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Validation of an Integrated Modeling Methodology’s
Closed-Loop Performance Prediction Capability

James William Melody* and Gregory Winston Neat"
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109

This paper validates the integrated modeling methodology used for design and performance evaluation of
complex optomechanicalsystems, particularly spaceborne interferometers. The methodology integrates structural
modeling, optical modeling, and control system modeling and design into a common environment, the Integrated
Modeling of Optical Systems software package. The validation uses the Micro-Precision Interferometer testbed,
a ground-based, full-scale hardware model of a spaceborne interferometer. Parallel development of the testbed
and a corresponding integrated model enabled a unique opportunity to validate the modeling methodology with
actual testbed measurements. This paper assesses the ability of the integrated modeling methodology to predict
performance in a closed-loop configuration, namely with high-bandwidth optical control loops operational. The
assessment is a comparison of integrated model closed-loop predictions with testbed closed-loop measurements,
indicating that the integrated modeling methodology is accurate to within a factor of two.

Introduction

ISCOVERY of Earth-like planets around other stars requires

an instrument with micro-arcsecond astrometric measurement
accuracy.?> Spaceborne optical interferometers are likely to be the
first instrument class capable of achieving this accuracy level. Al-
though this partial-aperture approach offers a number of important
advantagesoverthe traditionalfull-apertureapproach(e.g., the Hub-
ble Space Telescope), the instrument requires stabilization of opti-
cal elements down to the nanometer level as well as laser metrology
resolution at the picometer level.* The charter for the Interferom-
eter Technology Program (ITP) of the Jet Propulsion Laboratory
is to mitigate risk for this optical interferometer mission class* A
number of ongoing complementary activities address these technol-
ogy challenges. These activities are integrated modeling methodol-
ogy developmentand validation, metrology and vibration hardware
testbed development, and flight qualification of interferometercom-
ponents. Though all of these activities are necessary to buy down
mission risk, it is integrated modeling that ultimately will be used
in mission and instrumentdesign. This paper investigatesthe ability
of the integrated modeling methodology to meet these demanding
analysis needs.

In anticipation of these needs, the Integrated Modeling of Op-
tical Systems (IMOS) and the Controlled Optics Modeling Pack-
age (COMP) software packages were developed at the Jet Propul-
sion Laboratory.”® The integratedmodeling methodology combines
structural modeling, optical modeling, and control system design
and modeling within a common software environment. Coincident
with this development, the Micro-Precision Interferometer (MPI)
testbed was built to assess vibration attenuation technologies on a
dynamically and dimensionally representative hardware model of a
spaceborne interferometer (see Fig. 1).!

An integrated model of MPI was developed in parallel with
the testbed. This modeling/hardware synergy resulted in a unique
opportunity to validate the modeling methodology by comparing
model predictions with testbed measurements. Disturbance trans-
fer functions, measured from the attachment point of the primary
disturbance source (spacecraft reaction wheel assemblies) to out-
put optical sensors, are the primary measurements used for model
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validation. These transfer functions accurately depict (in a lin-
ear sense) the effectiveness of vibration attenuation strategies at
achieving nanometer stabilization of optical elements on a large,
lightly-damped, flexible structure excited by mechanical vibra-
tions. The two most effective strategies are 1) vibration isolation
of the disturbance source to attenuate high-frequency disturbances
and 2) high-bandwidth optical control to reject low-frequency and
middle-frequency disturbances’

Exhaustive model validation requires model and testbed com-
parisons for three vibration attenuation configurations: 1) a hard-
mounted disturbance source with an open-loop optical system, 2) a
hard-mounteddisturbancesource with a closed-loopoptical system,
and 3) an isolated disturbance source with a closed-loop optical
system. This paper addresses model validation for a hard-mounted
disturbance with both open-loop and closed-loopoptics by present-
ing the closed-loop performance validation procedure, the optical
control design, the MPI integrated model, and the validationresults.

Closed-Loop Validation Procedure

Figure 2 presents the integrated modeling methodology valida-
tion procedure for the closed-loop optics configuration. The figure
depicts each step as either a hardware or an analysis procedure.
In the first step, the open-loop, analytical model of the MPI struc-
ture and optics is built with a priori knowledge of the structural
geometry, material properties, and optical layout. The second and
third steps are used to update the analytical model properties. Be-
cause the focus of this effort is to validate the integrated modeling
methodology, a structural model with accurate properties is nec-
essary so that deficiencies of the methodology can be investigated
separately from inaccuracies of the model. Specifically, the mate-
rial properties as well as the structural geometry itself have been
refined (step 3) based on modal test data acquired from the testbed
(step2). These first three stepshave been presentedextensivelyin the
literature 81

As with the structural properties, validation of the modeling
methodologynecessitatesthe use of identical optical control system
compensators to remove the effects of model inaccuracies. Identi-
cal compensators and the requirement of control stability place an
implied requirement on the accuracy of the plant transfer functions
(i.e., from control input to measured output), particularly near the
control bandwidths. The fifth step of Fig. 2 uses measured plant
transfer functions from step 4 to adjust structural model parameters
to improve the accuracy of the plant transfer functions. In step 6
an optical control system is designed for the testbed based on mea-
sured plant transfer functions. Design considerations include prac-
tical implementation issues such as the effect of sampling delays,
quantization errors, actuator and sensor dynamic range limitations,
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and reasonable filter order. This compensator is then modeled an-
alytically and added to the integrated model in step 7. Disturbance
transfer functions are measured in the laboratory (step 8) and pre-
dicted using the closed-loop integrated model (step 9). Finally in
step 10, the resultant transfer functions are compared using a broad-
band metric defined in the Comparison Metric and Results section
of this paper.
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Fig. 1 Bird’s-eye view of the MPI testbed with insert showing the lo-
cation of primary disturbance source.
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Fig. 2 Closed-loop integrated modeling methodology validation pro-
cedure.
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Optical Pathlength Control System

The interferometer requires a number of optical control systems
to perform a measurement. These consist of coarse starlight acqui-
sition, fine pointing, and pathlength control. Although acquisition
and pointing control enable measurementof the interferencefringe,
it is the pathlength control system that directly controls the optical
quantity of scientific interest, stellar pathlength (i.e., the length of
the path traveled by the starlight). In particular, the purpose of the
pathlength control system is to equalize stellar pathlength from the
observed star through each arm of the interferometerto the detector.
The pathlengthcontrol system must stabilize this optical pathlength
difference (OPD) down to 10 nm (rms) in the presence of reaction
wheel disturbances. Figure 3 shows a complete block diagram of
this control system.

The pathlength control system actuator has three stages and acts
as a linearly translating optical delay line with tremendous dynamic
range. The three stages are a stepper motor for low-frequency (dc),
long-travel capability (1 m); an intermediate voice-coil actuator for
medium-frequency (dc—100 Hz), medium-amplitude control (cm);
and areactuated piezo-electricdevice (PZT) for high-bandwidth(up
to kHz), precise actuation (um). Whereas the stepper motor enables
stellar acquisition, the PZT and voice coil provide actuation nec-
essary to reject disturbances during an interferometer stellar mea-
surement. Hence only the voice coil (VC) and piezo-electricdevices
(PZT and PZT reactuator) are shown in Fig. 3. The sensor for this
systemis amonochromaticfringe detector,shown as the digitallaser
counter in Fig. 3. This optical sensor measures the amplitude and
phase of the stellar OPD at the nanometer level.

The control system requirements dictated by interferometer per-
formance are 1) open-loop 0 dB crossover frequency at or below
400 Hz, 2) gain margins of 6 dB and phase margins of 30 deg,
3) maximum disturbancerejection over the allowed bandwidth, and
4) conditional stability is acceptable. The control system require-
ments dictated by the implementation procedure for this validation
are 1) digital sample rate of 8 kHz, 2) all compensator poles and
zeros must be above 0.1 Hz, and 3) the total number of compensator
states must be less than 10.

The shadedboxes in Fig. 3 representthe elements explicitly mod-
eledin this validationprocess. Actuators and amplifiers are assumed
to have no dynamics or range limitations, and sensors are assumed
to be noise free, hence they are not explicitly modeled.

MPI Integrated Model

The MPI integrated model consists of a structural finite element
model, a linear optical model, and a controls model integrated
together. The structural model is generated with IMOS, whereas
both IMOS and COMP are used to create the optical model. The
integration, control system modeling, and disturbance analysis are
performed in MATLAB™ with the aid of IMOS functions.

Structural Model

The structural model is specified in IMOS as a finite element
geometry, shown in Fig. 4. This geometry consists of plate, beam,
truss, and rigid body elements, modeling the base truss structure
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Fig. 3 Block diagram of the pathlength control system.
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Fig.4 MPI finite element geometry (compare with Fig. 1).

and the components. The base truss structure is made up of three
booms: a horizontal optics boom, a vertical tower, and a canted
metrology boom. The components consist of inboard and outboard
optics plates, a disturbance mount plate, two siderostat mounts, an
optics cart containing an active delay line, the optics cart support
structure, a hexapod isolation system, a passive delay line, and an
external metrology beam launcher plate. The finite element model
uses 2,577 degrees of freedom of which 1,832 degrees of freedom
are independent with respect to multipoint constraints of the rigid
body elements.

As just mentioned, the plate and beam properties as well as the
finite element geometry itself have been refined by incorporating
MPI modal test data into the model. The structural model updating
has been done in two phases, following the phased delivery of the
MPI testbed. The first phase involved estimating cross-sectionaland
material properties of the beams comprising the base truss structure
from modal testing performed on the bare truss.®° The second phase
involved geometry modification and parameter estimation of the op-
tics cart supportstructure,using in situ componentmodal test data.'°

From the finite element geometry and its associated properties
the system mass and stiffness matrices are built. The result is a
second-order, state-space description of the form

Md + Kd = B,f (1

where M and K are the system mass and stiffness matrices, d is
the nodal state, f is a vector of force input, and B/ is the force
influence matrix.

After the system mass and stiffness matrices are built, multi-
point constraints are generated using rigid body elements. These
constraints take the form of®

d—d”—l"d—Gd 2
=4 |"|g, |#=C% 2)

where d, are the independent degrees of freedom and d,, are the
dependent degrees of freedom. These constraints are then applied
toEq. (1), reducingthe state of the system to the independentdegrees
of freedom:

G™Gd, + G'KGd, = G"B,f
. (3)
M, d + K,,d = B,;f

The generalized eigensolution of Eq. (3) is found, yielding
flexible-body modes and modeshapes. The resultant diagonalized
system is

0+ 2ZQn+ Q*n = O B, f d=Gd,n )
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Fig.5 Ray trace of the MPI optical prescription on the finite element
geometry of the optics boom.

Fig.6 Actual optical layout on the MPI optics boom.

where 7 is the modal state vector, Z is a diagonal modal damping
matrix, €2 is the diagonal modal frequency matrix, and ®, is the
eigenvector matrix. The Z matrix is formed by assuming a modal
damping of 0.3% for global flexible-body modes and ~3% for the
dynamics associated with the delay line structure. These damping
values are consistent with estimates obtained from modal tests.

Optical Model

The optical model begins with a specification of the optical pre-
scription. This prescription includes the shapes, positions, and ori-
entations of the optical elements. A ray trace of the optical prescrip-
tion is shown in Fig. 5. Note that Fig. 5 highlights the location of
the pathlength control system actuator (optical delay line) and sen-
sor (fringe detector). This optical prescriptionis generatedin IMOS
basedon the layoutof the actual optical elements of MPI (see Fig. 6).
Optical model generation uses the structural finite element geom-
etry to simplify prescription definition and to ease the succeeding
structural-opticalmodel integration. This allows the location of op-
tical elements to be measured with respect to reference points on
the structure as opposed to with each other. Furthermore, structural
nodesthatcorrespondto opticalelementattachmentpoints are easily
identified or defined.

Once the optical prescriptions are specified, they are exported to
COMP, where linear opticalmodels are created. These linearmodels
are calculated by performing an analytic differentialray trace.® The
result is a model of the form:

y = Copldopl (5)

where d, is a vector of optical element position and orientation
perturbations|[i.e., a subset of d in Eq. (1)], y is a vector of optical
output, and C,, is the optical sensitivity matrix. The optical output
can be pathlength, wavefront tilt, or spot motion.

Structural-Optical Model Integration

Once the structural and optical models have been created, they are
integrated to form a structural-opticalmodel. This integrated model
is specified in first-order, state-spaceform, lending itself most easily
to analysis and control synthesis with existing MATLAB functions.

First, the structural model is truncated to remove modes above
the bandwidth of expected disturbances (i.e., above 900 Hz).!' The
truncated modal model is then convertedinto first-order, state-space
form by using the substitution’

X = |:nki| s u=f ©6)
un
Resulting in
x = Ax + Bu d=Cyux+ Du 7)
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Fig.7 Optical delay line loop gains.
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where the subscript k refers to the set of kept modeshapes.

Finally, the linear optical model is incorporated. The optical out-
put is obtained by premultiplyingd by a zero-padded optical sensi-
tivity matrix, Cop,. The Copy is simply Cop, With zero columns added
corresponding to elements of d that are not connected to optical el-
ements (i.e., that are not in dopl). In this case the observation matrix
C of the measurement equation of Eq. (7) becomes

C = CopCy @

Note that the matrix D of Eq. (7) is still zero but now has different
dimension. The resulting model has disturbance forces, delay line
PZT command (including reactuation), and delay line voice-coil
command as input. The output is stellar OPD.

Control System Model and Design

Given the integrated structural-opticalmodel in first-order, state-
space form, optical control synthesis and modeling are performed
with MATLAB Control System Toolbox functions. The resulting
model is also in state-space form, with disturbances as input and
stellar OPD as output.

The controlsystemmodel was based on the compensatordesigned
for the testbed. The phase loss inherent to a digital control system
was modeled as a pure time delay of 0.3 ms. The remainder of the
control system model was a continuous-time representation of the
following design.

The basic design strategy is to use the two actuatorsin a parallel
configuration, facilitating the separation of actuator dominance into
specific frequency bands. This design approach requires that atten-
tion be paid not only to the open-loop 0 dB crossover,but also to the
relation between the parallel paths, particularly near the frequency
where the two actuator loop gains are equal in magnitude (the ac-
tuator “hand-off” frequency). The actuator dynamic ranges and the
anticipated disturbance spectrum are consideredin determining this
hand-off frequency. For this design, the hand-off frequency is 7 Hz.
The design must also ensure that a single actuator dominates in the

NPUT
DISTURBANCE
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Fig. 8 Locations of disturbance input and OPD output on the MPI
testbed.

respective frequency bands. In other words, there must be a suffi-
cient loop-gain separation between the voice coil and the PZT both
above and below the hand-off frequency.

Figure 7 shows the predictedloop gains of the PZT, the voice coil,
and the parallel combination (i.e., the total loop gain of the system).
Stability assessment with this approach requires two functions to
be Nyquist stable: 1) the total loop gain and 2) the function defined
by the ratio of the voice-coil loop gain and the PZT loop gain.'?
References 7, 13, 14 provide more details of this control system
design.

MPI Testbed

The testbed compensatorwas designedbased on measured voice-
coil and PZT plant transfer functions. The compensatorrepresented
in Fig. 7 was implemented in C on the VME-based real-time com-
putersystem of the testbed.” The control system uses a single 68040
processor that provides the voice-coil and PZT command signals at
an 8 kHz rate.

In contrast to estimating modal characteristics as in Ref. 10, dis-
turbance input to stellar OPD output transfer functions were mea-
sured because they completely characterize (in a linear sense) the
propagationof disturbancesto OPD. Figure 8 shows the disturbance
inputlocation and the OPD output location on the MPI testbed. The
disturbance transfer functions were measured for three force distur-
bance directions: (x, y, z). A Hewlett-Packard data analyzer was
used to collect the data. A 10 N shaker, mounted at the base of the
tower, applied force input in each of the three directions. The force
input was derived from an accelerometer mounted to the shaker
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proof mass. The analyzer calculated the transfer functions from
force input to OPD output.

Comparison Metric and Results

In general on space-based interferometers, mechanical distur-
bances will be either broadband or narrowband with the energy
varying over broad frequency ranges as a function of time.”"!! In ei-
ther case, the power spectral density of the disturbanceis broadband.
Therefore, the integrated model should be accurate in a broadband
sense. More specifically, we desire o,y to be accurate, where:

1 fmux .
Oopa = ;/ IG(jo)I®y(@) do (10)
£

min

for a broadband disturbance power spectral density,!> ®,(w), and
a single input/single output disturbance to OPD transfer function,
G(jw).

Because Eq. (10) yields the quantity that we wish to predictaccu-
rately, we can use this same equation as a metric to characterize
the measured and predicted transfer functions. Accurate perfor-
mance prediction requires accuracy in both the model of the distur-
bance source and in the disturbancetransfer functions. In this paper,
we are addressingonly the accuracy of the transfer functions. There-
fore rather than selecting a particular expected disturbance power
spectral density, bandlimited white noise (over [ fiin, fmax]) is used:

Ad fmux )
o =— 1G(jo)P de (an
fmin

where A, is the amplitude of the bandlimited white noisedisturbance
power spectral density with fii, and fu. defining the frequency
range of interest. The notation o, is used instead of o,,q to stress
that the result is a metric of the transfer function itself.

Using this metric, the accuracy of the model can be quantified by
comparing o, for the predicted and measured transfer functions. The
amplitude is chosen so that the variance of the disturbanceis one.
This choice is arbitrary, and the value of o, has no significance by
itself. Itis the comparisonof the metrics for correspondingmeasured
and predicted transfer functions that is meaningful. Generally, it is
desired that OPD predictions be accurate to within a factor of two.
Since the metric o, is closely related to OPD for broadband noise,
the factor of two is applied as a requirement to the ratio of o, for
the measured and predicted transfer functions.

Comparisons were performed for the x-, y-, and z-axis force input
directions for both the open-loop and closed-loopdisturbancetrans-
fer functions. The predicted transfer functions were calculated by

applying standard MATLAB functions to the integrated model with
disturbanceforce inputand OPD output. For the sake of brevity,only
the y-axis comparisons are shown in Figs. 9 and 10. The modulus
of the measured open-loopdisturbancetransfer function,along with
the corresponding predicted transfer function, is shown in Fig. 9.
The closed-loop comparisonis depicted in Fig. 10. The value of the
broadband metrics for each transfer functionis given in the figures.
Comparisons for the x- and z-axis input directions are similar.

The results of the comparisons for all three input directions are
shown in Table 1. The factor entry is the ratio of o, for the mea-
sured and predicted transfer functions. The bandwidth of interest
is [4, 900] Hz because this is the anticipated dominant frequency
range for the disturbances from the reaction wheel. This bandwidth
is further broken roughly into decades and comparisons are shown
for these decades. Differences between the measured and predicted
transfer functions in the region of 4 Hz are attributed to the insuffi-
cient force capability of the shaker to introduce a rigid body motion
greater than the ambient swinging of the testbed. Units are not given
in the table so as to discouragethe readerfrom attaching significance
to the separate values.

Table1l Broadband transfer function metric comparison between the
predicted and measured transfer functions of the MPI testbed

9g
4-10Hz 10-100Hz 100-900Hz 4-900Hz

Disturbance input

Open loop

x-axis force Measured 9,970 5,420 698 11,400
Predicted 7,543 6,928 373 10,249
Factor 0.76 1.28 0.53 0.90

y-axis force Measured 13,100 3,600 695 13,600
Predicted 10,165 7,182 310 12,450
Factor 0.77 1.99 0.45 0.91

z-axis force Measured 1,850 3,460 498 3,950
Predicted 1,777 4,287 555 4,674
Factor 0.96 1.24 1.11 1.18

Closed loop

x-axis force Measured 1.6 72 633 637
Predicted 2.5 132 472 490
Factor 1.55 1.83 0.75 0.77

y-axis force Measured 0.9 103 675 683
Predicted 1.9 185 452 488
Factor 2.04 1.81 0.67 0.72

z-axis force Measured 0.3 103 475 486
Predicted 0.8 116 859 867
Factor 2.38 1.13 1.81 1.79

Magnitude (m/N)/+[ Hz

— Measured: ¢, = 1.36e+04
Predicted: 64 = 1.24e+04

10 L

10’

Frequency (Hz)

Fig.9 Open-loop predicted and measured MPI disturbance to OPD transfer function: y-axis force input.
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Fig. 10 Closed-loop predicted and measured MPI disturbance to OPD transfer functions: y-axis force input.
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Fig.11 Predicted and measured MPI voice-coil plant transfer functions.

In addition, Fig. 11 compares the measured and predicted voice-
coil plant transfer functions. The model is sufficiently accurate near
the hand-off frequency of 7 Hz for the compensatordesigned on the
testbed to result in a stable system when applied to the model.

Both the closed-loop and open-loop comparisons for the three
force disturbance transfer functions show that the broadband met-
rics ([4,900] Hz) for the predicted transfer functions are well within
afactorof two of the measurements. Note that the closed-looptrans-
fer functions are only slightly less accurate than the corresponding
open-loop transfer functions. There are two possible explanations
for this small difference. First, the high-bandwidth optics signifi-
cantly attenuate the low and middle frequency regions of the dis-
turbance transfer function, leaving the majority of the energy in the
high-frequency range. Generally, a model would be expected to be
least accurate in this range. Second, the closed-loop system is more
complex than the open-loop system. In the open-loop comparison,
only the disturbance transfer function box of Fig. 3 is pertinent,
whereas with the closed-loop validation, all of the steps in Fig. 3
pertain.

Conclusion

This paper validates the performance prediction capability of the
integrated modeling methodology that incorporates the IMOS and
COMP analysistools. To separate considerationof model inaccura-
cies from methodology validation, a structural model with prop-
erties updated according to comparisons with measured testbed
modes and modeshapes was used. The validation compares pre-
dicted and measured structural-optical disturbance transfer func-
tionsin a broadbandsense, as opposedto the more common compar-
ison of structuralmodes and modeshapes, because the transfer func-
tions are related more closely to predicted performance (i.e., optical
pathlength difference resulting from mechanical disturbances). As
well as being more pertinent, the broadband metric is less stringent
in terms of modal frequencies. Modest errors in modal frequencies
are acceptable as long as the associated disturbance transfer func-
tion modal influences are accurate, becauseit is the modal influence
that reflects the impact of a mode on the broadband metric.

This study addressesthe hard-mounteddisturbance,active-optics
configuration. For model predictionsto be accurate, optical control
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system compensators on the testbed and in the model must be iden-
tical. This results in an implied requirement on the accuracy of the
plant transfer functions, particularly near the crossoverand actuator
hand-off frequencies. This requirement is more stringent than the
disturbance transfer function comparison insofar as the structural
modes near the critical frequencies must be accurately captured in
terms of both frequency and modal influence. Because significant
control-structureinteraction appears only in the voice-coilloop that
has a hand-off frequency of 7 Hz, the model was able to predict
the plant transfer functions with sufficient accuracy, and the optical
control system was stable for both the testbed and the model.

Results demonstrate model prediction accuracy to well within a
factor of two for both the open-loop and closed-loop cases. Further-
more, comparisons of the metric applied over each decade in the
frequency range show an accuracy to within a factor of two in all
but the highly attenuated, low-frequency regime of the closed-loop
transfer functions. This indicates that performance predictions for
colored broadband input should also be accurate. Finally, although
the necessity of model updatingis the topic of ongoingresearch,'® in
this case we have found that although model updating was of minor
importance for the open-loop disturbance transfer function predic-
tion, it was essential for accuracy of the voice-coil plant transfer
function near the hand-off frequency and hence for the accuracy of
the closed-loop disturbance transfer functions.
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