of fidelity in
certain tress struts thought, to couple through loca Miodes
to the optical inetric while leaving the regions of the truss
thought not to couple, as simple beain elements. The sce-
ond approach is to keep the fidelity constant across similar
structural elements. For example, a high fidelity mount
model would imply that all mnounts are represented by
detailed models, not just the mounts thought to cou ple
most closely with the performance mnetric. Although cach
method has important implications, this study adopted
the latter of these two approaches.

W c describe three models of MP1 for this study. Inthe
future, weintend to add more models to span the model
fidelity space.The Low Fidelity mmodel uses a simple opti-
calodel, asimplemodel for the trusses, mounting hard-
ware and optical 1mounts. The Mid-Fidelity model uses a

more complex optica model, asimple truss, more complex
mounting hardware andsimple optical mount model. The
High-1'idelity model uses a complex optical model with a
complex truss and mounting hardware model.

3. Integrated Model Descriptions

The MPlintegrated models consist of a structural fi-
nite element model and alinear optical model that are in-
tegrated together. Integratedinodeling is performed with
two software packages: Integrated Modeling of Optical
Systems (IMOS) [5] and the Contr olled Optics Modeling
Package (COMP) [6]. IMOS is a collection of MATLAB
m-files that canbe used to perform structural finite ele-
ment modeling and analysis, optical ray tracing, and ther-
mal analysis. COMP is anoptical analysis and modeling
program, providing geometric ray-trace, differential ray-
trace, and diffraction modeling capability. COMP concen-
trates onproviding detailed opt icad models for integrated
design and analysis tasks. In particular, thediffe rential
ray-trace capability of COMP canbeused to generate
linear perturbation iodels of opt ical systems [6]. The
structural model is generated withIMQS, whereas both
IMOS and COMP are used to create the optical model.
Theintegration and disturbance analysis are performed in
MATLAB with tile aid of IMOS functions.

3.1. Structural Model
Figure 2 shows the structural model for both the Low-

tidelity and Mid-Fidelity wodels. Figure 3 shows the
structural model for the High-Fidelily model.
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Figure 2: The Low-Fidelity and Mid-Fidelity structural
models. Dotted lines show optical path for Low-Fidelity
model.

The Low I'idelily model consists of three beams to
model the MPI truss. Individualstrut properties that
make up the actual MPltestbed were used to calculate
effective hcam properties. Optical plates and individual



Figure 3: The High-¥idelity model.

component are modeled only as point masses. Thesc in-
clude two siderostat masses, two delay line masses, two
optical plate masses (which include al optics mounted on
them), a metrology beam launcher mass and an isolation
systemm mass. The mounts for the elements are modeled
as rigid connectjons to the beams.

The Mid-Fidelity model consists of t hree beams to
1110CIC'| theMPI{russ. individual strut properties that
make up the actual M 1)1 testbed were used to calculate
effective beam properties. Optical plates and individual
component are modeled only as point masscs. 1hie mounts
for the elements (except the metrology beamn launcher
mass and isolation systen mass) are now modeled as un-
coupled, six degrec-of-frecdom springs fromn the center of
mass 0f the elements to the beamns. The stiffnesses for
these springs were derived from high fidelity models of
tile components.

T'he High Fidelity model consists of plate, beam, truss,
and rigid body clements modeling the base truss strue-
ture and the attached components (for precise definition
of these clements, see [5]). This model has been previously
described in [7].

For al models, a modal damping of ().3% is assumned
for the global flexible-body modes, and a damping, where
appropriate, of 72 3% is assuined for the dynamnics associ-
ated with the delay line structure. These damping values
are consistent with estimates obtained from modal tests.

3.2. Optical Model

The optical model begins with a specification o f
the opt ical prescription. This prescription includes the
shapes, positions, and orientations of t heoptical elements.
Once the optical prescription is specified, it is exported to
COMP where alinear optical model is created. This lincar
model is calculated by performing ananalytic differential
ray trace [6]. The optical output canbepathlength, wave-
front tilt, or spot motion. 'or this modecl fidelity study,
the output is pathlength difference.

SV

Figure 4: The High-Iidelity optical model.

T'he Low Fidelity optical model (Figure 2) contains
five optical surfaces: two siderostats,two beam combiner
mirrors, and a fringe detector.  The Mid-Fidelity opti-
cal model (not shown) contains teti optical surfaces: two
siderostats, one steering mirror, four delay line mirrors,
two beam combiner mirrors, and a fringe detector. Ii-
nally, the fligh Fidelity optical model(Figure 4) contains
27 optical surfaces which matches exactly the number in
the MP1testbed. More details of the MP1 optical train
are given in (8.

3.3. Structural-Optical Model

tion

Integra-

Onunce the structural and optical models have been
created, they are integrated to form a structural-optical
nodel. This integrated model is specifiedin first-orcler,
state-space form, lending itself most easily to analysis and
control synthesis with misting MATL AT functions.

First, the structural model is truncated to remove
modes above the bandwidth of expected disturbances (i. e,
above 900 Hz) [9]. The truncated modal model is then
converted into first-order, state-sl)acc form [5, 7]. Finally,
thic linear optical inodel is incorporated. The resulting
model has disturbance forces as input for example. The
output is stellar optical path difference.

‘T'able 1 gives auoverview of important features of each
of the three models after integration.

" Comparison of MPI Models
- No. DOF | No. Modes No. Opt. Elems.
Low 336 92 5
| Mid 372 112 10
| High 2577 579 27

‘Table 1 Comparison of number degrees of freedom, num-
ber of modes under 900 Iz, and number of optical ele-
ments



4. Comparison Method

4.1. Approach

Interferometer performance is primarily degraded by
variation in optical pathlength difference (01'1)), i.e.,the
difference inthe dist ances that the light t ravels from the
stellar source, through each arm of the interferometer to
the interference optical detector. This difference must be
stabilized to the 10 nm (RMS) Jevel in the on-orbit me-
chanical disturbance environment. It is expecled that the
dominant disturbance will be the high frequency harmon .
ics fromn the reaction wheel assemblies that result from
bearing imperfections, wheclimbalances, etc.

in contrast to estimating modal characteristics as
in [10, 11], disturbance input (at the reaction wheelloca-
tion) to stellar OPD output transfer functions were mea-
sured since they completely characterize (in a linear sense)
the propagation of disturbances to OPD. Therefore,in this
St udy, thesc disturbance transfer functions wer*predicted
by the three different models and compared with thie mea-
sured disturbance transfer function from the testbed.

4.2. MPI Measurement

Pigure b shows thedisturbanceinputlocat ion relative
to the 0} '1) output location for theM 1'1 testhed. This
disturbance transfer function was mcasured for three force
dist yyrhance directions: (X, y,z).AH 111 data analyzer was
used to collect the data. A 10 N shaker, mounted at the
base of the tower, applied the force inputineach of the
three directions. The force input was measured with a
load cell mounted between the shaker and the structure.
The analyzer calculated the transfer function from force

input to OPD output.

e

FRINGE Y INPUT
DETECTOR DISTURBANCE
OUTPUT SOURCE

Figure b: Locations of disturbance input and OP1 output
on the MPI testbed.

4.3. Comparison Metric

In general on space-based interferoineters, mechani-
cal disturbances will beeither broadbaud or narrowband
with the energy varying over broad frequency ranges as a
function of time [12, 9]. In cither case, the power spec-
tral density of the disturbance is broadband. T'herefore,

the integrated model should be accurate in a broadband
sense. More specifically, we desire o4 to be accurate,
where [13]:

, e 5
tha = [ 1000 ) @
]

for a broadband disturbance power spectral density,
dy(w), aud a disturbance to OPD transfer function,
G(jw).

Since Fiquation 1 yields the quantity that we wish to
accurately predict, we canuse this same equation as a
mietric to characterize the measured and predicted trans-
fer functions. As opposed to picking a particular ex-
pected disturbance power spectral density, bandlimited
white noise (over [w,,ml,w,,,m.]) is used:

. A( W niax , .
o) = k./ |G(3w)|*dw 2)

™

o

where Ad is the amplitude of the bandlimited white noise
disturbance power spectral density with w,,,;, and wy,ap
defining the frequency range of interest. o4 isused instead
of o,painorder to stress that the result is a metric of the
transfer function itself.

Using this metric, the accuracy of theinodel canbe
quantified by comparing o, for the Low Fidelity, Mid-
Fidelity, High Fidelity and ineasured transfer functions.
As Such) the particular value of the disturbance ampli-
tude is immaterial. The amplitude is chosen so that the
variance of the disturbanceis one. This choice is arbitrary,
and the value of oghas 110 significance by itself. It is the
comparison oft he metrics for corresponding measured and
predicted t ransfer functionst hat is meaningful.

4.4. Results

The modulus of the measured transfer function, along
with the corresponding predicted transfer functions, arc
shown for the z-force input disturbance to OPD output
case (Figures 6-8). The predicted transfer functions were
calculated by applying standard M ATL AB functions to
the integrated models with disturbance force 1put and
011) output.

"I'he results of comparisonsfor .2 force inputs arc shown
in Table 2. The trends arc similar for the 2 and y direc-
tions.

The bandwidth of interest is [4, 900] lz. Below
4 Hz the force capability of the shaker is limited and
the testbed suspension modes pollute the measurement.
Above 900 Hz the mechanical disturbances arc expected
tohaveno energy. This bandwidth is farther broken
roughly into decades and comparisons are shown for these
“decades.” Units arc not given in the table so as to dis-
courage the reader from attaching significance to the sep-
arate values. All numbers are normalized with respect to
the measured values.
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Figure 6: Comparison of mneasured data from test article
to Iligll-fidelity model MPldisturbance to OPD transfer
function: z-axis form input.
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Figure 7: Comparison of measured data from test article
to Mid-fidelity model M 1’1 dist urbance to OPD trausfer
function: z-axis force input.

5. Conclusion/Future Work

This paper investigates the iodel prediction capabili-
ties of models of varying' structuraland optical complexity.
A metric is used that characterizes the disturbance trans-
fer functions over abroad frequency range. I'his mmetric is
simply the expected OPD variation assuming a bandlim-
ited white noise disturbance input. Comparison of the
three models shows that a High-fidelitynodel predicts test
results well, especially inthe 4-100 Hz frequency range. In
the high frequency range (100 -900 1iz), the High-fidelity
modclunderpredicts. The Low-fidelity imodel snows good
performance in the low frequency range (4 - 10 Hz)and a
degradation inperformance a higher frequencies. This is
to be expected siuce the simple beam model will capture
global modes well, but not local modes caused by indi-
vidual mouunts or truss elements. The Mid-fidelity model
added mount models. This increased performance of the
model, especially in the mid frequency range. Analysis of
this range shows that most mount modes were located in

MPI Z-Force FRF Low Fidelity (dotled) vs Meas (solid)
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Figure 8: Comparison of measured data from test article
to I,otv-fidelity model MPldisturbance to OPD transfer
function: z-axis force input.

Disturbance l o, -
L Input h4 - 10 Hz '710 - 100 Hz ] 100 . 900 Hz 4 - 900 Hs
z-axis | Low | 0.793 | 0.362 0.246 0.489
Force | Mid | 1.212 0.741 0.352 0.863
Thgh | 1.013 1.013 0.970 1.012
Test | 1.000 1.000 1.000 1.000

T'able 2: Broadband transfer function metric
comparison between the low-fidelity model, mid-
fidelity model, high fidelity model andeasured
transfer functions of the MPI Testbed. All num-
bers normalized with respect to measured values.

this rail.gc. Overall, themodest increase iufidelity fromn
t he Low-fidelity to Mid-Fidelity model helped perforinance
greatly. Inthe future, weintend to add higher fidelity

models inour suite of models to judge when adding more
fidelity to models leads to adiminishing rate of returns.
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