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Abstract

Future optical space systems such as interferometers and filled-aperture telescopes will ex-
tend the resolution and sensitivity offered by their on-orbit and ground-based predecessors.
These systems face the challenge of achieving nanometer and milli-arcsecond precision con-
trol of stellar light passing through the optical train of a lightweight, flexible structure
subjected to various disturbances. It is advantageous to assess the performance of initial
concepts of these precision systems early in the design stage to aid in the requirements
flowdown and resource allocation process. A complete end-to-end performance assessment
methodology is developed which incorporates disturbance, sensitivity, and uncertainty anal-
ysis tools within a common state-space framework. The disturbance analysis is conducted
using either a time-domain, frequency-domain, or Lyapunov approach to obtain nominal
predictions of performance metric root-mean-square (RMS) values. Calculating power spec-
tral density and cumulative RMS functions of the performance metrics allows critical system
modes and frequencies to be identified, and in some instances, contributions from each of the
disturbances can be determined. A Lagrange multiplier method is used to derive a governing
equation for the sensitivities of the performance metrics with respect to model parameters.
For a system whose structural dynamic equations are represented in modal form, the sensi-
tivities can be calculated exactly and efficiently with respect to modal frequencies, masses,
and damping ratios. The most critical modal parameters are carried into a parametric
uncertainty analysis that seeks to identify the worst-case performance RMS values. A con-
strained optimization technique is described which searches for the worst-case performance
over all allowable parameter values. When required, a performance enhancement approach
is used to apply controlled structures technologies such as input/output isolation to achieve
large performance changes. Structural modifications based on insight provided by a physi-
cal parameter sensitivity analysis are then employed to “fine tune” the performance to keep
the worst-case values within the requirements. Analytical physical parameter sensitivities
are experimcntally validated on a truss structure and used to implement stiffness and mass
perturbations that reduce the tip displacement of a flexible appendage. The overall frame-
work is applied to an integrated model of the Space Interferometry Mission to demonstrate
its practical use on a large order system.
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Chapter 1

Introduction

1.1 Background

Two space observatories that will be in operation during the first decade of the 215t century
are the Space Interferometry Mission (SIM) and the Next Generation Space Telescope
(NGST). To achieve improvements in angular resolution and sensitivity, they will be pushing
the state-of-the-art beyond the level currently used by similar ground-based and space-based
systems. The ability of these instruments to satisfy ambitious performance requirements
will depend heavily on their structural dynamic behavior [53]. They must achieve precision
control and stabilization of the science light using optical elements attached to a lightweight,
flexible structure subjected to on-board and external disturbances. They will need to use a
combination of optical control and vibration suppression techniques tc mitigate the effects
of the disturbance-induced response of the structure on the optical performance metrics
[51].

The conceptual design phase is a crucial time during which various system architectures
are analyzed and enabling technologies are identified. The allocation of design requirements
and resources during these early stages of a program is based on preliminary analyses
using simplified models that try to capture the behavior of interest [15]. These models are
generally suitable for judging relative merits between competing designs in a trade study;
however, the validity of their use in making absolute performance assessments is not as clear.
It is important that correct decisions be made during the conceptual design process so that
costly redesigns at later stages are avoided. A way to account for model deficiencies (e.g.,

uncertainties) when making performance predictions is therefore beneficial. Furthermore,

21



Performance |

Enhancement |
redesign - [51/5/1
options
Sensitivity
G, (w);A, B, .C, DO, Analysis [
Gy(®); A.B,.Cp.Dy e Dy
w >  PlantModel . J A
d Disturbance - - | »» design
unit-intensity Model ] clg(;gcd?lg;p) performance ) . margin
white noise prediction perfo ce
assessment
Ay
A 1
disturbance Tt
uncertainty uncl:;iéii‘nty

Figure 1.1: Performance assessment and enhancement framework.

it is desirable to have quantitative analysis tools that can be applied to the typical high-
performance, controlled optical systems that will be continually developed over the years
to come.

In response to these needs, a complete end-to-end methodology is developed which
incorporates disturbance, sensitivity, and uncertainty analyses within a common state-space
framework. A block diagram of the approach is presented in Figure 1.1, and the goal of the
approach is to take a conceptual design, systematically identify the important characteristics
of the design, and suggest improvements to the design. A preliminary “point design” is
assumed to exist, and the plant model can represent a closed-loop system. Performance
outputs z are identified based on system outputs that must meet specified requirements.
In a traditional disturbance analysis, disturbances w are propagated through the system
model to obtain predictions of the resulting performance. An assessment can then be made
by comparing z against the requirements zreq. If it is found that all requirements are met,
confidence in the ability of the design to meet mission objectives is increased.

Uncertainties in the plant and disturbance models are represented by local A blocks.
There might be uncertainties in the modal frequencies, for example, or a disturbance filter
driven by white noise might have errors in its frequency content or magnitude. It is not
suggested that all sources of uncertainty can be modeled by these feedback loops, but
they are shown this way for conceptual purposes. An uncertainty analysis can place upper
bounds on z, and the bounds can be compared to z.q. Not only should a disturbance

analysis provide performance estimates of the nominal design, but an uncertainty analysis
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should place the equivalent of “error bars” around z,ominai- The uncertainty analysis is
essentially a disturbance analysis that accounts for uncertainties.

Unsatisfactory results lead to a system improvement phase during which modifications
to the design are considered. The objective is to suggest modifications (e.g., applying
controlled structures technologies) that lead to acceptable design margins. A sensitivity
analysis can be used to identify the critical parameters to which the performance is most
sensitive, and these parameters can be targeted for redesign. The improvement phase ends
when a comfortable design margin exists, or when it is discovered that zeq can only be
satisfied if the uncertainty levels are reduced. A rigorous testing program which serves to

improve knowledge of the parameters should then be planned.

1.2 Research Objectives and Approach

The primary objectives of the research are summarized below.

e Develop a consistent and general methodology for assessing the performance of sys-

tems in which the structural dynamic and control aspects must be considered.

e Implement the methodology as a series of compatible analysis tools that are applied

to a nominal system model driven by disturbance models. The tools should consist of

— a disturbance analysis tool for predicting performance outputs,

— a sensitivity analysis tool for predicting changes in performance outputs due to

changes in model parameters, and

— an uncertainty analysis tool for estimating variations in the predicted perfor-

mance outputs due to uncertainties in model parameters.

o Identify computation and time-saving measures that permit the analysis tools to be

applied to large-order systems.

e Suggest an approach for performance enhancement that utilizes the analysis results

to identify design options with improved performance.

¢ Validate the analysis tools on various mathematical systems and on an experimental

testbed.
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e Apply the overall methodology to an existing integrated model of the Space Interfer-

ometry Mission.

The approach that is taken to develop the end-to-end methodology is as follows. The
governing equations are derived and then implemented in MATLAB code. The code is ap-
plied to problems of different levels of complexity, beginning with simple, low-order models
that provide an understanding of the basic issues as well as help to validate the equations.
Then, the technique is applied to more complex models to investigate issues that might not
be readily apparent on the simple models. All of theEm\l'ysis methods are designed to be
applied to the large-order, sophisticated models of systems that motivate this research. An
underlying theme is the development of model reduction and other approximation strategies
that permit results to be obtained in realistic time without significant loss of accuracy. The
product of this work is not only a conceptual methodology, but also a software toclbox that

has been tested and which is ready for application to real-world systems.

1.3 Literature Review

The research does build upon previous work in the different areas that are encompassed by
the assessment and enhancement framework. Creating the nominal plant and disturbance
models occurs during an integrated modeling process. A software package called IMOS
(Integrated Modeling of Optical Systems) [46] was developed at the Jet Propulsion Labora-
tory (JPL) to facilitate the generation of initial models of optical instruments. IMOS offers
the ability to significantly reduce the time required to take a concept of a system, build an
integrated model, and conduct analyses and trade studies. The need for such a capability
was described by Laskin and San Martin during a traditional design and analysis exercise
on the Focus Mission Interferometer [53).

Modeling precision optical systems requires fundamental knowledge of several distinct
disciplines. Structural dynamics is one field, and a popular textbook by Craig [13] offers a
good introduction. Since most structural dynamic models are based on the finite-element
method, the books by Bathe [5] and Cook [12] shouid be consulted. Another important
aspect of structural modeling is damping, and it is critical that realistic levels of damping
be used in the integrated models. In particular, the damping of structures at the small

vibration levels that are expected on precision spaceborne optical systems is an area that
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has recently been investigated. The research by Ting and Crawley [84] and Ingham [39]
was motivated by the lack of experimental data at these low vibration levels.

The reliance of these systems on closed-loop control requires that actuators, sensors,
and compensators be included in the integrated model. Introductory textbooks such as
those by Van de Vegte [85] and Ogata [71] are useful for a review of classical control design
techniques, while that of Zhou et al. [88] emphasizes modern control theory approaches.
Since most control systems are implemented on digital computers, the standard references
by Astrom [1] and Franklin and Powell [22] are recommended.

Optical modeling is another area that is essential, and Redding and Breckenridge [78]
describe the mathematics behind linear ray trace theory. The main product of the optical
modeling process is a sensitivity matrix that relates perturbations in optical quantities such
as pathlength and beam walk to motion of the optical elements. A software program called
MACOS (Modeling and Analysis for Controlled Optical Systems) [45] creates the sensitivity
matrix based on a prescription of optical elements in the system. The optical sensitivity
matrix can be readily incorporated with a state-space representation of the structure and
control system.

Although disturbance modeling is often overlooked, its importance cannot be under-
stated. All potential disturbance sources that can hinder the performance of a high preci-
sion optical system need to be identified. Eyerman and Shea [20] provide a very complete
overview of spacecraft disturbances. Two specific disturbances that are anticipated to cause
problems for these systems are reaction wheel disturbances and thermal snap. Disturbance
characterization efforts related to both have been conducted in recent years. Bialke [6] offers
a good explanation of the sources of reaction wheel disturbances. The reaction wheels of the
Hubble Space Telescope, in particular, have been extensively analyzed [17], and Melody [60]
uses data from tests on a single wheel to derive a stochastic disturbance model. This model
serves as the basis for the development of a more general reaction wheel assembly (RWA)
disturbance model in Chapter 2. The relatively unknown effects of thermal snap prompted
experimental and modeling efforts in this area. Modeling thermal snap phenomena was
the subject of research by Kim [49]. The IPEX (Interferometry Program Experiment)
sequence of flight experiments was designed to quantify some of the thermal snap and as-
sociated microdynamics issues. IPEX-1 (STS-80, Dec. 1996) identified the microdynamic

characteristics of the Astro-Spas, a reusable spacecraft scientific platform, using a suite of
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accelerometers [54]. IPEX-2 (STS-85, Aug. 1997) studied the representative dynamics of
a deployable, pre-loaded truss that was cantilevered from the Astro-Spas. Data suggests
the presence of thermal snap-like events that occur during orbital sun-shade transitions;
however, SIM-derived structural stability criteria are satisfied [55]. Efforts were also made
to use ground test data to quantify the magnitude of various disturbance sources on the
Astro-Spas (e.g., rate gyros, tape recorders, thrusters) [30]. Tests such as these should be
performed prior to launch of high performance optical systems.

Also of great use when creating large-order integrated models are methods for model
reduction. Creating a balanced state-space realization [65] can not only improve the nu-
merical conditioning properties of a model, but it also serves as a technique for identifying
states that can be eliminated from the model due to low observability and cont-ollability
[88]. For the case of systems dominated by lightly-damped modes, the method proposed by
Gregory [27] is an efficient approach for ranking the importance of these modes.

The integrated modeling process is demonstrated by Melody and Neat [63] on JPL’s
Micro-Precision Interferometer testbed and is experimentally validated based on the com-
parison of predicted and measured closed-loop transfer functions. It is also demonstrated
by Shaklan et al. [79] on a SIM precursor design.

The theory behind conducting a stochastic disturbance analysis is well-developed.
Random vibration textbooks such as those by Crandall [14] and Wirsching [86] characterize
the response of systems driven by stochastic inputs in the time-domain (using autocorre-
lation functions) and equivalently in the frequency-domain (using power spectral density
functions). The concept of a linear shaping or “pre-whitening” filter whose input is white
noise and whose output is “colored” noise with desired magnitude and spectral content is
covered by Brown and Hwang [8]. For the case of state-space systems driven by white noise,
the output steady-state covariance matrix is known to be the solution of a Lyapunov equa-
tion [2]. These techniques are used extensively for performance assessment throughout this
thesis. Sample disturbance analysis results for space optical systems have been presented
for SIM [29],[32], an open-loop model of NGST [18], another proposed space interferometer
called POINTS [62], and a proposed Space Shuttle interferometry experiment called SITE
[15].

A sensitivity analysis provides useful information related to how dependent certain

quantities of a model are with respect to parameters of the model. Most sensitivities are
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computed using a finite-difference approach; however, in certain instances, the sensitivities
can be calculated exactly. A goal of the sensitivity analysis framework in Chapter 4 is to
derive analytical expressions whenever possible and to avoid the inexact and often inefficient
finite-difference technique. A Lagrange multiplier approach is used by Jacques [40] to obtain
analytical sensitivities of a system’s outputs with respect to various parameters, and this
same methodology is employed in Chapter 4. The calculation of sensitivities with respect
to physical parameters requires mode shape and frequency derivatives, which fall under
the category of eigenvalue and eigenvector derivatives. (A good survey of various methods
is provided by Murthy and Haftka [66].) When the parameters are element mass and
stiffness properties of a finite-element model, these derivatives can be computed exactly
using methods developed by Fox and Kapoor [21] and Nelson [68]. Practical implementation
of these methods is done by Kenny [48], and this work is extended for use in Chapter 4.
The physical parameter sensitivity analysis framework derived in Chapter 4 for state-space
systems is similar to the approach used by Hou and Koganti [36] in the context of integrated
controls-structure design.

Past work relevant to the uncertainty analysis portion of the performance and en-
hancement framework includes the robust control design approach of Yang [87] and How
[37]. They derive estimates for bounds on a system’s Hp performance that are used in
the process of obtaining controllers that have stability and performance robustness to un-
certain modal frequencies. An approximate method for predicting worst-case performance
RMS values due to parametric uncertainties is that used by Bryson and Mills [9]. An ex-
haustive search of “corners” of the uncertain parameter space is conducted to identify the
combination of parameter bounds that results in the largest RMS value. From a structural
dynamics standpoint, the work by Hasselsman et al. [33], [34] provides different approaches
for estimating uncertainty in transfer function magnitude and phase due to uncertainties
in modal parameters. One particular method is the first-order approach that relates the
covariance matrix of output quantities in terms of the covariance matrix of uncertain param-
eters and the sensitivity matrix of the outputs with respect to the parameters. More general
treatment of model error and uncertainty from a control aspect is provided by Skelton [80]
and Zhou et al. [88]. Also applicable to the types of systems under consideration is the
work by Campbell and Crawley [10]. Modal parameter uncertainty models developed from

1-g tests are used to identify uncertainties in FEM.mass and stiffness properties. These
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uncertainties are propagated into modal parameter uncertainty models for the system in a
different environment (e.g., 0-g) or configuration.

Work in performance enhancement includes integrated control/structure optimiza-
tion. The objective is to develop structure and control designs simultaneously such that
the overall system design has improved properties compared to a system design obtained
through a traditional, sequential approach. This allows the same performance to be achieved
with less control effort or less structural mass, for example. The combined optimization can
be a challenging task, especially if the design parameters include stiffness/mass distribution,
structural connectivity/topology, actuator/sensor placement and type, and control design
parameters. Many of these options need to be fixed ahead of time to make the problem
formulation tractable for realistic systems. Solutions are dependent on the type of cost
functional specified and the solution technique employed. Jacques uses a typical section
approach to gain insight into the control/structure optimization problem [40]. The method
developed by Milman et al. [64] does not seek the global optimal design, but rather gen-
erates a series of Pareto-optimal designs that can help identify the characteristics of better
system designs. Masters and Crawley use Genetic Algorithms to identify member cross-
sectional properties and actuator/sensor locations that minimize an optical performance
metric of an interferometer concept [57]. The approach was experimentally validated on
a closed-loop, truss-like testbed [58], and this marks one of the few experimental investi-
gations into integrated control/structure optimization. Another example is the work done
at NASA Langley Research Center by Maghami et ¢l. [56]. The pointing performance of
a large, laboratory testbed was successfully maintained while control effort was decreased.
Design parameters were controller gains and cross-sectional proper..cs of groups of truss
elements. Topological redesign was perfermed by Keane on an open-loop, truss structure
to minimize the response in a truss member due to an external disturbance [47].

Performance enhancement on systems with uncertain parameters is treated by Parkinson
et al. [76] and Pritchard et al. [77]. The method by Parkinson et al. finds an optimal
design that satisfies specified constraints even when certain parameters are uncertain. It
is a two-step procedure whereby the nominal optimum design is determined first, then a
second optimization problem is solved whose constraints are modified by the uncertainties.
The effects of uncertainties are calculated based on a first-order approximation. Pritchard

et al. use a nested procedure in which an inner loop is a standard constrained optimization
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problem and an outer loop searches for the optimum design whose performance is least
sensitive to specified parameters. Both methods are applied to and demonstrated on simple,
static structural problems.

Finally, Crawley et al. present a methodology for the conceptual design of controlled
structural systems [15]. It applies a controlled structures technology (CST) framework in
a consistent level of modeling detail. The goal is to identify the critical disturbance-to-
performance transmission paths and to determine the amount of CST options that are

required to achieve performance requirements.

1.4 Thesis Overview

Figure 1.2 is designed to provide a sense of the chronological order of the analyses. It also
serves as a thesis roadmap to help put the chapter sequence in context. Before any of the
performance assessment tools can be applied, a nominal model of the proposed system is
needed. For spaceborne systems such as SIM and NGST, an integrated modeling process
unifies structural dynamic, control, optics, and disturbance models. An overview of each
of these disciplines is offered in Chapter 2, and the SIM integrated model is used as a
representative example. Once the model is created, the disturbance analysis is conducted.
Chapter 3 describes time-domain, frequency-domain, and Lyapunov analyses that can be
used to estimate the nominal root-mean-square (RMS) values of the performance metrics.
The chapter also demonstrates how to identify the critical structural modes and distur-
bances from a frequency-domain analysis. A sensitivity analysis with respect to the modal
parameters of the critical modes is then performed, and details are provided in Chapter 4.
After the important modal parameters are identified, an uncertainty analysis predicts the
worst-case RMS values when the modal parameters are not known exactly but are bounded.
Chapter 5 develops a technique that solves a constrained optimization problem in order to
find the combination of uncertainties that maximizes the RMS values. When the results are
unsatisfactory, the performance enhancement phase is entered. Useful redesign options can
be identified by physical parameter sensitivities, and the basic theory is discussed in Chap-
ter 4. The parameters that affect the critical modes are selected for the sensitivity analysis,
and this process is also included in Chapter 4. Chapte: 7 summarizes various options to

try during performance improvement efforts, and it includes an example application to the
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SIM model. The results of an experimental validation exercise are found in Chapter 6.
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Chapter 2

Integrated Modeling

This chapter discusses the integrated modeling approach as motivated by high precision
opto-mechanical space systems. Although the contributions in this thesis are primarily
related to the development and application of analysis tools, it will be seen that some of the
underlying assumptions are based heavily on the type of model being analyzed as well as the
type of inputs and outputs. In particular, the specific disciplines that are considered in the
modeling process are structural dynamics, controls, and optics. The inputs are stochastic
on-board disturbances, and the outputs are optical performance metrics expressed in a root-
mean-square (RMS) sense. The first section will explore these different areas of integrated
modeling a bit further. Section 2.2 will then describe the integrated model of the Space
Interferometry Mission that was developed at the Jet Propulsion Laboratory. This model
is frequently used in the other chapters to demonstrate the analysis tools on a realistic
system, and a better understanding of the model will help to put the results in perspective.
One contribution that is made in the modeling area is the creation of a multiple reaction

wheel disturbance model based on an existing model for a single wheel, and the details are

provided in Section 2.2.5.

2.1 Integrated Modeling Description

2.1.1 Motivation

As the next generation of space telescopes push the limits of achievable performance, initial

end-to-end system modeling will play a greater role in evaluating potential concepts. The
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modeling and subsequent analyses will help to identify key trades and to assess the effec-
tiveness of various technologies. These high performance systems will rely on a number of
subsystems from different disciplines to help meet requirements. In response to this, models
will need to incorporate the disciplines in a unified approach.

For the purposes of this thesis, the term integrated modeling will refer to the process
of creating an overall inpui-output model of a system using modeling tools from a number
of distinct disciplines. The correct disciplines can be determined by first identifying what
the requirements are that must be satisfied. Then, aspects of the system should be isolated
which are needed to accurately predict the quantities on which the requirements are placed.
This can be accomplished based on previcus modeling experience on similar systems, or
it might be an iterative process whereby more disciplines are added as they are deemed
important for greater predictive accuracy.

To illustrate this, consider the disciplines required for a model of a spaceborne observa-
tory such as an interferometer, which is the motivation for the work in this thesis. Inter-
ferometers typically have tight precision requirements on the phase, pointing, and overlap
differences of stellar light beams that are interfered together to produce the desired fringe
pattern [11]. Any deviation will lead to a reduction in fringe visibility, and dynamic ef-
fects in particular result in so-called “fringe blur.” A desired fringe visibility value can be
translated into requirements on errors such as pathlength difference. To be able to estimate
optical outputs, the integrated model must contain an optical model based on prescriptions
of the elements along the optical train. The elements such as mirrors and detectors are
attached to a supporting structure, so a structural model is needed. Since dynamic effects
are important, a structural dynamic model rather than just a static structural model is
required. This is especially true since the interferometer is on a flexible space structure
rather than a fairly rigid, grcund-based support structure. The flexibility implies that the
optical requirements can probably not be met by relying solely on the passive rigidity of
the structure, so active optical control must be employed to control the light path. Thus, a
control system model should be incorporated as well. Finally, the spacecraft is not perfectly
“quiet,” and there are sources of disturbances that affect the interferometer’s ability to meet
the optical requirements. These disturbances should also be characterized and modeled.

Thus, the following disciplines have been identified as important in the integrated mod-

eling process of precision controlled optical systems.
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structural modeling

e control modeling

performance (e.g., optical) modeling

disturbance modeling

Each one will now be described in more depth.

2.1.2 Structural modeling

There are several tools available for modeling of structural systems, and they generally
are well developed. The most accepted standard is the finite-element method (FEM), and
this will be the assumed method of choice. This, of course, is case specific, and there
can be instances where the actual system being modeled can be better represented by a
different technique. For instance, an interferometer which has large slewing masses on a
flexible structure will require multi-body modeling techniques as well as standard FEM-
based structural dynamic models.

In the finite-element method, an important consideration is the level of fidelity and
discretization that is required. Early generation models of conceptual designs are more
useful if they can capture the essential physics of the system with a minimal amount of
complexity. This will help during the analysis phase when several types of analysis or trade
studies are required and computational effort can become an issue. The amount of fidelity
is usually dictated by the frequency range of importance, but this might not be identified
until after an initial model has been created and analyzed. Thus, some iteration is possible
before an appropriate amount of fidelity is reached. If the frequencies of interest are high,
then the fidelity might need to be increased; however, this leads to a larger order model,
and the predictive capability of an FEM might become an issue at these higher frequencies.

As an example of model fidelity, consider a long truss-like boom that is a component
of a structure. If only the first bending mode is particularly important in the performance
output of interest, then the truss can be modeled as a homogeneous beam comprised of
enough beam elements to yield a good estimate of the fundamental mode. This might
require only five elements as opposed to a number such as 100 (one for each strut in the

truss) which would be needed for a detailed model.
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The fidelity and discretization issues not only affect the number of elements to use in the
model, but also what types of elements to use. For instance, plate-like components might
be part of the initial design, but frequency considerations could allow the components to be
treated as rigid bodies. Struis that are part of a truss could be modeled by rod elements
rather than Bernoulli-Euler beam elements.

Another aspect of structural modeling that is often not provided by an FEM approach
deals with structural damping. Unless there are discrete dampers present in a design,
the damping is typically specified in terms of modal damping ratios of specific nodes. The
values are usually conservative (i.e., light damping in the range ¢ = 0.1% - 0.5%), but efforts
should be made to choose damping ratios that are realistic rather than overly conservative
or overly ambitious. Specifying damping in this manner does require a structural model
in modal coordinates, and this raises the issue of how many modes should be kept in the
model.

Thermal modeling can also be placed under the generic heading of structural modeling.
If thermal effects are anticipated to cause thermal deformations of optical elements (such
as mirrors), and these deformations can contribute as much wavefront error as the dynamic
model, then a thermal model should be incorporated into the overall integrated model.

To be accommodated within the analysis framework proposed in this thesis, the final
result of structural modeling should be an input-output (i.e., state-space) system of the
form shown in Figure 2.1. Section 4.3.1 will provide further detail on how to create this

model based on standard structural dynamic equations expressed in modal coordinates.

Structural
model

F —

Figure 2.1: Open-loop system provided by structural modeling.

The vector F' represents a generic force vector applied at all physical degrees of freedom.
A goal of disturbance and control modeling is to identify the degrees of freedom at which
the disturbances and control inputs actually enter. Note that this implies the structural
modeling process should keep in mind where control inputs act and where potential dis-
turbance sources enter. If the proper degrees of freedom are not exposed in the model,

then modifications will have to be made to accommodate these inputs. This can lead to
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significant analysis delays if it is not done early in the model generation stage.

The vector z in Figure 2.1 represents all the physical degrees of freedom in the model.
A goal of performance and control modeling is to produce estimates of the performance
metrics and sensor outputs in terms of these quantities. Although not shown in Figure 2.1,
other outputs can be the velocity £ and acceleration Z if they are required.

Only some issues have been mentioned related to structural modeling, and in no way
is this brief discussion meant to address all of the requirements of the structural modeling
process. In fact, some systems might require a coupled-field formulation (e.g., structural-
acoustic coupling [25]), so the structural model block in Figure 2.1 would actually be re-

placed by a coupled-field model.

2.1.3 Control modeling

When a system relies on closed-loop control to improve its performance, it is the closed-
loop system that must be used during performance assessment. One option is to use simple
frequency-domain filters that approximate the effects of closed-loop control without actually
closing a loop in the model. This approach is used by Jandura when doing isolator trade
studies on a SIM model [42]. Another option that is more common is to model the controller
explicitly. This requires that a model of the control system be incorporated with the
structural model. In the most simplest form, the control model can consist of the three
additional components shown in Figure 2.2. A matrix Cy, maps the structural states into
the ideal sensor measurements y. A controller then takes these measurements and computes
a desired control input u applied by the actuators. The matrix 3, then maps the control
inputs into forces and/or moments at the appropriate degrees of freedom in the structural
model. Note that the feedback used is shown as positive in Figure 2.2 since it is assumed
that the controller model incorporates any negative signs due to feedback. As an example,
consider a Linear-Quadratic-Gaussian (LQG) compensator. The control input u might be
defined as v = —G1Z, where G is the Linear Quadratic Regulator (LQR) feedback gain and
Z is the state estimate produced by a Kalman filter [88]. In this case, think of the quantity
Byu as being the actual physical forces and/or moments applied to the structure.

This simple representation of the control system in Figure 2.2 is often adequate dur-
ing a conceptual design phase to examine the benefits and top-level issues of control. The

controller can be represented by a continuous-time state-space filter even though the actual
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Figure 2.2: Additions made by control modeling.

control system will be implemented in discrete form in a computer. The linear, state-space
assumption made in the subsequent chapters is not too restrictive since many control ap-
proaches can lead to a control model in this form. What should be kept in mind, though,
is that a realistic controller should be used when evaluating the performance of the over-
all system. For instance, a controller design that achieves good performance at the cost
of minimal phase margin would probably lead to instability when implemented in digital
form at realistic sampling rates. The original performance predictions would therefore be
misleading. As another example, consider a model-based compensator that utilizes precise
knowledge of the modal frequencies to achieve many dB of performance improvement. The
robustness to errors in the model would more than likely be very poor, and the performance
predictions would again be unrealistic.

There are a number of other issues related to control medeling that should be consid-
ered in terms of potential importance to fair and accurate system assessment. Figure 2.2
makes the assumption that the sensors provide perfect measurements and that the actuators
provide the exact control inputs. This ignores the fact that actual sensors and actuators
have internal dynamics and limited range and resolution, and these might lead to perfor-
mance limitations. The controller design should take these into account either explicitly
(such as with appended dynamics to the model) or implicitly (by using realistic gains and
bandwidths).

Some issues pertaining to digital control implementation include time delay, quantiza-
tion, signal processing, and computational precision. A model of time delay can easily be
added in the form of a Padé approximation to the control model in order to keep the con-

trol design “honest.” For the case of high performance systems that push the limits of the
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current state of the art, issues such as these might need to be accounted for at some level
early in the conceptual design. For other systems, however, these effects can typically be
added at later stages when the design and the models are more mature.

A last item associated with real control systems involves sensor and actuator noise,
which can also place limitations on performance. These are better classified and modeled

as disturbances, so they will be mentioned again in the disturbance modeling section.

2.1.4 Performance modeling

Although at first glance it might appear to be the easiest of the modeling tasks to do,
modeling the performance of a system can be quite challenging. This is especially true
for the complicawed, high performance systems being considered in this thesis. The aim of
performance modeling is to provide the relation between states in the model and metrics
on which requirements are placed. This is shown in Figure 2.3 as the matrix C,,, which

expresses the performances z as a linear combination of the states z.

0 +~ F| Structural | % C -
3 model zr
I J

:Bu Cyz

1— Controller J

u y

Figure 2.3: Addition made by performance modeling.

The success of a system is usually defined in terms of its ability to achieve certain goals.
For a space interferometer, a goal might be to achieve a desired level of accuracy when
measuring the angular separation between stars of a specified stellar magnitude. A high-
level requirement such as this is often not directly associated with the performance outputs
in 2. What is normally done in practice is to flow down the high-level requirements into
requirements on quantities that can be directly predicted by the integrated model. For
instance, the requirements flowdown approach can levy a 1 nm requirement on optical path
difference (OPD) for the interferometer case.

The most difficult and often least rigorous part of performance modeling is this lowdown
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process. An error budget tree is usually created, and requirements on subsystems are
normally allocated in an ad hoc fashion. If design decisions and resource allocation arc
based on an unrealistic requirement, then the final system design might be quite inefficient.
Efforts should be made to iterate on the requirements based on preliminary analyses so that
a more reasoi.able allocation is achieved.

Once requirements are placed in terms of quantities that the integrated mode! can
address, then the next step is to determine how to obtain the quantities from the model.
This can be straightforward if the requirements are on physical displacements, velocities, or
accelerations of points on the structure. For the case of optical systems, the requirements
will be on optical quantities, and these are inherently dependent on motion of the optical
elements. An additional optical modeling process is needed that provides an estimate of
the effect of this motion.

The analysis framework to be discussed in the following chapters assumes that the
transformation from structural displacements to performance quantities is linear. It can
simply be a C;, matrix as shown in Figure 2.3, or it can be represented by a linear dynamic
system if frequency weighting is used. The use of a linear performance model might not
be valid in some situations, and this is an issue that must be addressed further when
encountered.

If there are multiple performance outputs (i.e., z is a vector), then whenever possible,
a weighting matrix should be applied to z and an appropriate norm should be calculated
to produce a scalar performance cost. For instance, weightings can be incorporated in a

matrix R, and the weighted performance outputs can be denoted by Z.

Z= Rz (2.1)
A scalar cost J can then be defined as a norm of Z

J =zl (2.2)

and the weighting matrix R can be absorbed into the C,, matrix.
For the types of systems of interest, the performance requirements will generally be

specified in terms of RMS values, which is a 2-norm (i.e., an H2 measure).
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2.1.5 Disturbance modeling

The last major task of the integrated modeling process is to characterize the disturbances
w. A key step in creating a disturbance model is specifying the locations on the system at
which the physical disturbances act, and this is captured by 3, in Figure 2.4. As mentioned
previously, sensor and process noise can corrupt ¥ and u as well, but these disturbances
are not explicitly shown. The remaining discussion regarding disturbance modeling will

emphasize ways to identify and characterize the disturbances w.

w | +- F| Structural | Z Z
- B T-f— model Cez

Bu Cyz

I—— Controller -———r

U y

Figure 2.4: Addition made by disturbance modeling.

When assessing the impact of disturbances on high-performance systems, it is critical
that the disturbance models be fairly representative of the actual disturbances. An ex-
tremely accurate plant model can still produce erroneous results when improperly modeled
disturbances are applied to it. If design trades and decisions are based on the results of
disturbance analyses that use mismodeled disturbances, then the performance of the actual
system in operation might be quite different from that which was predicted. As a result,
the disturbance characterization process should be given as high a priority as the integrated
modeling process. This is especially true for high performance systems in which even low
disturbance levels can cause the response to exceed requirements.

The types of disturbances that can affect a system are numerous, and spacecraft in par-
ticular face a myriad of them [20]. Table 2.1 lists some potential disturbances, and they are
classified depending on whether the disturbance source is the space environment (external)
or a component of the spacecraft (internal). The frequency range column indicates the
approximate frequencies at which the disturbances acts.

Disturbances can be quantified by their frequency content, magnitude level, and the
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Table 2.1: Listing of some spacecraft disturbances.

Disturbance Frequency Description

External

gravity gradient low nonuniform gravitational field acting on dis-

torque tributed body

atmospheric low center of pressure # center of mass

torque

magnetic torque low net spacecraft magnetic dipole not aligned
with external magnetic flux

solar pressure low center of pressure # center of mass

torque

solar thermal flux low can cause thermal deformation (static re-
sponse) and thermal snap (high freq. re-
sponse) during transients (e.g., sun-shade
transition)

Internal

RWA/CMG mid/high series of harmonic disturbances (due to im-
balances, bearings, motor ripple and cogging,
etc.) that are functions of wheel speed

thrusters low/mid/high on/off cycling causes impulse-like or step-
like disturbances (due to propellant expulsion
and/or valve operation)

fluid slosh low/mid excitation of propellant or coolant slosh
modes in storage tanks causes motion of
spacecraft

fluid flow low/mid/high propellant or coolant flow and valve operation

servomechanisms  low/mid/high drive motor disturbances (e.g., friction, cog-
ging, ripple in antenna/solar array gimbals,
ODL trolley)

tape recorders low/mid/high motion of mechanisms during operation

rate gyros mid/high one or more harmonic disturbances due to im-
balances in spinning elements

thermal control low,/mid mechanisms in cryocooler pumps, louvers

sensor noise low/mid/high bandwidth/resolution limitations, A/D quan-
tization, electrical noise, etc.

actuator noise low/mid/high bandwidth/resolution limitations, D/A quaun-

tization, electrical noise, etc.
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location and direction at which they enter the structure. The frequency content determines
which modes of the structure can be excited and what the bandwidth of a control system
should be. The magnitude level determines how much energy enters the structure. The
location and direction information determine to what extent the modes in the frequency
range can be excited. This is the disturbability notion from modern control theory, or
the modal force notion from structural dynamics. Both can be expressed in terms of the
quantity ®73,,, where @ is the modal matrix and 3, is the disturbance influence matrix
which maps the disturbances w to the physical DOF’s. If ¢; is the ith mode in the matrix
®, then ¢7 5, = 0 implies that the ith mode is not disturbable by w since the modal force
is zero. This arises, for example, when a point force is acting at a location which is a node
(zero displacement) for a particular mode of the structure.

Disturbances are also characterized by whether they are stochastic (i.e., random) or
deterministic in nature. A deterministic signal is one which can be predicted exactly during
the time interval of importance. For example, the harmonic signal w(t) = 2sin5.2t is
known exactly for any desired time ¢. Stochastic processes can be deterministic in form,
yet can have some random element. The signal w(t) = 2sin(5.2t + ¢), where ¢ is a random
phase angle between 0 and 27, is an example. Stochastic processes can also be completely
nondeterministic in form, such as is the case with most sources of sensor noise.

The deterministic vs. stochastic classification can be illustrated with some of the dis-
turbances listed in Table 2.1. Servomechanisms, for instance, can lead to deterministic
disturbances. A desired motion of an antenna will require a certain torque, and the reac-
tion torque can be thought of as a disturbance. The drive motors used in servomechanisms
can also introduce a stochastic component due to electromechanical noise. Solar pressure
torque can be calculated deterministically based on parameters such as the distance from
the spacecraft to the Sun, and the absorptivity and reflectance coefficients {50].

Most of the external spacecraft disturbances can lead to internal disturbances. These
external disturbances are usually in the form of torques, and ACS actuators (reaction wheels,
CMG's, or thrusters) that counteract these in order to maintain pointing requirements can
produce other unwanted forces and moments, generally at higher frequencies. Another
example is when a sudden change in solar thermal flux leads to on-board thermal snap
events due to a spontaneous release of stored strain energy. In these situations, a decision

needs to be made regarding whether to ignore the external disturbances or to model them
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explicitly, along with the system’s response to them. For instance, a gravity gradient torque
can be explicitly modeled as an exogenous disturbance, and ACS control loops that are in
the spacecraft model can send the appropriate command signals to the reaction wheels. A
reaction wheel model which contains as its output the resulting desired torque might also
include the disturbance forces and torques that arise.

It might be difficult to create an overall model that is driven by external disturbance
estimates and which produces the corresponding internal disturbances. If the external
disturbances are ignored, then one option is to assume typical time histories of the internal
disturbances based on experience. For example, a thruster firing profile can be created
that is typical during station-keeping mode. For the reaction wheel assembly case, typical
wheel speed profiles can be assu *d, and the resulting wheel-speed-dependent disturbance
time histories w(t) can be generased. A potential problem with this approach is that if
the sample disturbance time history is not really representative of what can arise during
the course of a mission, then multiple analyses need to be conducted that use a series of
these sample time histories. If the disturbances are stochastic in nature, then this process
can be avoided by using random process theory. “Expected” levels of response can then be
predicted by conducting a single analysis; however, a drawback is that worst-case conditions
or transient effects might not be identified.

Since disturbances will be modeled primarily as stochastic throughout this thesis, a
brief review of the pertinent theory of random processes will now be presented. Certain
stochastic processes can be characterized by their so-called correlation and spectral density
functions, which in general can be matrices. The correlation function of the random process
w(t) is defined as

Ruw(ti, ts) = E [w(tl Yo (t2)] (2.3)

where E[-] is the expectation operator. If w(t) is stationary (i.e., the statistics of w do not

change in time), then R,,, is a function of a single time-lag variable .
Runs(r) = B [w(t)wT (¢ + 7)] (2.4)

The covariance matrix ¥,, will be defined (for zero-mean processes) as the value of the
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correlation matrix at 7 == 0.
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where n is the total number of elements in the vector w, and the notation (-) is analogous
to the expectation operator. To see why this simplification can be made for zero-mean

processes, consider a typical term oy,q, in the covariance matrix.

Oww; = (wi —W;) (wj — ;)
= W — WW; — WiW; + W; Uy

= wWw; — W; Wj
v Ny’

= wWiwj (26)
The mean-square values of the elements of w are simply the diagonal entries in the covariance
matrix.

(Zu)i; = E [w(t)] = w? 27)

where w;(t) is the ith element in w. If w is zero-mean, then the mean-square values and
the variances are identical. For simplicity, all stochastic processes will be considered to have
zero mean. This assumption will be valid throughout this thesis.
o —
o2, = E [w}(t)] - (Bwi])® = w? (28)
=0

Taking the Fourier transform of Eq. 2.4 produces the spectral density function Sy, (w)

8].

Sw'w(w) = f'[wa(T)]
/_ T Ruw(r)eT dr (2.9)
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Notice that the factor % is not included in this definition of the Fourier transform. Other
definitions (e.g., [86]) do place this factor in the Fourier transform formula. Either definition
will produce the same results in the end as long as the definition is used consistently.

The inverse Fourier transform of Sy, (w) recovers the correlation function.

Ryw(T) = -F-I[Sww(w)]
L (7% g @)e e du (2.10)

27 oo

Evaluating Eq. 2.10 at 7 = 0 will produce the covariance matrix of w.
1 [t
Yo = -—/ Sww(w) dw (2.11)
271 Joo

Eq. 2.11 suggests an alternative approach to calculating the mean-square values of w if the

spectral density functions are available, namely
2 1 +o00
0% = [Euli =57 [ [Swul@)y dw (2.12)
-0

As a matter of terminology, the diagonal elements of the spectral density function matrix
are usually referred to as power spectral densities (PSD’s). Eq. 2.12 states that the variance
is equal to the area beneath the PSD scaled by a factor of 517; In engineering practice, a PSD
is typically plotted versus a frequency axis with units in Hz. Making the transformation
w =2rf in Eq. 2.12 yields
2 +o0
—00

This is a powerful result that will be utilized quite often when frequency-domain disturbance

analyses are performed.

2.1.6 Numerical conditioning

An often overlooked aspect of integrated modeling deals with numerical conditioning. Large-
order models, in particular, can suffer from poor numerical conditioning if they are created
without measures that address this issue. Analysis results can be inaccurate if they are
based on a model with a bad numerical representation.

Since integrated models are assumed to be in state-space form, a balancing transforma-
tion can be used to convert the system into a balanced realization. (This will be described
in more detail in Section 5.3.1.) It is well known that different state representations of

a system can still produce the same input-output relationship. Some representations can
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be better numerically conditioned than others, as measured by the condition number of
the state dynamics matrix A. A balanced realization typically yields a system that has an
improved numerical behavior.

One example of a situation that can lead to poor numerical conditioning is when a
compensator is designed using classical loop-shaping techniques. The compensator is nor-
mally in transfer function form and then converted to state space form via a canonical
representation [23]. If the compensator has more than a few states, then the coefficients
in the denominator of the transfer function can be fairly large. For instance, a canonical

representation of the fourth-order transfer function

u(s) 1
—5=G(s) =
y(s) (s +4)(s + 10)(s + 40)(s + 100)
1
~ 5% 415453 + 600052 + 61600s + 160000 (2.14)
is given by

[ —154 —6000 —61600 —160000 | [ 1]
r = T+ y

| O 0 1 0 J 0 |
u = 0001]x (2.15)

The condition number of the A matrix is 1.84 x 10°. The condition number of a matrix
is defined as the ratio of the largest singular value to the smallest singular value. Nearly-
singular matrices are characterized by a large condition number. The technique described
by Moore in [65] can be used to obtain a balanced realization of the state-space equations

in Eq. 2.15. The “balanced” system of equations is then given by

[ _1445 4131 1613 04202 | [ —0.003341 |
. —4131 -9.246 —9.766 —2.356 | _ | —0.003807
z = T+
1.613  9.766 —37.41 -19.7 0.001888
| 04202 —2356 197 —1059 | | —0.0004856
u = | —0.003341 0.003807 0.001888 0.0004856 ]z (2.16)

This time the condition number of the A matrix is 38.9, and this represents a significant

improvement in the numerical conditioning of the model. Thus, one recommendation that

45



can be made is that compensator state-space representations should be balanced if they are
obtained from transfer function form.

Examining Eq. 2.16 further leads to another recommendation. From a numerical preci-
sion or model reduction standpoint, it is often advantageous if the transfer functions from
the inputs to the outputs have numerical values of similar order of magnitude. To achieve
this, the units of the inputs and outputs should be scaled. For instance, if one of the out-
puts of an interferometer model is OPD, the natural unit of the output might be um or
nm rather than the typical unit of meters. This allows the entries in the C,; matrix to be
changed by factors of 108 or 10%, thereby addressing numerical precision limitations.

Transforming a system into a balanced realization can also help in model reduction, as
will be seen in Section 5.3.1. A balanced realization is useful in identifying unobservable
or uncontrollable states which can be removed from the model. Obtaining a minimal-order
model from an initial non-minimal order model is another useful step in improving the
numerical conditioning of a system.

Thus, numerical conditioning of integrated models should be considered in as much
detail as the actual modeling process. A few recommendations have been provided that
make an effort to avoid some potential pitfalls related to this issue, especially when dealing

with large-order systems.

2.2 Space Interferometry Mission Overview

The Space Interferometry Mission (SIM) will be one of the first-generation of missions that
are being planned as part of NASA’s Origins Program [81]. The Origins Program seeks
to answer some fundamental questions related to the birth and early evolution of galaxies,
stars, and planets [74]. Another objective is the search for potential life-sustaining planets
outside of our solar system. SIM is just one of a series of missions shown in Figure 2.5 that
will collectively attempt to provide answers to these questions.

This section will begin with the specific objectives of SIM and will provide an overview
of its operation. Then the integrated model of SIM that was developed at JPL will be
described in detail. The section will conclude with a rigorous development of a disturbance

model of a general reaction wheel assembly.
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Figure 2.5: Timeline of Origins Program missions [43].
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Figure 2.6: SIM Classic concept [44].
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2.2.1 Modes of operation

SIM is an optical interferometer that can operate in one of several modes during scientific
observations. It consists of a series of seven discrete, separated apertures used to collect
the incoming starlight, and these are clearly visible in Figure 2.6. The concept shown in
Figure 2.6 will be referred to as SIM Classic, and it will be the concept on which many of
the analysis tools developed in this thesis will be demonstrated. Subsequent trade studies
at JPL have produced alternative architectures; however, these will not be described, and
their analysis will be left for future work.

One of the benefits of interferometry for space-based applications is that it can achieve
significant improvements in angular resolution without facing the same cost, mass, and
technical issues that could cause larger aperture telescopes to be infeasible with current
funding, launch vehicles, and technology. The basic premise behind interferometry is to
coherently interfere light from a pair of distributed apertures to produce interference fringes.
Scientific information can then be derived from the resulting fringe. Phase information is
related to the position of the fringe, and amplitude information is related to the visibility
of the fringe. Figure 2.7 includes some of the important elements required by a SIM-like
interferometer. The two collecting apertures, which are commonly called siderostats, are
used to point at a target of interest by means of a 2-axis gimbal. The light is redirected
into the instrument and follows a path through the optical train until arriving at a beam
combiner. Also shown in the figure is the path traveled by an internal metrology beam,
which is used to measure internal pathlength changes due to motion of the optical elements.

A layered control approach is used while the interfercmeter is in operation so that point-
ing and pathlength requirements can be met [53]. Pointing control is distributed among the
spacecraft attitude control system (ACS), siderostat pointing mechanisms, and fast steer-
ing mirrors (FSM’s). The ACS provides large angle, low bandwidth control, the siderostats
provide coarse angle, medium bandwidth control, and the FSM’s provide high resolution,
high bandwidth control. Photos of a commerically available gimbal-mounted mirror and
fast steering mirror are shown in Figure 2.8. The pathlength control is distributed in a
similar fashion; however, it is accomplished within the same unit, which is known as an
optical delay line (ODL). Large path delay (up to approximately 1 meter) is introduced by

using a belt-drive mechanism to translate the ODL along a trolley. This is performed at
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Figure 2.7: Schematic of the basic elements of an interferometer.
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(a) (b)

Figure 2.8: (a) Flat mirror attached to a gimbal [4]. (b) Fast-steering mirror [3].

low bandwidth. Medium bandwidth, coarse control is provided by a voice coil, while high
bandwidth, fine control is provided by a piezoelectric (PZT) actuator [53]. This staged
control approach is necessary to achieve the high resolution, large stroke requirements for
interferometry.

SIM’s three primary modes of operation are astrometry, rotation synthesis imaging, and
nulling. Astrometry involves measuring the angular separation between stellar objects, and
SIM’s wide-angle astrometry goal is 4 parcsec [75]. An important quantity needed when
performing astrometry is the angle @ between the baseline vector B and the star line of
sight, as indicated in Figure 2.7. An external metrology system located at the end of the
metrology boom is used to accurately measure the baseline B. The ODL is used to adjust
the internal path delay in one arm of the interferometer and cancel the external path delay in
the other arm due to off-axis viewing. The external path delay divided by the magnitude of
B provides an estimate of the cosine of the angle §. During an observation of a faint science
target (up to 20th magnitude), two pairs of siderostats form the guide interferometers and
point at bright reference stars to help maintain the desired attitude of the spacecraft [75]. A
third pair of siderostats, using information from the guide interferometers, is then slewed to
the science target star, and the process of fringe acquisition and tracking begins. The two
outermost siderostats will typically be used to form the science baseline since astrometric

accuracy varies linearly with the length of the baseline [75].
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During the imaging mode, SIM rotates about the line of sight to the object and takes
u — v measurements by alternating between pairs of siderostats to create baselines of differ-
ent lengths and orientations. As in the astrometry mode, two guide interferometers track
bright stars as the third interferometer makes the necessary measurements on the target.
At each orientation, amplitude and phase information is obtained from the fringe position
and visibility, and a posteriori data processing synthesizes the actual image from the mea-
surements in the u — v plane [75]. Since the maximum baseline is 10 meters, an angular
resolution is achieved that is several times better than that of the Hubble Space Telescope.

The nulling mode is used during imaging when light from a very bright star would
otherwise hide any neighboring planets. In this case, the science light is sent to a nulling
beam combiner, which introduces a 180° phase shift to light in one arm of the interferometer.
This phase shift is designed to null the light arriving exactly down the line of sight by a
factor of ’1'6%0—0 [75]. This provides a means of direct planet detection, which is in contrast to
indirect techniques which infer the existence of an orbiting planet based on a parent star’s
“wobble,” for example.

Each of these operational modes has a unique set of requirements that must be met for
successful operation. As motivated earlier, such a complicated system requires an integrated
modeling approach for performance assessment. The structural, optical, and control models

will now be discussed in depth.

2.2.2 Finite-element model

The SIM finite-element model was created at JPL using the Integrated Modeling of Optical
Systems (IMOS) software package [46]. IMOS is a set of MATLAB functions that offer
the capability for structural dynamic, optical, control, and thermal modeling. An attrac-
tive feature of IMOS is that it can be used to create complete end-to-end models within
one computational environment. This facilitates trade studies and other analyses of early
generation system concepts.

Figure 2.9(a) shows the stick representation of the finite-element model of SIM. Node
locations are represented by circles, and elements are represented by line segments. Fig-
ure 2.9(b) shows the ray trace of stellar light passing through one arm of a guide inter-
ferometer. The sidercstat booms and the metrology boom are modeled by Bernoulli-Euler

beam elements. Each of the two siderostat booms is considered to be a box beam and is
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Figure 2.9: (a) SIM finite-element mode!. (b) Ray trace through 4z arm of guide
#1 interferometer.

discretized using 15 nodes. Rigid elements attach the 7 siderostat center-of-mass nodes to
neighboring nodes on the siderostat boom. Rigid elements also attach various mirrors to
the support structure. The metrology boom is represented simply as a thin walled cylinder
and is discretized using 10 nodes. 'The beam launchers at the end of the metrology boom
are accounted for by a lumped, rigid-body mass [42].

The optics boom is treated as a rectangular rigid body with a total mass of 1200 kg.
Attached to it via rigid elements are 8 beam combiner nodes, 8 upper switchyard mirror
nodes, 8 lower switchyard mirror nodes, 8 fold mirror nodes, and 8 ODL center-of-mass
nodes.

Attached to one of the nodes along the optics boom is a coincident node at which the
reaction wheel assembly (RWA) is located. The two nodes are joined by an ideal hexapod
isolator model that represents a Stewart platform configuration of six struts [82]. When the
struts are perfectly pinned at their ends and are modeled by six identical axial springs with

stiffness k, the resulting stiffness matrix can be shown to be diagonal and in terms of the
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strut length L, as given in Eq. 2.17 [82].

(200 0 o o]
020 0 0 0
002 0 0 O
Ko =k (2.17)
00022 0 0O
000 0 L2 o
(000 0 0 2L%

For the special case of an axisymmetric payload attached to one side of the hexapod, the
mass matrix of the hexapod/payload configuration can be shown to be in terms of the
payload mass m, mass moments of inertia I, Iy, and I,, about the hexapod geomet-
ric center, and the vertical distance Az of the payload center of mass from the hexapod

geometric center [82].

(1 0 0o 0o Az 0 |
0 1 0 -A:z 0 0
0 0 1 0 0 0
Miso—_—m (2-18)
0 —Az 0 ILg/m 0 0
Az 0 0 0 ILy/m 0
0 0o o o 0 IL./m |

The “bounce” mode of the hexapod assembly occurs at a frequency of \/% , and it is this
value with which the isolator “corner” frequency will be associated.

Other locations of compliance within the finite-element model include one-dimensional
spring elements representing the ODL voice coils, ODL piezoelectric stacks, ODL cage axial
stiffness, and fast steering mirrors. The spring constants were chosen to yield local modes of
these components at 3.5 Hz, 5 kHz, 900 Hz, and 7 kHz, respectively, based on representative
masses assigned to each component. The seven siderostat bays are represented by 6 x 6
stiffness and mass matrices obtained from more detailed siderostat bay modeling. This
allows relative motion between the siderostat bays (with their associated optical elements)
and the siderostat boom on which they are placed.

The total number of degrees of freedom (DOF’s) is 1296, which is a result of 6 active
DOF’s at all 212 nodes in the FEM. Since quite a number of rigid elements are used,
constraint equations lead to only 352 independent DOF’s. Thus, the size of K and M used
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in the modal analysis is 352 x 352. The mode shapes can then be expanded back to all 1296

DOF'’s for modal animation or incorporation into an input-output model.

2.2.3 Optical model

The SIM optical model is characterized by an optical prescription for the various elements
in the interferometer. This involves specifying the location, orientation, and type of each
element. One set of optical prescriptions is used to define the path of the incoming starlight
as it enters a siderostat bay, travels down the optical train, and finally reaches the beam
combiner location. Another set is used to define the path traveled by the internal metrology
laser beam. The internal metrology beam begins at the beam combiner location, travels
“ppstream” until it reaches the center of the siderostat mirror (at which point it is assumed
to strike a retroreflector), and then it retraces its path back to the beam combiner. Both
of these types of prescriptions are defined for each arm of all three interferometers.

Figure 2.10(a) and Figure 2.10(b) show two views of a stellar ray trace through an
interferometer arm. The elevation angle of the light is 55°, and the azimuth angle is 0°.
Figure 2.10(c) and Figure 2.10(d) are two close-up views of a siderostat bay. Although
actually a continuous surface, the stellar wavefront is represented by a bundle of 13 parallel
rays which are distributed across a circular area 33 cm in diameter. The light is redirected
to a parabolic primary mirror of a beam compressor, and then to a parabolic secondary
mirror. The beam compression ratio is 11, and the light exits the compressor as a smaller
diameter, collimated beam. It then strikes the fast steering mirror, which is a flat, circular
mirror. From there it proceeds to two consecutive fold mirrors which are used to redirect
the light toward the switchyard area.

After reflecting off a switchyard flat mirror, the light hits a lower switchyard mirror,
and then is redirected by another fold mirror into the delay line. This can be seen in a side
view of the ODL model in Figure 2.11. The first mirror that is encountered after the fold
mirror is the parabolic primary mirror of the ODL. The light reflects toward a small, flat
secondary mirror which is attached to a PZT stack. Upon striking this mirror, the light is
sent back to the primary mirror and then emerges from the ODL on its way to the beam
combiner.

The next step in the optical modeling process is to estimate the effects of motion of the

optical elements on various metrics [78]. The MACOS (Modeling and Analysis of Controlled
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Figure 2.10: (a) Bottom view of ray trace. (b) Side view of ray trace. (c) Bottom
view of ray trace through siderostat bay. (d) Side view of ray trace
through siderostat bay.
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Figure 2.11: Side view of ray trace through ODL assembly.

Optical Systems) program is used to create a linear model in the form of an optical “C”
matrix, which maps element motion into metrics such as pathlength, tilt, and spot motion
[45]. The cutputs are for each of the rays in the light bundle, and the metrics for the bundle
as a whole aré obtained by averaging over the rays. The main product of optical modeling
is this sensitivity matrix, and it allows optical control loops to be closed and optical-related

performance predictions to be made.

2.2.4 Optical control

The block diagrams in Figure 2.12 show two types of control loops that are implemented
in the SIM integrated IMOS model. Figure 2.12(a) represents the pathlength control ar-
chitecture, which consists of three compensators: K, (ODL voice coil), Kp,: (ODL piezo),
and Ky (fringe tracker). The outer loop is closed during fringe tracking mode once the
white-light fringe has been acquired. (Note: The fringe acquisition process is not explicitly
modeled, but the outer loop can be broken to examine the OPD levels due to disturbances.)
It is assumed that the ODL trolley has been locked in place once the fringe is acquired;
therefore, ODL trolley control is not shown. A CCD detector in the beam combiner mea-

sures the interference fringe position, which is related to the actual total OPD. In the block
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Figure 2.12: (a) Block diagram of ODL and fringe tracker controllers. (b) Block
diagram of ACS controller.

diagram, this measurement is assumed to be ideal, and practical considerations such as
fringe tracker noise and sampled-data effects (due to finite integration time on the detector)
are not shown. The desired total OPD value is indicated to be zero, which is the criterion
for equal pathlength in two arms of an interferometer. The measured variation from zero
is then provided to the fringe tracker compensator, which sends a desired command to the
optical delay line. Subtracted from this command is the mesasured internal OPD from the
internal metrology laser system, and the difference represents the net change in OPD that
the ODL must introduce.

The ODL control design places the voice coil and piezo loops in parallel, and as men-
tioned previously, the two actuators are designed to operate at different bandwidths and
stroke ranges. The compensators were obtained using classical loop-shaping methods, and
their transfer function magnitudes are shown in Figure 2.13(a). The control design achieves

a realistic loop gain (< 150dB) and bandwidth (300 Hz) which are comparable to those

57



Table 2.2: Dependence of CCD integration time and fringe tracker bandwidth on
stellar magnitude [38].

Stellar Integration time Approximate fringe tracker

Magnitude  (milli-seconds) bandwidth (Hz)
5.6 1 100
8.1 10 10
10.6 100 1

achieved on ground testbeds [73],{72],[67]. As in most of the ground-based ODL’s, the ODL
in the SIM model contains a second PZT stack which is back-to-back with the PZT that
holds the secondary mirror. The second PZT is driven by the same signal which is sent
to the other PZT, thereby minimizing the reaction forces imparted on the structure. The
same control design is used in each of the three interferometers due to similar structural
dynamics, as seen by the voice coil coil and piezo actuators. As a result, K. and Kp,; are
3 x 3 diagonal transfer function matrices with identical entries along the diagonal.

The loop-shaped design of the fringe tracker compensator is shown in Figure 2.13(b).
The difference between the compensators for the guide interferometers and the compensator
for the science interferometer is meant to account for the fact that the science interferometer
will typically be observing a faint star. The fringe detector CCD camera has to integrate
for a significantly longer time to collect enough photons for a good signal; consequently,
this limits the bandwidth of the fringe tracker compensator. Table 2.2 provides an estimate
of how integration time and fringe tracker bandwidth depend on the brightness of the
star being observed. When the science star is faint enough, the outer fringe tracking loop
cannot be closed, and feedforward techniques must be implemented. (For example, the
science interferometer’s ODL can be commanded by the same signals sent to the guide
interferometer ODL’s. Also, accelerometers placed ou the siderostats can provide estimates
of external OPD errors, and these can be fed forward to the science interferometer as
well.) The nominal fringe tracker control designs use a 100 Hz bandwidth on the guide
interferometers and a 1 Hz bandwidth on the science interferometer.

Figure 2.14 plots the singular values of the sensitivity transfer function matrices for both

the internal metrology ODL loops and the fringe tracker loops for all three interferometers.

58



10

Voice coil compensator Fringe tracker compensator
v . T

10 et ‘ —

Magnitude (N/cmd)
=)

10! 10° 10
Hz

PZT compensator

Magnitude (cmd/m)
o

z 0¥t . L ' A
¥ R
~
‘E" ~ R
50 P
s 107 . . X . . N
107 107 107" 10° 10’ 1¢? 10
Hz
(a) (b)

Figure 2.13: (a) Transfer function magnitudes of voice coil controller K. (top)
and PZT controller Kp;¢ (bottom). (b) Transfer function magni-
tudes of fringe tracker controller.

The sensitivity transfer function matrix for a system with loop gain GK is defined as
(I + GK)™!, and large peaks in the maximum singular value of this function indicate
frequencies at which the system is sensitive to perturbations [28]. The sensitivity transfer
function is also good at indicating the frequency range over which the control is effective
in minimizing the effects of disturbances. Figure 2.14(a) shows that the ODL loops can
reject internal pathlength disturbances up to about 200 Hz. The fringe tracker sensitivity
in Figure 2.14(b) shows that the two guide interferometers (represented by the two smallest
singular values) have good disturbance rejection properties up to about 60 Hz, while the
science interferometer (associated with the largest singular value) is limited to about 7 Hz
due to its lower bandwidth. The sensitivity transfer function does not provide an indication
of the stability of a system, so a Nyquist or a Nichols plot must be provided as well [28];
however, all controllers discussed in this section produce a stable system, and these plots
will be omitted.

A last control loop found within the integrated SIM model is the attitude control system.
The ACS loop shown in Figure 2.12(b) is in the form of a standard regulator, and the
control model simply assumes that the ACS compensator K,.s outputs desired moments
M., M, M, based on a measure of the difference between the desired attitude and the actual

attitude. The compensator is in the form of a proportional-derivative (PD) controller with a
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Figure 2.14: (a) Singular values of ODL sensitivity transfer function matrix. (b)
Singular values of fringe tracker sensitivity transfer function matrix
(with internal metrology loop closed).

highly-damped 2nd order lag filter to introduce a —20dB/decade roll-off at high frequencies.
The diagonal elements of the 3 x 3 compensator transfer function matrix are plotted in
Figure 2.15(a), and the slight difference in magnitude is due to non-identical spacecraft
mass moments of inertia about the principal axes. The corresponding singular value plot of
the sensitivity transfer function is shown in Figure 2.15(b), and it is evident that the ACS
loop has a bandwidth of approximately 0.1 Hz.

In the current SIM Classic model, no loops are closed between wavefront tilt measure-
ments and the fast-steering mirrors. If performance assessment does reveal that wavefront
tilt metrics exceed requirements, then these loops can be closed using compensators that

are of the same form as those used in ground-based experimental testbeds [70].

2.2.5 Reaction wheel assembly stochastic disturbance model

Now that the SIM integrated model has been described, the remaining task is to quan-
tify anticipated disturbances. One source of unwanted forces and moments on SIM and
other space-based observatories is the reaction wheel assembly (RWA). Reaction wheels can
impart disturbances at mid to high frequencies. The high frequencies can be beyond the
bandwidth of the optical control, thereby recessitating the use of some form of isolation.

Accurate reaction wheel disturbance models can lead to an increased level of confidence in
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Figure 2.15: (a) ACS compensator. (b) Singular values of ACS sensitivity transfer
function matrix.

the amount of isolation needed, as determined by subsequent analyses.

Reaction wheels pose an interesting modeling challenge because of the nature of distur-
bances that arise from them. The disturbance forces and moments are typically modeled
as a series of harmonic components whose amplitudes are proportional to the square of the
wheel speed. The constants of proportionality as well as the frequencies of the harmonics are
usually derived from experimental data. An example of this can be found in Reference [17].

This section presents a methodology by which disturbances of this type, and due to
several reaction wheels, can be combined to produce estimates of disturbances acting in the
spacecraft frame. The reaction wheel speeds are treated as random variables in order to
enable the computation of the “expected” level of disturbances. This leads to a frequency-
domain model that can then be propagated through the spacecraft model to obtain estimates

of the performance metrics.

2.2.5.1 Motivation

Because of the need to exert torque about several axes, a reaction wheel assembly normally
will contain multiple wheels whose spin axes are at different orientations. In addition,
redundancy increases the number beyond that necessary for control about a given set of
axes. The ability to precisely predict the speed of each wheel (and hence the resulting

disturbances) during the course of an observation is difficult. Although the attitude control
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logic that is used to issue commands to each wheel is known a priori, what is not known
to the the same level of certainty is the external torque disturbance which the wheels
are counteracting. Also, the initial wheel speeds at the start of an observation might be
impossible to predict. It is for these reasons that conducting a time simulation might not be
desirable. While initial conditions on wheel speeds can be assumed and external-torque time
histories can be estimated, the resulting simulation is valid only for that particular case.
What is more useful is a sense of how the performance metrics of interest (e.g., optical path
difference) are affected by disturbances arising from all possible combinations of wheel speed
variations. Running countless time simulations to try numerous combinations is prohibitive
due to the computational expense.

A possible alternative is to estimate what the disturbances are “on average.” These dis-
turbances can then be used in a first-cut performance assessment. If performance require-
ments are easily met even when appropriate bounds (e.g., 30) are placed on the outputs,
then the first-cut analysis might be all that is needed. If, however, the results of the analysis
are unclear as to whether the requirements can be satisfied, then a more refined approach
is necessary.

The “on-average” disturbance approach motivates the treatment of wheel speed as a
random variable. Making this assun.ption enables the mathematics of stochastic processes
to be applied in a systematic manner. Stochastic process theory is attractive because it per-
mits a random process to be described in the frequency domain by a power spectral density
(PSD) function. This can then be used in a frequency-domain disturbance analysis, which
can be less computationally intensive that a time-domain simulation. Another advantage
to the “on-average” approach is that external torque models and initial wheel speeds are
not required.

The following analysis is somewhat analogous to the derivation by Melody in [60].
Melody treats the wheel speed as a random variable and proceeds to derive expressions
for the PSD’s of axial force, radial force, and radial torque for a single wheel. The objective
of the current work is to follow a similar approach, but to consider the general case of

multiple wheels at specified orientations with respect to the spacecraft axes.
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2.2.5.2 Disturbance Model and Nomenclature

We begin by defining a reaction wheel disturbance model consisting of a series of harmonic

components of the form

mij(t) = Cjrfisin(2mhjy fit + dije) (2.19)
where
m = disturbance force (j = 1,2, 3) or torque (j = 4, 5, 6)
it = wheel number (1,2,...,N); N = total number of wheels
j = disturbance number (1,2,...,6); (see Eq. 2.21)
= harmonic number (1,2,...,n;); n; = number of
harmonics for jth disturbance number
Cjx = amplitude coefficient for kth harmonic of jth
disturbance; assumed the same for all wheels
fi = wheel speed of ith wheel (in Hz)
hjx = ratio of frequency of kth harmonic of jth disturbance
to frequency of wheel rctation; assumed the same for all wheels
¢ijk = phase angle of kth harmonic of jth disturbance of ith wheel

Both f; and ¢;;; are assumed to be independent random variables. By independent we
mean that the joint probability density function (PDF) can be written as the product of the

individual PDF’s. If we use the notation fx(z) to denote the PDF of the random variable
X, then independence implies fr o, (Rjk, Gij) = 1, (hjk o, (Dijk)-

The total disturbance of type j for the ith wheel is simply the sum over the harmonics.

mi;(t) = ZJ mijk(t) (2.20)
k=1

Let us now define the disturbances in the local coordinate frame of a wheel. The pre-
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Figure 2.16: Local wheel frame (2 axis along spin axis, z axis and y axis in plane
of wheel).

superscript w signifies that the disturbances are expressed in the wheel frame.

wf m@) | o B
ma(t) Fy(t)
Umi(t) = m3(t) = ¢ B b (2.21)
my(t) M(t)
ms(t) M,y (¢)
[ me(t) ), [ M:(8) },

The local wheel axes are shown in Figure 2.16. These axes remain fixed in space and do not
rotate as the wheel spins. F; and F; are the radial forces, F is the axial force, M, and M,
are the torques about orthogonal radial axes, and M, is the torque about the wheel’s spin
axis. One simplification that can be made (and which is supported by experimental data) is
that M, is approximately zero. For instance, the causes that contribute to M, (torque ripple
and motor cogging) were found to be negligible for the Hubble Space Telescope reaction
wheels [60]. Recall however that the torque required for attitude control is provided by M,.
This torque will not be included in the disturbance model since it is assumed that it will
be accounted for in the ACS loop of the closed-loop spacecraft model.

The radial disturbances are assumed to rotate in the plane of the wheel at the frequencies
of the harmonics. Hence, the disturbance forces in, and the moments about, the y axis are
90° out of phase with the disturbance forces in, and moments about, the x axis. This

suggests that the following relationship holds:

T
)

Gijk = Gij-1)k T 5 J=2,5 (2.22)
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2.2.5.3 Transformation of Disturbances

The transformation of the disturbances from the local wheel frame to the global spacecraft
frame requires a rotation matrix. The orientation of the wheel frame relative to the space-
craft frame can be specified by a set of Euler angles. Define the so-called XY Z Euler angles
as follows. Begin by having the local wheel axes aligned with the spacecraft axes!. Each of

the three Euler angles specifies rotation about an intermediate axis. In particular, let

B = angle of rotation about original z axis
6@ = angle of rotation about new y axis after previous rotation
7 = angle of rotation about new z axis after previous rotation

These rotations are shown in Figure 2.17.

i y:’
V4
Zx z,‘: yZ ,’, Zw
v/
o V/4 Zw £ zw Y4
Yw 0 Zw Y ,Yw
L4
Yw Y,
~c / / V4
ﬁ X :,, Xw Yy W y w
[
x
w x Dw
Vi
xw ’ X w
first rotation second rotation third rotation

Figure 2.17: XY Z Euler angles (2, yw, and z, are axes of actual wheel frame).

Let
$/p  be a vector in the spacecraft axes
Yp be a vector in the wheel axes

R; be the 3 x 3 rotation matrix from the ith wheel frame to the spacecraft frame.
Then */°p = R;*p, and it can be shown that R; is of the form

cfic; cBisbisy; —sPicy; cBisbicy; + sPisyi
R = | sBict; sBistisyi +cBicy; sBisbicy; — cBisyi (2.23)
—s6; cO;sv; clicy;

!Note: The “spacecraft” axes might not be the same as the global axes (e.g., the coordinate frame used
to build the finite-element model). In this thesis, the spacecraft axes will refer to the coordinate frame whose
origin is at the location at which the disturbance forces and moments are desired. In most cases, this frame

will be parallel to but displaced from the global frame.
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where “c” is an abbreviation for “cos” and “s” is an abbreviation for “sin”.

The axes now need to be displaced to account for the fact that all the wheels are not at
the same location. A simplifying assumption is that the spin axis (z axis) of all the wheels
intersect at a point, which happens to coincide with the origin of the spacecraft axes. Let
the distance from this point to each of the wheel frame origins be d. Then the vector from

the spacecraft frame origin to the origin of the ith wheel frame is given by

0
slep; = R¥r;=R; | 0 (2.24)
d
and is shown graphically in Figure 2.18.
2
S/ ‘ .
/1
r
T
0 ys/c

Xyc

Figure 2.18: Position vector r, which locates the wheel frame origin in the space-
craft frame.
'The moment about O (in the spacecraft frame) due to the forces F, Fy, F; in the wheel

frame is given by the cross product

w \

s/er; x | R; F,

i
We can now express in the spacecraft frame the disturbance forces and moments due to
a single wheel. The disturbances can be written in terms of the rotation matrix R;, the

moment arms r;, and local disturbances Ym;. As a means of simplification, the cross
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product r X () can be written as a matrix multiplication as follows

0 -T3 T2
-r2 nn 0 |
N j
=R,

The disturbance vector in the spacecraft frame is therefore

B0 enm=| B0 lom = Tomi)  (226)
r,-x(R; R'z R"R" R"

call ﬁlis T

s/em,(t) =

The individual wheel disturbances can then be summed to obtain the overall disturbance

acting in the spacecraft frame.

e m)) ] we| R )
ma(t) Fy(t)
s/cm(t)=is/cm,-(t)= ¢ ma(t) s = 4 () (2.27)
i=1 my(t) M,(t)
ms(t) My(t)
| me(t) ) | M:(t) |

2.2.5.4 Calculation of the Spectral Density Matrix

The objective now is to derive the spectral density matrix of %/“m(t). The first step is to

determine the correlation matrix, Rs/cp,(¢1,%2). Let E[(-)] signify the expectation operator.
R (tit)) = E [S/cm(tl)s/cmT(tg)] (2.28)

N N
= £ [(Z 3/°mp(t1)) (2 S/Cm:f(tz))J (2.29)

=1 g=1

Now substitute the transformation /°m;(t) = 7;*m;(t) (which was defined in Eq. 2.26).

[/ N N
Rojepy(ti,t2) = E (Z Tp’”mp(tl)) (Z“’mg(tg)Tf )
| \p=1 g=1

(2.30)

N N
= E ZZprm,,(tl)ng‘(tz)TfJ
_p=1 g=1
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Neither T, nor T is a function of a random variable, so the expectation operator can be
brought inside the summation.

N N
Rujer(ti,ta) = ZZTpE[ m,(t g“(tz)] 77 (2.31)

p=1g=1 ——
-—-mepw my (tl 1t2)

N N ’
= ZZTP RWm,,Tqu,(tl,tz) Tg

Thus, the correlation matrix of 5/°m can be written in terms of the transformation matrices
T, and T, and the cross-correlation matrix of “m, and “mg, where p and g loop over the

number of wheels.

As shown in Eq. 2.31, scalar cross-correlation terms like Rwy,,, wm,, (t1,t2) appear. Ex-

panding this term using Eq. 2.19 and Eq. 2.20,

meprwmqs (tl, t2)

= E[mp(t1)mgs(t2)] (2.32)
= K [{Zr Crkf;?sin(Zﬂ'hrkatl + ¢prk)} {i Cslfq25in(27rhslfqt2 + ¢qsl)}]
k=1 =1

Nr nNs
E [Z > CokCaf2f2sin(2mhe fots + dpric)sin(2mha fota + ¢qsl)}
k=11=1

Making use of the trigonometric identity sindsinB = 1 [cos(A — B) — cos(A + B)] leads to

o Crszlfp

mep,wmq, (tl ’ t2) [Z Z

1l=1

fq {cos (27 (hri fpt1 — hsifgt2) + bpri — dgst) (2.33)
— c0s (27 (hri fot1 + hsifota) + dprk + dgsi)}]
The random variables are fp, fq, dprk, and @gsi. We make the following assumptions:
e ¢’s are independent (except when Eq. 2.22 is in effect)
e ¢’s are uniform random variables over the interval [0, 27]

o f’s are independent, and the probability density function of the pth wheel is expressed
as fr (fp)

We now consider several cases.
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Case 1

p=qand r = s (i.e., same wheel and same disturbance number)

This case is identical to that considered by Melody in [60]. The result is equivalent to

Ny

02
Romywmye (t1,t2) = 3 ZIKE [ Fhcos (2mhyk fo(ts — tg))] (2.34)
k=1

Letting ¢; — t2 = 7 leads to the following stationary autocorrelation function.

Ny C2
Rornyyomy (1) = Y 2B [ flcos (2hyy fpr)] (2.35)
k=1
Case 2

p =g and (r,s) € [(1,2),(2,1),(4,5),(5,4)] (i.e., same wheel, and disturbances are of the
same type and 90° out of phase)

Appendix B derives the result

, T>S

Ruwmywm,, (T) = F Z Cri —IiF [ fpsm (2mhk fp'r)] (2.36)
k=1

+ , r<s

Case 3

p=gqand (r,s) € [(1,2),(2,1),(4,5),(5,4)] and r # s (i.e., remaining combinations of 7

and s for the same wheel)

Using the definition of the expectation operator to rewrite Eq. 2.33 produces

Ny MNs

2r 2w Cr A
Ruwpmppwmy, (t1,t2) = ZZ / / f £ lfp {cos [27 fp(hrits — hata) + dprk — Ppsi]

=11=1/~%
(2.37)
1
— COos [27Tfp(hrkt1 + hgta) + Gprk + ¢psl]} pr (fp)d¢prkd¢psldfp =0

The entire expression is equal to zero because ¢pr; and ¢ps are uniformly distributed over

[0,27] and are independeut. To see this, consider the following simplified case.
27
/ cos(p+ A)dp =0 (2.38)
0

Integrating a cosine function over one period will always produce zero. So for every cosine
term that contains a @y« Or ¢y, the integral from 0 to 27 with respect to Gpri: OF Ppg Will

vanish.
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Case 4

p # q (i.e., different wheels and any combination of disturbances)

Allowing different wheel speeds still produces the same result.

“" Ns  prtoo p21m 27 CriCs
meprwmqa (tla t2) / / / _L"li&'fg‘ { Cos (27T(hrkfpt1 slfqt2) + ‘/’p’rlc - ¢qsl)
1 l 1
(2.39)
1
~- COS (Zﬂ(hrkfptl + fqhsltz) + ¢prk + ¢qal)} %%fﬂv (fp)fFQ (fq)d¢prkd¢qsldfqdfp =0

since ¢prx and @qq are uniformly distributed over [0,27] and are independent.

At this point, all the various correlation functions have been computed. The next step
is to derive the spectral density functions. Taking the Fourier transform of Eq. 2.31 (which
can be done since all the nonzero correlation functions have been shown to be functions of

a single time-lag variable 7) results in

Se/epn (W) = ZZTP cor Sumywmgs (W) o | TE (2.40)
p=1q¢=1 .

where S,/ (w) signifies the spectral density matrix of the reaction wheel disturbances in

the spacecraft frame.

The spectral density functions corresponding to each of the four cases can now be

determined.

Case 1

p=qandr=s
As before, this case was considered by Melody in [60]. The resulting PSD is given by
o~ _TChw! w —w
S )= 2 gy [0 (i) + o ()] oo

Case 2

p=gand (r,s) € [(1,2),(2,1),(4,5), (5,4)]
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Appendix B derives the following result.

+ , r>s
oy [ () +1 ()|
Sumpr wmps (@ izz(z hei)8 L TP \ 21hy +ire anhi))’ ) T 0 T8
j = V-1
(2.42)

Note that this only differs from the result of the p = ¢ and r = s case by a factor of %j.

Case 3 and Case 4

These cases lead to the result Swy,,, wm,,(w) = 0 since the corresponding correlation func-

tions are zero.

The double sum in Eq. 2.40 can be replaced by a single sum since all the terms in which

p # q drop out.

) N
Se/emn (W) = Z Tp| - Sumpomy@) - |Tf = ZlTpSwmp(w)T,T (2.43)
. p=

If we make the further assumption that all the wheels have the same wheel speed probability
density function, namely fr, (f1) = fr,(f2) = -+ - = fry (fN), as well as the same amplitude

coefficients and harmonics, then we obtain

N :
Svem@) = DTl - Sempwm,(@) - | Ty (2.44)
p=1 _
Sm, (w) Smimg (w)
Smamy (W) Sma (w)
N . S
— E T, ma (W) Tz;P
p=1 Smi(w)  Smyms(w)
Smsma (w) Sms (w)
| Sme(w) |

and elements not shown are equal to zero. For simplicity we use the notation Sp;(w)

to represent the PSD of the jth disturbance of a single wheel in local wheel coordinates.
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Sm;m,, (w) represents the cross-spectral density function of the jth and kth disturbances of
the wheel. For example, Sp,,(w) is the PSD of the axial force disturbance, while Sy, ms(w)
is the cross-spectral density function of the radial moment in the z direction and the radial
moment in the y direction.

Eq. 2.44 is the final result that is desired. It gives the 6 x 6 spectral density matrix of
the disturbances acting in spacecraft axes due to the contributions of all individual wheel
disturbances. It requires information on the number of wheels (/V), the orientation of the

wheels (1), and the spectral density matrix of the local disturbances of a single wheel

(Svm,)-

2.2.5.5 Implementation

Eq. 2.44 has been implemented in MATLAB, and sample results are presented here to illus-
trate its use. As an example, consider four Hubble reaction wheels oriented such that their
spin axes are 63° from the spacecraft z axis. Assume that they are spaced symmetrically
about the z axis. Let the maximum wheel speed be 3000 RPM and the minimum wheel
speed be 0 RPM. Also, assume that all wheel speeds are equally likely. In other words, let
each wheel speed be a random variable with uniform probability density function in the
range [0, 3000] RPM. Consider that the center of each wheel is 0.25m from the point at
which the overall disturbance forces and torques are desired. We anticipate that the distur-
bance spectral density functions computed in this situation will represent the “on average”
spectral content of the disturbances during observation modes. As the wheels counteract
external torques during an observation, they can achieve any allowabie wheel speed. The
wheel speeds can probably be considered as random variables. On the other hand, this
might not represent the anticipated spectral content during a slew. In that case, the wheel
speeds follow some predetermined speed profile.

Figure 2.19 shows the PSD’s of the three disturbances modeled by Melody in [60] for a
Hubble reaction wheel. The radial force PSD is equivalent to S, (w) and Sy, (w) in Eq. 2.44.
The axial force PSD is equivalent to Spy;(w), and the radial torque PSD is equivalent to
Sma(w) and Sy, (w). The cross-spectral density functions are not shown, but those arising
from Case 2 are equal in magnitude to those plotted. (Recall that Eq. 2.42 indicates only
a factor of +j difference.)

Applying Eq. 2.44 produces the series of PSD’s found in Figure 2.20. These represent
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Power Spectral Density Functions
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Figure 2.19: Power spectral density functions of disturbances from a Hubble-class
reaction wheel with uniform probability density function in the in-
terval {0, 3000 RPM. Based on the disturbance model from Melody
[60].

the diagonal elements of S/c.,(w). Due to the symmetry of the problem, the F, and F,
PSD’s overlap, as do the M, and M, PSD’s.

The off-diagonal elements (i.e., cross-spectral density functions) are not all zero, as
indicated in Figure 2.21. A representative subset of these functions is plotted. Since cross-
spectral density functions are typically complex-valued, both the magnitude and phase are
shown. Note that the phase corresponding to the larger magnitude functions is +90°, which
indicates a factor of +j. The phase corresponding to the smaller magnitude functions is

corrupted by numerical ncise.

2.2.5.6 Comments

Because the wheel speeds and phase angles of the harmonics are treated as independent
random variables, the disturbance spectral densities can be thought of as the “expected”
levels. What this approach probably does not capture is the worst-case disturbance level.

Lifting some of the assumptions on independence might lead to a better approximation of the

73



- Power Spectral Density Functions
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Figure 2.20: Power spectral density functions of disturbances in spacecraft frame.
RWA assumed to comnsist of 4 Hubble-class reaction wheels with one
wheel’s Euler angles specified by (5,6,v) = (0°,63°,0°). The other
wheels are arranged symmetrically about the z axis.
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Figure 2.21: Representative cross-spectral density functions of disturbances in
spacecraft frame. Based on same number of wheels and orientations
as in previous figure.
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worst case. For instance, Eq. 2.33 can be used as the starting point, and new assumptions
such as that all wheels are at the same speed (i.e., f, = f; = f) and all disturbances
are at the same “clock angle” (i.e., dprk, Pgst — Prk, drk) can be made. Following the
same procedure as has been outlined previously will lead to a different expression for the
total disturbance spectral density matrix than what is shown in Eq. 2.44. The assumption
of equivalent wheel speeds is valid when wheel speeds “cross” as angular momentum is
transferred from one wheel to another. Further analysis is required to determine how well
the frequency-domain approach can predict the effects of these scenarios.

Another issue not brought up in this section but which is of concern is how resonances
of the reaction wheel and/or the test mount affect the PSD’s. Reference [17] clearly shows
a case where the mount resonance at approximately 100 Hz is visible in a waterfall plot
from a test of a single Hubble reaction wheel. Reference [6] describes some internal wheel
modes that can occur below 100 Hz. Figure 2.20 indicates a large amount of energy above
100 Hz. It might be unlikely that this energy will be unattenuated before it propagates
into the spacecraft. A possible remedy is to create a physical model which includes the
effects of wheel resonances and mount dynamics. If the true disturbance sources can be
identified from the test data, then they can be used to drive the physical model which has
been coupled to the spacecraft model. This should provide the most accurate results, but
it is unclear whether the complexity of this approach will outweigh any improved accuracy.

One last issue deals with how appropriate it is to use reaction wheel disturbance models
derived from “blocked-force” tests (i.e., tests conducted when the wheel is mounted to a
rigid base). The impedance of the spacecraft at the location of the RWA will be different
from that which the wheel sees during the test. Consequently, the actual disturbances
entering the spacecraft might not be the same as what is modeled. It is recommended that

more work in this area be conducted to see if a truly coupled model is required.

2.3 Summary

This chapter has provided an overview of the integrated modeling process. This process
unifies structural, control, performance, and disturbance models into an overall disturbance-
to-performance model required for performance assessment. To help illustrate this, the

Space Interferometry Mission has been described and has served as an example of a high
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performance optical system. The structural, control, and optical models were described in
some detail so that the results of analyses in later chapters can be better understood.

In addition, a general methodology has been developed which uses individual reaction
wheel stochastic disturbance models to produce the total spectral density function matrix
of the disturbances in the spacecraft frame. The spectral density function matrix for the
disturbances of a single wheel is first derived in the local wheel frame. This is based on
a harmonic disturbance model which treats the wheel speed and phase angles as random
variables. This work extends the results presented by Melody in [60] by also deriving the
cross-spectral density functions. A coordinate transformation is then applied to express the
disturbances in the spacecraft frame, and the contributions from all the wheels are summed.

This then facilitates their use in subsequent disturbance analyses.

76



Chapter 3

Disturbance Analysis Framework

After developing an integrated model of a nominal system design, as described in the
previous chapter, the next step is to assess the performance when the model is subjected to
anticipated disturbances. Disturbance analyses are usually conducted in order to predict
the effect of disturbances on system outputs of interest. The disturbances can be modeled in
a number of forms, and as a result, various types of disturbance analyses can be performed.
This chapter summarizes three particular types of disturbance analyses and illustrates the

use of a MATLAB code that was developed to implement each one.

3.1 Types of Disturbance Analyses

There are at least three ways in which a disturbance analysis can be conducted on the

nominal plant model. The approaches include:
e time domain
e frequency domain
e Lyapunov

This section will introduce each one and then demonstrate their use on a simple single
degree-of-freedom system. Practical issues related to the accuracy of the results will be
discussed. Section 3.3 will show sample results of a frequency-domain analysis on a model

of the Space Interferometry Mission (SIM).
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Plant model

Figure 3.1: Plant disturbance-to-performance filter.

3.1.1 Time-domain analysis

We begin by assuming that we have a linear, time-invariant system described by the state-

space system of equations

(1p = Azw Qp(t) + B,y w(t)
z(t) = Czw @p(t) + Dy w(t) (3.1)

where g, consists of states of the structural system and possibly states of a compensator if
control loops are closed. Equivalently, the system can be described in the frequency-domain

by the transfer function
Grw(w) = Cow(jwI — Azw)—lew + D,y (3.2)

The disturbances, w, are inputs to the system, while the performances, 2, are outputs of
interest. We can show this pictorially in Figure 3.1 with a block diagram.

Measured time histories of the disturbances w(t) often exist due to test data. The
disturbances w(t) might also be generated from a time-domain model of the disturbance
phenomenon. This can arise in the case when some disturbances are best modeled in the
time domain because of their transient nature, such as thruster firings or thermal snap
events.

Once the initial condition on the state vector, g,(0), is specified, numerical integration of
Eq. 3.1 can then be performed using standard techniques to obtain estimates of the perfor-
mance time histories z(¢). An introductory survey of several difference-method techniques
(e.g., Euler’s method, Runge-Kutta, predictor-corrector) can be found in Reference [83].
These methods approximate the continuous-time first-order Eq. 3.1 with a difference equa-
tion such as

(qp)n+1 - (qp)n
At

Azw (Qp)n + Baywn
Zn = Czw (qp)n + Dzw wn (3-3) '

where the notation (), indicates the value of the quantity (-) at the nth time step.
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Each method can be classified according to its order of accuracy and level of complex-
ity, and there is typically a trade between the accuracy and the complexity of a method.
Furthermore, the stability of the error is also an important property of a chosen technique.
The upper bound on the int-gration time step At is usually a threshold value Aty that is
unique to the technique. If At > Atcy, then the error will grow at each time step rather
than be well behaved. On the cther extreme, At should be small enough such that the
highest frequency of interest in the response of the system can be captured with sufficient
resolution; however, it can not be made arbitrarily small because this comes at the cost of
increased computation time. If long time histories are required to ensure that steady-state
conditions are reached, the computational expense can become prohibitively expensive.

Once an estimate of 2(t) is obtained, statistics such as rcot-mean-square (RMS) values
can be computed from these analytical time histories. An advantage is that transient
effects can be analyzed, which cannot be done for the frequency-domain approach which
is described next. Time-domain performance specifications are another reason why a time
simulation is conducted. In addition, maximum values or threshold crossings of the response

can be determined from the time simulation.

3.1.2 Frequency-domain analysis

As is often the case, a time-domain analysis can be transformed into the frequency domain.
One such example is the familiar input-output relation of linear systems. In the time
domain, the output can be expressed as a convolution of the input with the impulse-response
function of the system. In the frequency domain (i.e., Laplace domain), the output is equal
to the input multiplied by the transfer function.

For the disturbance analysis situation of interest here, we can envision that measured or
analytical disturbances can be expressed in the frequency domain as power spectral densities
(PSD’s). The concept of a spectral density function was introduced earlier in Section 2.1.5.
Rather than beginning with the PSD’s, another possibility is that the disturbances are
stochastic in nature and are modeled as the outputs of a linear filter driven by unit-intensity
white noise d, as shown in Figure 3.2 [8],[2]. This filter is often referred to as a “shaping” or
“pre-whitening” filter. Because of the unit-intensity assumption, the disturbance spectral

density matrix of the output of the filter is given by

Sww(w) = Ga(w)GH (w) (3.4)
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d IDisturbance model Plant model
white noise

Figure 3.2: Disturbance filter and plant disturbance-to-performance filter.

Thus, Syw(w) can be specified directly or can be obtained from a shaping filter model.

In either case, given the disturbance spectral density matrix Sy, (w) and the transfer
function matrix G,,(w), the performance spectral density matrix can be computed from
the relation (see [86])

Szz(w) = G () Suns (W) Gy () (3.5)

This can also be expressed in the more typical frequency units of Hz.

S22(f) = Gow(f)Sww(f)GE(F) (3.6)

Sww(w) can be a continuous function of frequency, or for the case of disturbances consisting
of a series of discrete harmonics, it can contain impulses at the frequencies of the harmonics.
In the latter case, S,;(w) will also contain a series of impulses.

S;z(w) provides information on the frequency content of the performance metrics. As
shown previously in Eq. 2.11, integrating the elements of a spectral density function matrix
across frequency and scaling by 2—17; (if the frequency is in rad/s) yields the covariance matrix

(for zero-mean processes).

1 +o0
22 = -2—7-{' oo Szz(w)dw
-/ :"szz(f)df (3.7)

The variance of the ith performance metric is therefore given by

2 1 +00
Oz = [Zz]i,i = g]f_w [Szz(‘*’)]z’,i dw

+00
= [l

oo

JACEG (38)

Taking the square root of ai, produces the root-mean-square (RMS) value. This is conve-
nient since in many instances requirements are placed on RMS values of the performance

metrics. The quantity 2 [S;.(f)]; ; will be referred to as a one-sided PSD.
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Although Eq. 3.8 provides an attractive way to determine the mean-square value of the
performance, there are some practical issues that can affect the accuracy of the results.
The first issue arises when the disturbance spectral density matrix is either measured ex-
perimentally or generated analytically and is passed on to the person who will conduct the
disturbance analysis. An incorrect assumption might be made regarding the form of the
PSD’s (e.g., rad/s vs. Hz, one-sided vs. two-sided). It is therefore extremely important that
there are no misunderstandings if such a hand-off occurs.

Two other issues deal with numerical integration. The df in Eq. 3.8 is replaced by
the frequency resolution Af. Too large of a Af can cause important narrowband features
(e.g., lightly-damped modes) to be missed. This can result in an incorrect RMS estimate,
so it is important that additional frequency points be added around each mode and at the
frequency of each mode (where the peak occurs). The appropriate number is directly related
to the damping and frequency of each mode since a mode’s “bandwidth” is proportional to
the quantity (w. The number to add is also dependent on how strongly each mode appears
in the outputs of interest. For example, there is no need to increase the frequency resolution
around a mode that is completely unobservable or undisturbable. Rather than stating any
rules of thumb, it is recommended that a cumulative RMS plot (which is discussed shortly)
be inspected to determine if the frequency resolution is sufficient.

The limits of integration usually span a finite frequency range when a numerical inte-
gration scheme such as trapezoidal integration is used. (The frequency limits might also be
set by the frequency range of a measured PSD.) This results in Eq. 3.8 being expressed in

terms of the minimum and maximum frequencies, fmin and fryax-
2 + fmax
A2 S (39)

It is important to ensure that the frequency range that contributes most to the RMS value is
sufficiently captured within these limits. This also impacts model reduction since important
modes within the range should be retained. One way to check this is by computing the

cumulative RMS function.
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Cumulative RMS and cumulative variance functions

Define a cumulative RMS function o, o(f,) as

1
+fo 2
o'zi,c(fo) = (2‘/; ' [SZZ(f)]i,i df) (310)
where f, € [ fuin ... fumax |- 1f most of the energy lies within this range, then o, ¢(fmax)

should be very close to the true value o,,. An indication that the frequency range might
not be sufficient is if the cumulative RMS curve has a significant slope (when plotted on
a linear vertical scale) near either fuin or fmax.- This would suggest that frequencies just
below or just above the range would contribute a non-negligible amount. Consequently, one
clue that the frequency range is sufficient is if it appears as if the cumulative RMS curve is
asymptotically approaching a horizontal line near the frequency limits.

It should be pointed out, however, that even if the cumulative RMS has this feature,
it still does not ensure a correct overall RMS value. Lightly-damped modes that are well
outside the bandwidth can still contribute a significant amount of energy. To avoid this situ-
ation, the PSD should roll off at a rate such that an unmodelled mode at higher frequencies
would still not be able to contribute significantly to the RMS.

Besides indicating if the frequency range of integration is sufficient, a cumulative RMS
curve can also help to identify the frequencies of critical structural modes in the system. The
important modes are often those that are lightly damped, and these manifest themselves as
sharp “steps” in a cumulative RMS curve. To notice why this is the case, first differentiate
the square of Eq. 3.10 with respect to f,.

dag,,c(fo) _ d +ho
R AT

= 25..(fo) (3.11)

The function ai.’c( fo) is the cumulative variance, and its slope at a particular frequency
is simply twice the value of the PSD at that frequency. So if f, is in the vicinity of a
lightly-damped mode, [S..(f)]; ; will be large, thereby implying that the slope will be steep.
[Szz( f)]z-,i is also always a positive and real function since it is a PSD; consequently, the
cumulative variance is a non-decreasing function.

Another use of the cumulative variance plot is to determine if there are enough frequency

points around the critical modes. If the locations of frequency points are indicated on the
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plot, then the “density” of points within each step can be examined. A sharp step that
is comprised of only a few points is an indication that the frequency resolution is not
sufficient. Since the cumulative variance (area) rapidly changes in the vicinity of a mode, a
more accurate estimate requires enough points to capture this rate of change.

The cumulative variance can also provide a quick indication of the percent contribution
of each of the lightly-daiaped modes. First define a normalized cumulative variance function

that has a maximum value of 1.

2
5z,-,c(fo) = mo.:zi ’(c;,fi) (3. 12)

When a sharp step is present in a plot of ‘.7;').-,c( fo) due to a mode, that mode’s contribution
can be approximated as the “height” of the step. For example, if the step begins at a value
of 0.2 and ends at a value of 0.9, then the mode responsible for that step can be thought
of as contributing about 70% to the overall variance. This is not as simple to do when
there are closely-spaced modes; however, the plot still can indicate the contributions from
all modes in a certain frequency range.

Since a cumulative RMS function and the associated cumulative variance function con-
tain useful information, it is recommended that either one of them always be plotted with
the corresponding PSD. It is for this reason that most of the PSD plots in this thesis have

a cumulative RMS subplot above them.

Disturbance contributions

While the cumulative RMS function indicates critical modes, what is also important is iden-
tifying which disturbances excite the critical modes the most. To help with this, disturbance
contributions can be calculated.

For the special case when all the disturbances are uncorrelated, the spectral density

matrix Sy.(w) will be a diagonal matrix. Eq. 3.5 can then be simplified to

# of dist. .
SZka (w) = Z lGkai (jw)|2swiw; (wz (3.13)

i=1

Es(zkzk)i (w)

where S, ;, (w) is the PSD of the kth performance metric, Sy, (w) is the PSD of the ith
disturbance, and G, 4,(jw) is the transfer function from the ith disturbance to the kth

performance. These are all scalar functions of frequency. The notation S;, ,,), is used to
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represent the contribution of the ¢th disturbance to the kth performance. Eq. 3.13 indice.ces
that the overall performance PSD can be though of s a sum of PSD’s due to each of
the separate disturbances. At a particular frequency, the percent contribution of the ith

disturbance can be calculated to be

S(zrzr): (W)
Sazi (w)

This value can also be plotted as a function of frequency for each of the performance metrics.

% contribution = x 100% (3.14)

Near the frequencies of the critical modes, the plot can help identify which disturbances
are exciting the important modes the most. If the disturbances are correlated, then a
disturbance contribution approximation can be made which ignores the off-diagonal terms
in Syw(w).

Summary of frequency-domain analysis steps

Generally, the frequency-domain approach is more efficient than a time-domain analysis.
The most computationally-intensive task that is required is evaluating the transfer function
matrix. After that, only matrix multiplications and numerical integration (e.g., trapezoidal

integration) is necessary. The key computation steps involve:

o Determining the transfer function matrix G, (w) from Eq. 3.2. (If A, is fairly large,
a brute force inversion of jwlI — A, would be impractical. A state transformation

that produces a diagonal A;,, would lead to a more efficient computation.)
o Performing the matrix multiplication in Eq. 3.6 at each frequency.
e Numerically integrating the PSD’s (Eq. 3.9).
o Calculating the cumulative RMS and/or variance curves from Eq. 3.10 and Eq. 3.12.
o Calculating the disturbance centributions using Eq. 3.13 and Eq. 3.14 (for uncorre-

lated disturbances).

3.1.2 Lyapunov analysis

The third type of disturbance analysis can be conducted if the disturbances are modeled as

the outputs of a shaping filter, as discussed in Section 3.1.2. Assume that the disturbance
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white noise

Figure 3.3: White noise-to-performance filter.

filter in Figure 3.2 can be expressed in the state-space form

da(t) = Agqa(t) + Bagq(t)
w(t) = Caqa(t) (3.15)

In order to keep the disturbance w from having infinite energy, there should be no feedthrough
matrix Dy. (If the disturbance filter does have a D, term, consult Section 5.3.1.3 for a
method to remove Dy by augmenting the model with high frequency poles.) By placing
this state-space system in series with the plant state-space equations from Eq. 3.1, an overall

system of the form

Q(t) Azd Q(t) + Bzd d(t)
z(t) = Cuaq(t) (3.16)

can be created. Figure 3.3 shows the corresponding block diagram.
If the system is asymptotically stable, then the state covariance matrix ¥, is obtained

from the following steady-state Lyapunov equation
AT, +Z,AL + B 4B, =0 (3.17)

This is a matrix equation in the unknown matrix ¥,, and solution techniques are available
through standard commercial software packages such as MATLAB. It should be emphasized
that X4 represents the steady-state covariance matrix. One can imagine that if the stochastic
disturbances w are suddenly applied to the system, there will be a period when transient
behavior is dominant and the performance outputs are non-stationary. The dynamics of

34(t) are governed by [24]
Azdzq(t) + Zq(t)A:zpd + BdeZ;l = 2q(t) (3'18)

and it is assumed that the initial state covariance matrix X , is specified. When these
transients decay away, the outputs can be characterized as stationary random processes

with a covariance matrix equal to X,.
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The performance covariance matrix is then given by

%, = E|[27]
= E|[C.a0a"CY
= CuF [ad"] C5
= C,%Z,Ch (3.19)

The RMS values of the performance metrics are given by the square roots of the diagonal

entries in ¥,, where X, is of the form

-, , -
Oz Ozizp *'° Ozyz,
T2 ‘732 "t Ozpzg
Y, = (3.20)
o’ a Y 0’2
L “2n2;1 2n22 Zn

and n is the total number of elements in the performance vector z.

Thus, the Lyapunov method provides a relatively direct way of arriving at the RMS
estimates (in the sense of statistical steady state) by solving one matrix equation (Eq. 3.17)
and computing a matrix triple product (Eq 3.19). It theoretically accounts for all fre-
quencies and, therefore, does not suffer from the frequency resolution and frequency range
issues of the frequency-domain approach. It provides the ezact mean-square values of the
performance variables. Of course, this is subject to the accuracy of the disturbance and
plant models.

In certain instances, the quantity of interest is a weighted sum of other performance
outputs. If the z; in Eq. 3.20 represent these weighted outputs, then the performance cost

J (a scalar) can be defined as
J =trace[S;] = o + 02, +--- + 02, (3.21)

The percent contribution of the ith weighted output to the overall performance cost is then

2
% contribution = 5'-;— x 100% (3.22)

The Lyapunov approach does suffer from a few drawbacks. It does not provide any direct
insight into the frequency content of the outputs. Rather, it yields the overall variances

of the states and the outputs. Since the disturbance spectral density matrix Sy, (w) can
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be obtained from Eq. 3.4, a frequency-domain analysis can still be conducted to identify
critical modes and disturbances. A time-domain analysis can also be done by creating a
representative white-noise disturbance d(t) and performing a time-simulation of the state-
space system in Eq. 3.16.

Another potential drawback is that the time to solve the Lyapunov equation can be
excessive for large-order systems. In such cases, model reduction should first be performed to
bring the number of states to a reasonable level without sacrificing the predictive capability
of the model. Some model reduction techniques produce a D term, but this presents a
problem from a Lyapunov standpoint because of the infinite energy that passes through from
the assumed driving white-noise process. Techniques to model the feedthrough terms with

high-frequency poles are therefore required, and one approach is discussed in Section 5.3.1.3.

3.1.4 Comments

The type of disturbance models available and the type of insight desired will dictate which of
the three approaches to use, but whenever possible, more than one of these techniques should
be periodically implemented to validate the results of the primary analysis. For example, a
discrepancy between a Lyapunov analysis and a frequency-domain analysis might indicate
that the frequency range or resolution is not sufficient in Eq. 3.9. It should be mentioned
that the sensitivity analysis framework and uncertainty analysis framework to be introduced
in later chapters both utilize the Lyapunov approach. These powerful tools can be applied
when the system is modeled in this manner.

The next section will show the consistency that is achieved in the results when all three
approaches are demonstrated on a low-order example problem. It will also provide a sense

of the time required to perform each approach.

3.2 Demonstration of Analysis Methods on a Single DOF

System

The simple mass-spring system of Figure 3.4 will be used to illustrate the three analysis
methods. The disturbance is a force acting on the mass, and this force is the output of a
first-order system driven by unit-intensity white noise. The performance is the position of

the mass. The mass and stiffness parameters were chosen to yield a natural frequency of
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Figure 3.4: Single DOF system.
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Figure 3.5: (a) Disturbance PSD and cumulative RMS. {b) Disturbance time his-
tory.

1 Hz, and the modal damping was specified to be 1%. A function called dist_analysis.m
has been written in MATLAB to perform each of the techniques.

The PSD of the disturbance is shown in Figure 3.5(a). Notice that the corner frequency
is at about 1Hz and that the slope at high frequencies is —2. This is consistent with the
earlier statement that the disturbance filter is first order. The PSD can be thought of as
the square of the transfer function (recall Eq. 3.4). So a slope of —1 in the transfer function
translates to a slope of —2 in the PSD. Plotted above the disturbance PSD is a cumulative
RMS curve. As defined in Section 3.1.2, it represents the RMS contribution as a function
of frequency. The disturbance time history in Figure 3.5(b) was generated by letting a
pseudo-white noise process drive the disturbance first-order filter.

The disturbance time history was then taken as the input to the spring-mass system.
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Time history: Position of mass (RMS = 3.4372 mm)

PSD and cumulative RMS (Position of mass)

107 + .
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Figure 3.6: (a) Performance PSD and cumulative RMS curve computed from the
time history shown in (b).

The analysis code dist_analysis.m uses the MATLAB command lsim to perform the
numerical integration of the state-space equations. (More efficient numerical integration
code probably exists, but for the time being, 1sim is used.) The plot in Figure 3.6(b) shows
the response of the mass. The code dist_analysis.m provides the option of computing
the PSD’s from the time simulation results. This permits an evaluation of the frequency-
domain properties of the disturbance-induced response. Figure 3.6(a) contains the PSD
computed from the sample time history, and the cumulative RMS curve is shown above the
PSD. Notice that it asymptotes to a value of about 3.6 mm. If the cumulative RMS curve
is still rising at the maximum frequency, this is an indication that the higher frequencies
are contributing a significant amount of energy. Consequently, a larger frequency range is
required. Notice that the “jump” in the curve occurs at the frequency of the mode.

The pure frequency-domain analysis involved taking the analytical disturbance PSD in
Figure 3.5(a) and propagating it through the system transfer function via Eq. 3.5. The
resulting performance PSD is shown in Figure 3.7. As expected, it looks very similar to the
PSD in Figure 3.6(a), which was computed from the time history.

One issue that needs to be addressed when performing a disturbance analysis is re-
lated to the accuracy of the results. Assuming that the disturbance and plant models are
correct, errors can still arise due to insufficient frequency resolution, time history length,

etc.Figure 3.8 contains plots that help to illustrate this point.
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PSD and cumulative RMS (Position of mass)
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Figure 3.7: Performance PSD (bottom) and cumulative RMS (top) from
frequency-domain analysis.

The two plots in Figure 3.8(a) address the frequency resolution issue. The horizon-
tal axes are in terms of the number of original frequency points logarithmically spaced
within the desired frequency range. The term “original” is used because dist.analysis.m
augments the original frequency vector with more points within the bandwidth of each
lightly-damped mode, including at the frequency of the mode. This ensures that the reso-
nant peaks are accurately captured. Lack of frequency points can manifest itself as higher
apparent damping. The upper plot in Figure 3.8(a) shows how the RMS value computed
from the performance PSD appears to asymptote to the exact solution (obtained from thg
Lyapunov equation) as more frequency points are used. However, this comes at the cost of
a slight increase in computation time, as indicated in the lower plot. Choosing the right
number of frequency points is therefore quite important. For the case of disturbance PSD’s
from test data, the frequency resolution might be fixed. If the resolution is found to be
insufficient, then efforts should be made to add more points via interpolation.

The plots in Figure 3.8(b) address the issue of the length of the disturbance time history
used in a time-domain analysis. A nominal disturbance time history was created which was
5000s in length and had a time step of 0.01 s (4.e., Nyquist frequency of 50 Hz). A number of
different cases were run in which the time simulation was stopped prior to reaching 5000s.

The RMS values computed from performance time histories of different lengths are indicated
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in the upper subplot of Figure 3.8(b). The RMS values computed from the time histories’
PSD’s are also shown on the same subplot. The general trend is that errors on the order of
10% can exist for short time simulations (when compared to the exact Lyapunov solution),
while the errors become small for longer time simulations. This suggests that when time
simulations are performed and statistical steady-state results are desired, simulations of
varying time length should be conducted to provide confidence that transient effects are
not dominant. However, if transient results are desired, then this issue does not need to be
considered.

The middle subplot of Figure 3.8(b) indicates the number of averages used when com-
puting the PSD’s from the time histories. Longer time histories allow more averages to be
taken, thereby producing more accurate PSD’s. The bottom subplot shows the solution
time for each time simulation case. As expected, longer time histories require more com-
putation time. Comparing the two bottom subplots of Figure 3.8(a) and Figure 3.8(b), we
notice that to achieve approximately the same error level requires on the order of 2s for the
time-domain case and on the order of 0.2s for the frequency-domain case. This represents
a factor of 10 improvement in solution time for the frequency-domain approach. It should
be noted that an efficient transfer function computation routine is used (qbode.m) for the
frequency-domain calculations, while the standard MATLAB time-simulation routine 1sim
is used for the time integration. A more efficient time-simulation code might narrow the
gap between the two methods.

The results of this section reveal the consistency achieved with the disturbance analysis
code dist_analysis.m for the three different approaches. Some issues that need to be
kept in mind have been discussed. The next section will demor:strate the frequency-domain

method on a more realistic system and show the insights that can be provided by such an

approach.

3.3 Frequency-Domain Disturbance Analysis on SIM

The SIM Classic model will now be used to illustrate the benefits of a frequency-domain dis-
turbance analysis. Figure 3.9 shows a stick representation of the finite-element model, along
with a ray trace of stellar light passing through two arms of one of the guide interferometers.

Some specific model parameters are:
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SIM Optical Model Ray Trace

Figure 3.9: Stellar ray trace through guide interferometer #1 of SIM.

e 10Hz 6-axis isolator (50% damping) at the reaction wheel assembly location
e 0.1% modal damping for structural modes

e 100 Hz bandwidth on fringe tracking control

In the sample results to follow, the performance metrics are:

1. total stellar optical path difference (OPD)

2. differential wavefront tilt (DWFT'), x component in detector axes

3. differential wavefront tilt (DWFT), y component in detector axes

4. differential beam shear (DBS), x component in detector axes

5. differential beam shear (DBS), y component in detector axes

The full-order closed-loop SIM model in this case consists of 309 states. To avoid large
order models such as this, model reduction should be performed. One approach is to
first transform the state-space system to a balanced realization such that the observability
and controllability gramians are diagonal and equal [65]. States corresponding to small
gramian values (i.e., states which are not very disturbable or observable) are eliminated.

As mentioned previously, a D term can arise from this method if the reduced states are
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assumed to be infinitely fast. Finite-frequency poles should be augmented to the system to
remove the D term if a Lyapunov analysis is to be conducted (see Section 5.3.1.3).

In the general MIMO case, if the inputs and cutputs are not normalized properly,
specific input-output pairs can have different units. The corresponding transfer functions
might differ significantly in magnitude. Model reduction might then eliminate states that
are not “important” in the larger magnitude transfer functions, but which can be important
in other transfer functions. For example, consider a one-ir put, two-output, second-order

transfer function matrix given by

1(s) 1 + 10—4

G’(s) - u(s — s2+2Qwis+w? | s2+20wrs+wa (3.23)
2(s 10-4 _ 10-2 )
u(s) 2H2wis+w?  s2420wrstw]

where the specific values of the parameters are ¢; = 0.1%, (2 = 0.2%, w; = 1rad/s, and
wg = 100rad/s. Figure 3.10 demonstrates the model reduction process on this system. The
two subplots in the lower left show the nominal transfer function magnitudes. The second
transfer function is several orders of magnitude smaller than the first transfer function. The
gramian values of the balanced system are shown in the upper left subplot, and based on the
sharp drop after the second state, the last two states might be chosen for elimination. This
will cause the reduced system to miss the second mode, which is dominant in the second
transfer function. If this transfer function is scaled to be the same order as the first, then
the balanced system will have gramian values that are similar in magnitude, as is evident
in the upper right subplot. This would be an indication that the last two states should not
be reduced from the system.

Figure 3.11 b~z L iepresentative disturbance-to-performance transfer function from
the SIM model before and after model reduction. The model reduction was only per-
formed once. In actuality, the model reduction process should be iterative in nature, and
states should be removed until performance predictions begin to deviate by a predetermined
amount. (Note: dist_analysis.m does not perform model reduction. The state-space sys-
tem should be reduced prior to being sent to this function.)

The representative disturbance source is that due to the reaction wheel assembly (RWA).
Figure 3.12 shows the PSD’s of the three force and three moment disturbances (in space-
craft axes) caused by four Hubble-class reaction wheels. The PSD’s are derived based

on an assumption of random wheel speeds with uniform probability density in the range
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Figure 3.10: Example of balanced model reduction on original system (plots on
left) and system with scaled output 2 (plots on right).
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SIM Model Transfer Function, RWA Mz to Total OPD (int. 1)
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Figure 3.11: Example disturbance-to-performance transfer function before and
after model is reduced.

[0,3000) RPM. The wheels are assumed to be symmetrically oriented about the z axis, with
their spin axes 63° away from the 2z axis. The larger magnitude curves are force PSD’s
while the lower magnitude curves are moment PSD’s. (See Section 2.2.5 for a derivation of
these PSD’s.) As shown in Section 2.2.5, some cress-spectral density terms are nonzero and
have magnitudes comparable to that of the PSD’s. The next section will compare results
obtained when these terms are kept (i.e., Sy, is fully-populated) and when these terms are
neglected (i.e., Sy, is diagonal).

Figure 3.13 shows the RMS values of the five performance outputs for cases with different
initial frequency resolution. Three curves are shown in each subplot. One corresponds to
the RMS values computed from PSD’s of the full-order model using a fully-populated cross-
spectral density disturbance matrix. Another corresponds to the results from a full-order
model with a diagonal cross-spectral density matrix. The third is based on a reduced-order
model (117 states) with a diagonal cross-spectral density matrix. The fact that these curves
overlap almost exactly in all the subplots is an indication that neglecting the cross-spectral
terms is a valid approx mation in this case. Another conclusion is that the reduced model
retains a sufficient number of states for accurate performance predictions.

Figure 3.14 shows the time required to compute all five performance RMS values as
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Figure 3.12: Cumulative RMS curves (top) and PSD’s (bottom) of RWA distur-
bances.

a function of frequency resolution and model type. It indicates that a slight decrease in
computation time can be achieved if the disturbances are uncorrelated (:.e., the disturbance
spectral density matrix is diagonal). A significant savings is achieved by using a lower-order
model.

For the case of the full-order model driven by uncorrelated disturbances, Eq. 3.5 produces
the OPD PSD shown in the middle plot of Figure 3.15. The cumulative RMS plot indicates
a total RMS value of approximately 6.4nm. The lower plot in Figure 3.15 is meant to
belp visualize which disturbances are contributing most. For uncorrelated disturbances,
the overall PSD is the superposition of PSD’s due to each disturbance (see Eq. 3.13).
At a particular frequency, the relative percent contribution from each disturbance can be
calculated. The plot indicates this by using black for 100% contribution and white for 0%.
For example, across the frequency range from 16-22 Hz (where the larger steps occur in the
cumulative RMS plot), it appears as if the dominant disturbance is M,.

Figure 3.16 shows an example of a normalized cumulative variance plot. This plot is
obtained by first squaring each value of the cumulative RMS curve and then dividing by the
largest value (as defined in Eq. 3.12). Each frequency point is denoted with a +, and the fact

that there are approximately 15 frequency points around the dominant mode at 16.97 Hz
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Figure 3.13: RMS estimates of the five performance metrics as a function of fre-
quency resolution, model order, and disturbance correlation.
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Computation time
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Figure 3.14: Computation times corresponding to the runs in Figure 3.13.
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Figure 3.15: Cumulative RMS (top), PSD (middle), and disturbance contribution
(bottom) for total OPD.

is an indication that the resolution is adequate. The gaps in points near the beginning and
end of the corresponding step suggest that better accuracy might be achieved if additional
frequency values are added at these locations. The function dist_analysis.m includes
the option of allowing the user to interactively choose important frequencies by selecting
frequencies where the largest “steps” occur.

The critical frequencies and disturbances can be summarized in bar chart form, and an
example is presented in Figure 3.17. The plot lists several frequencies that were identified
from the cumulative variance plot and indicates the percent contribution to the overail
variance by the structural modes at those frequencies. Furthermore, each bar is subdivided
in proportion to the percent contribution to the PSD by each disturbance. As can be seen,
M, is the disturbance that most excites the modes at 16.97 Hz, 18.89 Hz, and 21.38 Hz.

PSD plots and critical frequency bar charts for the remaining four performance metrics
are not shown but do indicate that the mode at 16.97 Hz is the problem mode in all cases,
and it is excited most by M,. If it is determined that some or all of the performance metrics
do not satisfy requirements, then information such as this can help suggest performance-
improving redesigns.

To summarize, frequency-domain disturbance analyses can provide vital information
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Figure 3.16: Cumulative variance plot used to identify critical frequencies.
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Figure 3.17: Bar chart showing percent contribution of each mode to overall per-
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quency is indicated by the relative partition of each bar.
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concerning important frequency ranges and dominant disturbances, as was seen in this
example for SIM. The next step is to perform a sensitivity analysis on parameters affecting

the critical modes.

34 Summary

The development within the MATLAB framework of the function dist_analysis.m permits
three types of disturbance analyses to be performed on a state-space model of a system.
Depending on the form of the disturbance model, either time-domain, frequency-domain,
or Lyapunov analyses can be conducted. Practical considerations regarding frequency reso-
lution and time simulation lengths have been investigated using a simple one DOF system
driven by band-limited white noise. The one DOF system was also used to help validate
the code by comparing results obtained from the three different types of disturbance anal-
yses. The SIM example analysis demonstrated the useful information that can be provided
by a frequency-domain analysis. Neglecting the off-diagonal terms of a disturbance cross-
spectral density matrix was shown te be a good approximation. This enabled disturbance
contribution plots to be created and then to be used to identify important disturbances.
Results showed that the M, RWA disturbance excited three of the critical modes the most.
The next chapter will introduce a method for computing the sensitivities of the performance
RMS values with respect to modal parameters of the critical modes and physical parameters

of the finite-element model.
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Chapter 4

Sensitivity Analysis Framework

Determining the sensitivity of certain outputs (e.g., performance metrics) of a system
with respect to model parameters can provide useful information. For example, when
correlating a model to test data, sensitivities can indicate which parameters should be
tweaked and in which direction. Another use of sensitivities is to predict how performance
predictions can vary if specific parameters contain some degree of uncertainty. Also, when
it is found that a system does not satisfy specified performance requirements, sensitivity
information can identify which components in the system are important. The most crucial
parameters might be the focus of future testing programs that seek to accurately identify
them, ther;by reducing the uncertainty and leading to a more accurate model. Or the
parameters might be the focus of redesign efforts that attempt to reduce the sensitivity
to uncertainty. Finally, another possibie use of a sensitivity analysis is to supply gradient
information to any optimization routines are that implemented during the design phase.
Because of applications such as these, a sensitivity analysis framework is therefore beneficial,
and this chapter describes initial progress made in this area.

The following section describes the mathematical theory for computing sensitivities when
the system is written in state-space form. The results are then specialized to the case when
the structural equations of motion are expressed in modal form, and natural frequencies,
modgl damping ratios, and modal masses appear explicitly. Computation of sensitivities
is demonstrated on models of different order: a single degree-of-freedom system, a multi-
degree-of-freedom system (20 DOF’s), and a closed-loop model of SIM Classic. Comparing

the results obtained analytically with the results obtained from finite-difference approxi-
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Figure 4.1: Disturbance filter and plant disturbance-to-performance filter.

mations reveals the numerical conditioning problems associated with large-order models.
Section 4.5 then discusses the computation of sensitivities with respect to physical param-
eters of a finite-c’ement model. The technique is applied to a beam example and a model

of SIM Classic.

4.1 System State-Space Representation

As before, we assume that the mathematical description of the time-invariant system of in-
terest is in linear state-space form. The overall system block diagram is shown in Figure 4.1,
where z is a vector containing the performance metrics, and the physical disturbances w are
modeled as the outputs of a filter that shapes unit-intensity, Gaussian white noise d. It is
important to emphasize that all of the results presented in this chapter rely on a disturbance

model of the form
Ga = Agqq+ Bgd

w = Cyqq (4.1)

Since all physical disturbance processes have finite energy, the feedthrough term Dy is

assumed to be zero.

In general, there can exist a c'osed-loop control system consisting of a suite of sensors
and actuators. The open-loop dynamics of the plant are given by
gy l A, By B || a
z p=1|C;, Dy Dy w (4.2)
y J Cy Dyy Dy, u
Sensor outputs are denoted by y, and control actuator inputs are denoted by u. In the
closed-loop case, a compensator commands u based on the measurements y. The general

form of a strictly proper, linear, dynamic compensator is

gc = Acq.+ Bey
u = Ceqc (4.3)
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The closed-loop dynamics of the plant are then

Gp Ap By,C. dp By,
= + w
ge B.Cy Ac+ B.D,,C, qc B.Dy,
ap
s = [cz pzucc] + Dyuw (4.4)
qc

Placing the plant in series with the disturbance filter produces the following overall state-

space form.

4 A 0 0 aa By

(jp = B w C AP Bucc 9 + 0 d

. d

qc Bchw BCCy A, + BchuCC qc 0

N’ « — | N
q Azd q Bzd
qd
z = ,: D.,Cq C, D»C; ] dp (4'5)

C.a Qe

which can be written more compactly as

§ = Ayq+ Byd
z = Cugq (4.6)

As described in Section 3.1.3, a nominal disturbance analysis consists of solving first for

the state covariance matrix X4 from the Lyapunov equation
A%, + AL + B,yBL =0 (4.7)
and then computing the performance covariance matrix X, from
T, = C,y2,Chy (4.8)

According to Eq. 3.20, the diagonal terms of ¥, represent the mean-square values ogz,
and the root-mean-square (RMS) values are simply o,.. We continue to assume zero-mean
processes; therefore, the term “standard deviation” is used synonymously with “RMS”, and

the term “variance” is used synonymously with “mean square.”
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If we are only interested in the variance of the ith performance metric, then we need

only to use the ith row of C,; in Eq. 4.8.

* * %
Cu=|--- C --- | «ithrow (4.9)
* % %

The corresponding variance of this performance metric is given by
o2, =C;x,CT (4.10)

The next section will derive the sensitivity of this quantity with respect to model parameters.

4.2 Governing Sensitivity Equation

Let p be a generic parameter that might or might not appear explicitly in the state-space
representation of the system model. The sensitivity (i.e., derivative) that we would like to
find is

0o

—bf = sensitivity of ith performance RMS with respect to p (4.11)

The first step is to find the derivative of the variance agl. with respect to p. We cannot

take the derivative of Eq. 4.10 with respect to p directly because ¥, is the solution to

Eq. 4.7; therefore, ¥, is implicitly dependent on p. To get around this problem, we can

treat the Lyapunov equation (Eq. 4.7) as a constraint equation, and augment it to Eq. 4.10

via a symmetric Lagrange multiplier matrix L;. (A subscript ¢ is used since there will be a
2

x
different matrix for every performance metric.) The notation (Uz,) is used to denote the

Lagrangian of ofi .

(02 )* - gi. + trace [L,- (Adeq + EQAfd + BdeZd)J
= C%,CT + trace [L; (4,45, + T,A% + B4BL)| (4.12)

The derivative of the variance U;“’i with respect to p is equal to the derivative of the La-

grangian function if and only if the derivatives with respect to ¥, and L; are equal to zero.

(See [40].) .
o2 0 (03,.)

s = 4.13)
3p Bp 2 )" 2 }* (
20h) 0 2GE)



The derivative with respect to L; is

8(a2)
——(ao—L%) = %trace [L (Azdzq + EqAZd + Bdesz)] (4-14)
- 8‘2 [L: A.m) + a?: trace [L; A%
+ B%trace [L Bdezd] =0 (4.15)

The following matrix derivative formula frcm [88] is helpful in simplifying Eq. 4.15 further.

o} 0 0  TpT
B frace [AXB] = 3 trace [BAX] = B trace [XBA]=A"B (4.16)

Applying Eq. 4.16 to Eq. 4.15 and making use of the fact that ¥, is symmetric leads to

9 *
g,
%)— =%,AL, + A5, + B,yBT, =0 (4.17)

This just recovers the Lyapunov constraint equation in Eq. 4.7.

The derivative of Eq. 4.12 with respect to X, is

a(a2)
_(;2_;)_ = 5%—-trace [Ci2CT + L; (A4, + T, AL+ B.,BL)|  (418)
= a—g—trace [C z C’T] + %traae [L Aszq]
+ é—trace [L I AT ] (4.19)

Applying Eq. 4.16 to Eq. 4.19 and making use of the fact that L; is symmetric leads to
a(a2)"
—ggz—-(ﬂ’c + LA+ ALL =0 (4.20)
q
As can be seen, this produces another Lyapunov equation that is used to determine L,.

LA+ AL L +CFC, =0 (4.21)

This can be recognized as a dual form of the standard Lyapunov equation given in Eq. 4.7.
Taking the derivative of Eq. 4.12 with respect to p leads to

oo, (crcy) 94,4 0474 | 9(B,4B3)
Bp = trace [EqT + trace | L; —5;—Zq+2 Bp + o (4.22)

Note: The following identity was used in the process of obtaining Eq. 4.22.
trace [C,-EinT ] = trace [ZqC,-T Ci] (4.23)
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In performance m.deling, the actual performance might be equal to a weighted sum of

individual system outputs. For example, let the performance “cost” J be defined as

J = E[2
= trace [E [227]]
= trace E [CquqTC;,]]
CiE [qu] C;rd]
= trace [C,4%,Ch] (4.24)

= trace

The sensitivity of J can be obtained by following a similar procedure as has just been

described. The resulting equation is

T : T T
S _ trace {Zqigg—dgﬂl] + trace [L <aAz‘iZq +3 04 + a(BZdBZd))} (4.25)

ap D ap 7 9p op

In this situation, there is only one Lagrange multiplier matrix L, and it is the solution of
LA+ AL+ CHCy=0 (4.26)

As before, ¥, is the solution of Eq. 4.7.

In summary, Eq. 4.22 is used to obtain the exact sensitivity %‘EL. It requires the solution
of two Lyapunov equations (one for L; and one for X,) as well as the computation of the
derivatives of the system state-space matrices with respect to the parameter p. The aext
section will specialize the results to the case when p is a modal parameter that appears

explicitly in A,;. Section 4.5 will then take the results one step further by allowing p to be

a physical parameter of the finite-element model.

4.3 Modal Parameter Sensitivities

4.3.1 Structural modal form

When dealing with large order structural models, it is convenient to transform to modal
coordinates prior to creating the open-loop state-space system in Eq. 4.2. The standard

equation of motion of a discretized structural system in physical coordinates is

Mzi+Cz+ Kz = fyu+ Byw (4.27)
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where M is the mass matrix, C' is the damping matrix, K is the stiffness matrix, and 3,
and (3, map the control inputs u and disturbances w to the physical degrees of freedom.
Sensor and performance outputs can also typically be expressed as linear combinations of
the physical DOF'’s.

y = Cyz (4.28)

z = Cpz (4.29)
where Cy; and C,; map the physical DOF’s in z to the outputs of interest. Note that
no feedthrough of disturbances (including sensor noise) to the sensors or performances is

included; however, this can be done explicitly if desired.

The mode shapes and natural frequencies are obtained from the generalized eigenprob-

lem
K& = M®Q? (4.30)

where ® consists of the mode shapes organized column-wise, and Q2 is a diagonal matrix

with the squares of the corresponding natural frequencies placed along the diagonal.

Q= w? (4.31)

Usually only a truncated set of mode shapes is used, and the following transformation is

made
z = ®n (4.32)

where ® represents a subset of the columns of ®. After scme matrix manipulation, Eq. 4.27

becomes
Iii + 2ZQn + Q% = M 28T B,u+ M 1&78,w (4.33)

while Eqgs. 4.28 and 4.29 become
y = Cyu®n (4.34)
z = CupPp (4.35)

Rewriting in state-space form leads to

n 0 I n 0 0
= + u -+ w (4.36)
il -2 -22Q ] M-10Tp, M-18Tg,
A A -~ e P | — -~ J/ N ~ g
dp Ap dp By By
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y = Cy| @ 0J " + 0 u+ 0w (4.37)
NI /] Dy Dyw
Cy
I 1)1 7
z2 = Cup| & 0 ' +\(Lu+\(ldw (4.38)
—_———— | 7 Dy Dy
C:

All of the D terms are zeros because of the assumptions that have been made. Proportional
damping is specified, which implies that Z is a diagonal matrix whose ith diagonal element

is the modal damping ratio ¢; of the ith mode in ®.

Z= G (4.39)

The diagonal matrix 2 contains the natural frequencies of the kept modes. The diagonal

matrix M is the modal mass matrix and is computed from ®7TM®.

M= m; (4.40)

The mode shapes can be mass-normalized such that M is nominally the identity matrix.
Substituting Eq. 4.36 and Eq. 4.37 into the state-space model in Eq. 4.5 results in an 4,

matrix of the form

[ Ay 0 0 ]
0 0 I 0
A= ) C. (4.41)
M-1373, Cy -0? -22Q M-1373,
0 B.Cy, [ ® 0 A,

and a C,; matrix of the form
Czd=[0 CZI[Q 0] 0] (4.42)

For a given mode number i, the associated modal parameters are m;, (;, and w;. All
three of these quantities appear explicitly in the A, matrix given by Eq. 4.41, but do not
appear explicitly in C,;. The only modal information in C,, is contained in the mode shape

matrix ®.
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4.3.2 Simplification of governing equation

Analyzing Eq. 4.22, we notice that the computation of the sensitivity is straightforward if
the parameter p appears in any of the matrices A,,, B,;, and C;. Consider first the case
when p is a modal parameter, namely either the natural frequency w, damping ratio ¢, or
modal mass m of an open-loop mode. These parameters only appear in the A,q ma.rix, as

can be seen in Eq. 4.41. Thus, Eq. 4.22 reduces to

Ho? T\’
;;,- = trace [L,. (agzdz qag;d> J (4.43)

Eq. 4.43 is used to determine the sensitivity of the variance ai. What is actually desired

is the sensitivity of the RMS value o,,. This can be derived by applying the following simple
rule from calculus.

8 [f*(=)] 9 [f (x)]
3 = ) =5 (4.44)

lf(x)] _ 1 [fz(z)] -
oz ~ 2f(z) Oz (4.45)

Therefore, the sensitivity of a performance RMS value is given by

=

2
ag;,. = 2; BBL; (4.46)
- 2;4 trace [L,- (aai;dzq + qaggd )} (4.47)
Since only modal parameters are being considered at this point, the parameters p can
be defined as
pE [ wj ¢ my ] (4.48)
where j = 1,...,# of modes. Although entries of the mode shape vector ¢; are not in-

cluded, the following derivation can be easily extended to handle these parameters.

The matrix derivatives needed in Eq. 4.47 are {%Aﬂi 79—14, %ﬁf}“ These derivatives

can be determined by inspection, and they are

[ o 0 0
o | 0 0 1 o
0 0
04,4 _ (4.49)
Ow;j 0 —2w; —2¢; 0
L L 0 0 o
| 0 0 0 |
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[ o 0 0
o | 0 0 1 o
0 0
%zé = (4.50)
3G 0 0 —2w; 0
e O 0 -l
i 0 0 0 |
[ 0 0 0 ]
0 00 0
% = C. (4.51)
™; ~¢T6u | [Ca |0 0 ~¢7B.
| 0 0 0 ]

The matrix derivatives with respect to w; and (; consist entirely of zeros except at the
locations where those specified modal parameters appear. For the case of the modal mass
sensitivities, the matrix derivatives are only slightly more complicated. In addition, notice
that the modal masses are assumed to be nominally equal to one because of the mass-
normalization of the mode shapes.

In order to compare sensitivities taken with respect to parameters of different units
(as is the case when the parameters are frequency and damping), compute a normalized

sensitivity as follows.

aUz,i AO’ Z;
Pnom 00z _ (92)p0n . (92),0n . % change in o, (4.52)
(aZz)nom ap p—aL p—AE % Change in Y4 :

This normalized sensitivity indicates the percent change in the performance RMS for a small
percent change in the parameter. For instance, a normalized sensitivity value of —0.75 with
respect to the frequency of a particular mode implies that a 1% increase in the frequency
will result in a 0.75% decrease in the RMS value. Although a 1% parameter change might
be large enough such that the constant sensitivity approximation is invalid, comparing
normalized sensitivities in this manner still provides a sense of the relative influence of the
parameters on the performance metric.

Instead of computing the sensitivity exactly, another approach is to approximate the
derivative with a simple finite difference. The parameter p is changed by an amount Ap, and

the change Ao, in the RMS value is computed after the disturbance analysis is performed
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Table 4.1: Number of Lyapunov equations needed for exact and approximate sen-
sitivity calculations. ng is the number of states in A.4.

Method Comments # of Lyap. equations
Exact e 1 order ng Lyap. equation to obtain
nominal ¥,
e 1 order ns Lyap. equation to obtain 1+n,

L; for each z;

1 order ng Lyap. equation to obtain
nominal X,

Finite difference

o 1 order ng Lyap. equation to obtain 1+n,
¥, for every perturbed parameter

again. The sensitivity is then given by the approximation

0oz, _ Ady,
S A (4.53)

Table 4.1 compares the computational expense involved in calculating either the exact
or approximate sensitivities of all n, performance metrics with respect to a total of n,
modal parameters for a system of order n;. It is assumed that the majority of the expense
comes from solving the Lyapunov equation, so it is sufficient to compare the number of
Lyapunov equations that need to be solved. For instances when there are more parameters
than performance metrics, it appears as if it is more efficient to compute the sensitivities
analytically. Otherwise, the finite-difference approach can yield significant time savings, but
the results are only approximate, and as will be shown later, the finite-difference method

can be numerically ill-conditioned for large-order problems.

4.4 Demonstration of Modal Parameter Sensitivity Analysis

This section shows sample sensitivity analysis results for systems of varying order. A single
DOF spring-mass system is considered first. This is followed by a multi-DOF spring-mass
system with 20 masses. The section concludes with a demonstration of the analysis on a

model of SIM Classic.
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Disturbance PSD’s and cumulative RMS curves
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Figure 4.2: (a) Single DOF system. (b) Disturbance PSD (bottom) and cumula-
tive RMS (top).

4.4.1 Single DOF system

The simple mass-spring system of Figure 4.2(a) is identical to the one presented in Sec-
tion 3.2. The mass and stiffness values were chosen to obtain a natural frequency of 1 Hz,
an- the modal damping is 1%. Recall that the performance is the position of the mass, and
the disturbance force w acts on the mass. This force is the output of a first-order system
driven by unit-intensity white noise. The PSD of the disturbance is shown in Figure 4.2(b).
Plotted above the disturbance PSD is the cumulative RMS curve.

Placing the disturbance filter in series with the plant leads to a form equivalent to
Eq. 4.6. Solving the Lyapunov equation given by Eq. 4.7 yields the state covariance matrix
Y4, which can then be substituted into Eq. 4.8 to determine the performance covariance
matrix ¥,. Since there is only one performance metric in this case, X, is a scalar and equals
the variance o2. For the specific numerical values in this problem, the RMS turns out to
be about 3.6mm. The normalized sensitivities of this value with respect to the natural
frequency, damping ratio, and modal mass can be determined by solving for the Lagrange
multiplier matrix from Eq. 4.21 and then applying Eqs. 4.47-4.52.

The results are presented in bar chart form in Figure 4.3. The horizontal axis represents
the normalized sensitivity, and the vertical axis represents the open-loop mode with which
the modal parameters are associated. The mode is identified by its undamped natural

frequency. The values of the black, gray, and white bars are the normalized sensitivities
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Figure 4.3: Normalized sensitivities of SDOF system performance with respect to
modal parameters.

with respect to the natural frequency, damping ratio, and modal mass, respectively. All
three sensitivities are negative, which indicates that an increase in any parameter will cause
the RMS to decrease. However, the RMS sensitivity to the frequency is about four times
larger than the damping sensitivity and about twice as large as the modal mass sensitivity.
The bar chart indicates that raising the frequency by 1% will lower the RMS by 2%. Of
course in reality, the frequency cannot be changed directly. Rather, only physical properties
of the system (e.g., stiffness, mass) can be modified to affect the frequency. Another item of
practicality is that even though the sensitivities have been normalized to address the issue
of units, they still might not be comparable. For instance, does a 1% change in frequency
“equal” a 1% change in damping? If the sensitivities are to be used to identify parameters
for redesign, then an additional normalization step should be done that takes into account
engineering judgment to “equalize” parameter changes based on the apparent “cost” of
varying the parameters. For example, a 10% change in damping might be deemed to require
the same amount of resources as a 2% change in the frequency. If the sensitiviti=s are to be
used to identify parameters for an uncertainty analysis, then the additional normalization

step might incorporate the uncertainty range for each parameter.
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Figure 4.4: Magnitudes of the percent errors in the finite-difference approxima-
tion to the sensitivities with respect to frequency (left) and damping
(right) as a function of parameter perturbation size.

Validation of the analytical sensitivities shown in Figure 4.3 involved computing = finite-
difference approximation (Eq. 4.53) by perturbing each parameter and determining the
resulting change in the RMS value. The magnitude of the percent error between the finite-
difference value and the exact value is shown as a function of perturbation size in Figure 4.4.
The errors in the sensitivities with respect to frequency and damping decrease as the per-
turbation size becomes smaller. This is expected because the 9Ai;i approximation to the
derivafive should approach the exact answer in the limit as Ap approaches 0. In reality,
numerical precision limitations can arise, and this might explain the “kink” in the curves

at a perturbation size of about 10™5%.

4.4.2 Multi-DGOF system

To demonstrate the method on a slightly more complicated system, the 20 mass/19 spring
example problem in Figure 4.5(a) was created. Each mass and spring constant was randomly
selected from a specified interval. Modal damping was uniformly assigned a value of 0.1%.
There are six disturbance input locations at DOF’s 7 through 12. The performance metric
is the differential motion of the two end masses (i.e., 2 = x99 — z1). The PSD’s of the
six disturbances are shown in Figure 4.5(b). They are bandpass in nature, with the peak
magnitude occurring at 100 Hz and the low and high frequency asymptotes having values
of +4 and —4, respectively. Only two curves are visible because the first three disturbance

PSD’s overlap to form the larger magnitude curve, and the last three overlap to form the
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smaller magnitude curve. The disturbance filter that created the PSD’s in Figure 4.5{(b) was
augmented to the spring/mass system’s state-space representation. The frequency-domain
disturbance analysis discussed in Section 3.1.2 was used to create the plot in Figure 4.5(c),
which shows the PSD of the performance metric and its corresponding cumulative RMS
curve. The modal parameters associated with the first three modes were selected for the
sensitivity analysis because the largest contributions to the RMS are due to these modes.
The normalized sensitivities are presented in Figure 4.5(d), and the largest one corresponds
to the frequency of the third mode. All the normalized sensitivities are negative, and the
first mode is unique in that the sensitivity with respect to modal mass is larger in magnitude
than the sensitivity with respect to frequency.

Figure 4.6 shows the comparison between the exact sensitivities and the approximate
finite-difference sensitivities. Each row of s'* nlots is associated with a particular mode
while each column is associated with eithier the frequency or damping parameter of the
mode. (Modal mass sensitivity errors are not shown, but they exhibit a similar trend.)
As the perturbation size becomes sinaller, the trend is initially the same as that found for
the single DOF case. However, a point is reached when the errors start to climb as Ap
decreases. Thus, numerical issues arise sooner for this larger order system. Nevertheless,
errors on the order of only 0.1% can be achieved by choosing a épp_ of 0.1% for the finite-

difference approximation.

4.4.3 SIM Classic

The model used to demonstrate the sensitivity analysis methodology on a realistically-sized
problem is the three-baseline integrated model of SIM developed at JPL and described in

Chapter 2. Recall that some model parameters are:

e 10 Hz 6-axis isolator (50% damping) at the reaction wheel assembly location (IM-
PORTANT NOTE: The SIM model used in this chapter contains a slightly improved
isolator model. This results in a small shift in the frequencies of the open-loop modes.
The critical frequencies identified in the frequency-domain disturbance analysis of Sec-

tion 3.3 do not correspond exactly to the critical frequencies identified in this section.)
o 0.1% modal damping for structural modes
¢ 100 Hz bandwidth on fringe tracking control

117



Magnitude (N“/Hz)

Performance PSD and cumulative RMS curve

-y r T LESE e s e

o
E
g
s §
2
g
g107°} s
107 L 107" I .
10' 10° 10° 10' 10° 10
Frequency (Hz) Frequency (Hz)
(b) (c)
Normalized sensitivities

¥ T | L 1 1 ! 4 J

110.8

83.55

Open-loop modal frequency (Hz)

4781k - ........ ........ S ........ ........
i i i i i J i i i
~1 -09 -0.8 -0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1 0
p /5 *3c /dp
nom z.,nom ¥4
(d)

Figure 4.5: (a) 20 DOF spring/mass system. (b) Disturbance PSD’s (bottom)
and cumulative RMS (top). (c) Performance PSD (bottom) and cu-
mulative RMS (top). (d) Normalized sensitivities of critical modes.
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The optical path difference (OPD) of guide interferometer #1 is the performance metric
selected for the modal parameter sensitivity analysis.

In order to maintain the explicit modal parameter dependence in 4,;, as indicated
in Eq. 4.41, the model could not be reduced using a technique such as balanced model
reduction [65]. However, since the Lyapunov equation can only be solved for strictly stable
systems, the translational rigid-body mode states had to be removed. It was assumed that
these modes are unobservable in the optical performance metrics of interest and can be
eliminated by a strict truncation. Since SIM constantly undergoes rigid-body translation
as it moves through inertial space, this should only cause SIM’s siderostats to sample a
different portion of the incoming stellar wavefront during an observation. This translation
should not affect differential pathlength or wavefront tilt metrics.

The strict truncation of rigid-body mode states led to A,; being of order 307 (= dis-
turbance states + modal states + compensator states). Solving a 307th order Lyapunov
equation took on average 110 seconds on a Sun Ultra 1. This is not an unreasonably long
computation time, but the restriction on model reduction can pose a problem for higher-
order systems. The sensitivity analysis technique that has been described relies on the
specific form of A,;. Application to much larger systems will require the technique to be
modified so that alternative model reduction approaches can be accommodated.

The reaction wheel assembly (RWA) disturbances are modeled by fourth-order band-
pass filters that approximate the analytical PSD’s derived in Section 2.2.5. Figure 4.7 plots
both the analytical PSD’s and the PSD’s of the filter. The six disturbances are the three
forces and three moments acting at the interface between the RWA and the spacecraft. Note
that the PSD’s are similar to those used in the multi-DOF case of the previous section.

The sensitivity analysis requires that the disturbances be modeled by shaping filters
driven by white noise. The analytical PSD’s have a characteristic “sawtooth” shape and
can not be represented exactly in state-space form. The “smooth” curves represent a simple,

low-order approximation to the more complex PSD’s. They are based on a disturbance filter

of the form
2
Gd(S) = ‘(Sﬁ.;wo)‘l (454)
__A(w)?
Gd(w) = m (455)
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The approximate disturbance PSD’s are therefore of the form

Sww(w) = Gd(‘”)Gf(“’) '
[ A(jw)? ] [ A(=jw)? J
(Jw + wo)? | | (—jw + wo)?
A%f
(jw + ‘Uo)4(—jw + Wo)4

(4.56)

The double zero at s = 0 creates the +4 slope in the PSD at low frequencies, while the
fourth-order pole causes the high frequency slope tc be —4. The actual analytical PSD’s
drop to zero magnitude at the frequency corresponding to the highest harmonic of the
maximum wheel speed. A faster roll-off can be achieved in the approximate PSD’s by
using more poles; however, this comes at the cost of more states in the system. The corner
frequency w, was arbitrarily chosen to be at the geometric mean of the frequencies of the
first and last “drops” in the analytical PSD’s. Referr'ing to Figure 4.7, these frequencies
are at about 18 Hz and 720 Hz. This placed the center frequency of the band-pass filter in
a location that one might choose by visual inspection. The magnitudes of the filter-based
PSD’s were chosen such that the overall RMS values matched those of the analytical PSD’s.
In other words, both the analytical and the approximate PSD’s contain the same amount
of energy.

It can be seen that the “smooth” filter-based PSD’s do not fit the “sawtooth” analytical
PSD’s extremely well; however, a better result can be achieved with a higher-order shaping
filter model. Since the main goal of this section is to demonstrate the sensitivity analysis
technique, no further effort was made to obtain a close fit. In practice, further iterations
should be made in creating a more accirate disturbance filter model.

Rather than computing sensitivities with respect to parameters of all the modes in the
system, a frequency-domain disturbance analysis can be used first to identify which modes
are the most critical. The disturbance PSD’s are simply those corresponding to the approx-
imate PSD’s. They are shown alone in Figure 4.8(a), and the resulting PSD of the OPD
is presented in Figure 4.8(b). Also plotted in Figure 4.8(b) is the disturbance contribu-
tion plot that indicates which disturbances are dominant across the frequency range. It is
based on the approximation that the disturbance cross-spectral density matrix is diagonal.

The critical modes from the cumulative variance plot in Figure 4.9(a) are summarized in

Figure 4.9(b).
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Figure 4.9: (a) Cumulative performance variance. (b) Critical frequencies and
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The six most critical modes, along with three others, were selected for the sensitivity
analysis. Applying Eqgs. 4.47-4.52 to this system (after solving Eq. 4.7 and Eq. 4.21) pro-
duced the sensitivity results shown in Figure 4.10. The largest sensitivity corresponds to
the frequency of the 16.95 Hz mode, and this is consistent with the fact that this mode dom-
inates the response, as indicated in Figure 4.9(b). It is not surprising that there appears to
be a correlation between the critical modes in Figure 4.9(b) and the modes with the largest
sensitivities in Figure 4.10. This suggests that an alternative means of identifying critical
modes is by simply performing a sensitivity analysis with respect to open-loop modal pa-
rameters. The three additional non-critical modes carried into the sensitivity analysis have
negligible sensitivities, and this further confirms that these modes do not contribute much
to the overall RMS value.

It is interesting to note that in this example case, all the sensitivities with respect to
frequency are positive. All the sensitivities shown thus far for the SDOF case and the MDOF
case were negative, implying that increasing modal frequencies, damping, and mass would
improve the performance. This SIM case suggests that increasing the modal frequencies
will actually make the OPD performance worse. It is anticipated that as the systems being
modeled and analyzed become more complex, non-intuitive results such as this will occur

more frequently.
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Figure 4.10: Normalized modal parameter sensitivities.

Attempts to validate the aralytical sensitivities with finite-difference results did not
meet with any success. Figure 4.11 shows the same type of percent error plot as has
been shown for the previous two cases. The percent difference between the finite-difference
approximations and the analytical results increases drastically as the perturbation size is
made smaller. The smallest percent difference is on the order of 10%, and this corresponds
to a perturbation size of 10%. For this large-order system, numerical conditioning problems
appear to be a major issue. This trend was somewhat evident when going from the one
DOF system to the multi-DOF system.

One possible reason for this might be explained as follows. Consider computing the
sensitivity with respect to damping by the finite-difference approach. The first step is
to solve a 307t order Lyapunov equation to obtain the state covariance matrix. Pre- and
post-multiplying by the appropriate C matrix produces the desired mean-square value. The
damping ratio for a specified mode is then perturbed by a small amount, and the Lyapunov
equation is solved again. So of all the 307 entries in the A,, matrix, only one value is
changed by a small percent. If the matrix is not well-conditioned, then the solution of the
Lyapunov equation might not vary smoothly as the parameter is varied smoothly. This,

however, does not explain why the analytical sensitivities do not suffer from poor numerical
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Total OPD (int. 1)
DWEFT, x (int. 1)
DWFT, y (int. 1)
0 % DBS, x (int. 1)
DBS, y (int. 1)
10° 10°
% Perturbation % Perturbation

Figure 4.11: Magnitudes of the percent errors in the finite-difference approxima-
tion to the sensitivities with respect to frequency (left) and damping
(right) as a function of perturbation size.

conditioning if it is present. Further investigation into this effect i+ .ecommended.

At this point, the resuits shown in Figure 4.10 cannot be verified, but since the sen-
sitivities are the expected order of magnitude, then some confidence can be placed in the
accuracy of the results. As will be shown in Section 5.4.4, the use of these analytical sensi-
tivities in an example SIM uncertainty analysis yields results that are consistent with those

obtained using another method. This will serve to indirectly validate the sensitivities.

4.5 Physical Parameter Sensitivities

Of particular use in the early design phases of a system is the ability to identify modifications

that can improve the performance of the system. This is especially true when it is discovered
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during performance assessment analyses that the nominal design fails to meet specified
requirements. Identifying areas for redesign can be made easier if sensitivity information
is available. Sensitivities reveal the amount of change in the performance metrics that
can be achieved by varying parameters in a model of the system. Parameters with large
sensitivities can then be the focus of structural redesigns and/or uncertainty management.

Section 4.3 introduced a method to compute the exact sensitivities with respect to
open-loop modal parameters. While these sensitivities do identify which modes are the
most important, they do not reveal directly what physical characteristics of the design
should be modified to affect the modes and improve the performance. Physical parameter
sensitivities are therefore more intuitive, and this fact motivated the efforts to expand the
sensitivity analysis to include physical parameters.

The following section presents the mathematics behind computing sensitivities with
respect to physical parameters. The model is assumed to be in state-space form, and the
general case assumes that disturbance filter and compensator dynamics are also present. As
is shown, the derivatives of the finite-element model mode shapes, natural frequencies, and
modal masses with respect to the parameters are required. Section 4.5.2 reviews the theory
behind eigenvalue and eigenvector derivatives of structural systems with no repeated eigen-
values. The analytical sensitivities are then compared to finite-difference approximations
on a simple cantilever beam example. To explore issues faced when dealing with large-order
models, an integrated model of SIM Classic is used to demonstrate the technique. Potential
simplifications to the sensitivity equations are investigated in order to reduce computational

effort.

4.5.1 Derivation of physical parameter sensitivities

In Section 4.1, the overall state-space system was placed into the form

d = Azd q+ Bzd d
z = Cqu (4.57)
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Section 4.3.1 showed that for the case of a structural model in modal coordinates with

control loops closed, the state-space matrices are given by

[ Ag 0 0 -
0 0 1 0
Ayu= Ce (4.58)
M-1373, Cy -Q% -2ZQ M-1973,
i 0 B.Cyz [ ® 0 A, ]
By
B,,=1 0 (4.59)
0
Ca=[0 Cu|@ 0] 0] (4.60)
where
A4, B4,Cqy = disturbance filter state-space matrices
A;, B.,,C. = compensator state-space matrices
Q,Z,M,® = modal frequency, damping, mass, and mode shape matrices
Bu,Bw = control and disturbance influence matrices
Cyz,C.z = transformation matrices from FEM physical DOF’s

to sensor and performance measurements

These matrices are valid when the state vector is ordered as 7 = [ 9 9 Qe ]T, i.e.,
the disturbance filter states are placed first, followed by the plant modal states and the
compensator states. Another assumption is that there is no direct feedthrough of either the
disturbances or the control inputs to the performance variables. In other words, D,,, = 0
and D, = 0, which result in the first and last zeros in the C,; matrix.

For convenience, the sensitivity of the variance of the ith performance metric with
respect to the parameter p is repeated here. (It was derived in Section 4.2.)

0% _ . o(CTCy) 04,4 0A%; . 9(B,4BL)
Bp = trace [Zq-—a-p—— + trace | L; —ap—2q+2q Bp + ap (4.61)

where C; is the ith row of C,;, and the state covariance matrix X, and the Lagrange

multiplier matrix L; are obtained from the following Lyapunov equations.

A%, +E,A% + B,yBl; =0 (4.62)
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AT, + LA,y + CTC, =0 (4.63)

If p is a physical parameter of the finite-element model, then in general it will not appear
explicitly in the state-space matrices A,,, B,,, or C,,;. However, the mode shapes in ®, the
modal frequencies in 2 , and the modal masses in M can depend on p. Thus, the parameter

dependence can be expressed in functional notation as
Aza — Aza(®(p), Up), M(p)) (4.64)

C.a — CLa(2(p)) (4.65)

Notice that the modal damping matrix Z has not been mentioned yet. In most situa-
tions, damping is specified in terms of modal damping rather than as a physical damping
matrix C. As a result, Z will not be a function of a physical parameter in the model.
The damping ratios {; are specified rather than derived. This is the reason why damping
parameter dependence will not be carried into the subsequent derivation.

Since B, , is only a function of the disturbance filter By matrix, Eq. 4.61 can be simplified

to

30 oC; T oct 04,4 BAZ"d

S L = trace ap 25,00 + CE— “op + trace | L; B L+ %, T op (4.66)
The matrix derivatives %%i, o4 , and their transposes need to be computed. By invoking

the chain rule based on the parameter dependence expressed in Eq. 4.64 and Eq. 4.65, the

derivatives can be written as

04,y | 0A,, 0w; | OA,, Om; N " 9A,, 0

= 4.67
Op ]gl Ow; Op Om; Op = 0d;; Ip (4.67)
S SN N N e
i $ i H t 1
C,y & [ ac ]aq>,-j
= 26z o == 4.68
op ,gi‘:‘: % 1%, (%)
T H

where N is the number of modes in ®, and n is the number of degrees of freedom. Recall

that the matrices 2 and M in Eq. 4.58 are diagonal.

Q= wj , M= mj where j = 1,2,...,N (4.69)

128



At this point, it is apparent that two types of derivatives are required. The first type
involves state-space matrix derivatives with respect to frequencies, mode shapes, and modal

masses (e.g., %%?4, %;ni_i, %gii;i, and g%,;?). They are indicated by a } in Eqgs. 4.67 and 4.68.

The second type involves the mode shape, frequency, and modal mass derivatives, namely
Ow;j

ko

examined next, and Section 4.5.2 will discuss the mode shape, frequency, and modal mass

and %’"3. These are indicated by a } in Eqgs. 4.67 and 4.68. The first type will be

derivatives.
. . . A oA . .
First examine the computation of Ef;‘ and -5;;;‘ If A, is of the form shown in Eq. 4.58,
then these derivatives are very straightforward to compute. In fact, they were required in
Section 4.3.2 for the sensitivities with respect to modal parameters, and the results shown

in Eq. 4.49 and Eq. 4.51 are repeated here.

-

0 0 0
o [ 0 0 1 o
0 0
04 _ (4.70)
Ow; 0 ~2uw; —2¢; 0
e 0 0 -
| o 0 0 |
[ 0 0 0 ]
0 00 0
%ﬁg - C. (4.71)
™ ~¢TB, | [C: |0 0 47 Bu
i 0 0 0 ]

It is important to note that when using numerical software such as MATLAB, sparse matri-

ces can be used to alleviate the storage requirements of a matrix comprised almost entirely

of zeros. This also helps to reduce the time required to perform matrix manipulations.

The derivatives with respect to ®;; can also be obtained by inspection. If we make the

standard assumption that the mode shapes are mass normalized such that M = I, then

0 0 0
A, _ 0 0 0 0 ..
02 a8, | | Ca 00 (AZF™)7 B
i 0 Bcny[(lg;.‘N) 0] 0 ]
(4.72)
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ac
%j_;=[0 czx[u;f;N) 0] o] (4.73)

where the notation (IZ;N ) is used to designate an n X N matrix whose only nonzero entry
has a value of 1 at the ith row and jth column.

Although these derivatives are relatively easy to derive, the real expense is apparent
when one considers the number of these derivaiives that is required, especially for those
with respect to the elements of the mode shape matrix. Eq. 4.67 and Eq. 4.68 indicate

A ac . . . as .
that ﬁf;‘ and 3-1—;;‘ must be evaluated a total of n x N times each. For a realistically sized
problem, N might be on the order of 100 while n might be on the order of 1000. This would
. : . . . dA ac
imply that there are a total of 100,000 matrix derivatives each for -553? and 33‘: For each
one, there is also an associated matrix multiplication. This can quickly increase the time

required to compute the matrix derivatives. A later section will discuss approximations and

other techniques that can speed up the computations.

4.5.2 Mode shape and natural frequency derivatives

As mentioned previously, the other type of derivative found in Eq. 4.67 and Eq. 4.68 deals
with mode shape, frequency, and modal mass derivatives with respect to physical param-
eters. These fall within the general category of eigenvalue and eigenvector sensitivities,
which have been the focus of much research over the last several decades. Ti.zse sensi-
tivities have found widespread use in structural optimization routines and finite-element
model updating. The classic reference is by Fox and Kapoor [21], and the approach used by
Nelson [68] for eigenvector derivatives will be outlined here. For more references pertaining
to general eigenproblem sensitivities, refer to Reference [66]. These references only discuss
mode shape and frequency derivatives; therefore, computing modal mass derivatives was a

new capability that had to be added.

4.5.2.1 Derivation

The eigenvalue derivative can be determined by first considering the familiar eigenvalue

problem for a structural system.
(-wM + K)¢; =0 (4.74)

M is the mass matrix and K is the stiffness matrix, and both are assumed to be symmetric.

For the jth mode, w;‘-’ is the associated eigenvalue and ¢; is the associated eigenvector. In
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more familiar structural dynamic terminology, w; is the natural frequency and is a diagonal
entry in the modal frequency matrix 2. The vector ¢; is the mode shape and is a column

of the modal matrix ®.
Differentiating both sides of Eq. 4.74 with respect to a structural parameter p and

pre-multiplying by ¢JT leads to
¢F (—wiM + K) %9 4T (~w b
N L /, Op J 7 op dp

=[(—w12.M+K)¢j]T=0

oM 0K ow?
20M __) ¢~ =2 ¢.;FM¢j =0 (4.75)
Bp N e

=1

and it can be seen that the unity modal mass normalization of the mode shapes has been

. Bu? .
enforced. Solving for the eigenvalue derivative 5 Produces the simple result

dw} L[ LM 0K
5= h (% ) (419

Eq. 4.76 indicates that the derivative of the squared natural frequency of the jth mode is
given in terms of the corresponding mode shape and frequency as well as the mass and
stiffness derivatives with respect to the parameter p. It does not depend on knowing the
values of other modal frequencies and mode shapes.

Unfortunately, computing the mode shape derivative requires substantially more effort.
Prior to the pre-multiplication step that produced Eq. 4.75, the following intermediate

equation can be obtained.

 ow?
(-gnr+ K) B = S aagy - (-0 + 9K ) g, (4.77)
. — o o o) "
=K; =b;

Once Eq. 4.76 is evaluated, the right-hand side of Eq. 4.77 is known. Also, the coefficient
matrix in front of %dg_ is known. Eq. 4.77 is therefore of the form

j%% = bj (4.78)
where we will refer to K; as the dynamic stiffness matrix associated with the jth mode.
Eq. 4.78 is a system of linear equations in terms of the elements of the vector %l. A
direct solution can not be obtained via a procedure such as Gauss-Jordan elimination and
back substitution because K; is a singular matrix. This is evident because Eq. 4.74 has
nonzero solutions for ¢;. In particular, K; will have a rank of n — 1 if all the w; are unique,

i.e., if there are no repeated eigenvalues [35]. If a particular problem does have repeated

131



eigenvalues, then alternative solution techniques are required. However, the remainder of
this section will only consider the case of distinct modal frequencies.

The solution procedure begins by assuming that %’}} can be expressed as the sum of a
particular solution of Eq. 4.77 and a homogeneous solution. Since the mode shape vector ¢;
is in the nullspace of K;, as indicated by Eq. 4.74, the homogeneous solution is ¢; multiplied

by an undetermined scalar a. Denote the particular solution as 1; and write %%- as

0¢; ,
— . + a : 4.’{ g
Differentiating the mass normalization relation ¢fM ¢; = 1 with respect to p produces
d¢T oM 3
S Mes + 6756+ 6T M ‘;’ 0 (4.80)

Noting that the first term is just the transpose of the third term leads to

26T M a¢3 + ¢T oM ¢J =0 (4.81)

Replacing %‘;f- by the right-hand side of Eq. 4.79 results in
7OM

267 M (¢; + ad;) + 43 2 % =0 (4.82)
which can be expanded to give
T T T M
2¢; My +2a¢; Md; +¢; —¢; =0 (4.83)
— = ap

=0 =1
To see why the first term is set to zero, notice that Eq. 4.79 explicitly separates the homo-
geneous solution a¢; from the particular solution ;. Hence, ¥; does not have a cornponent
in the direction of ¢;. In fact, ¢; can be thought of as a linear combination of all of the
remaining eigenvectors since the mode shapes are linearly independent. In other words, v;

is in the column space of the matrix

[ $1 g2 -0 Pi-1 Sir1 0 dm ] (4.84)
All of these modes are mass orthogonal to ¢;; therefore, qb;fM ¥; = 0. Solving Eq. 4.83 for
a produces
1 M
_.§¢;—!"_a_p.¢j (4.85)

The technique used by Nelson in Reference [68] to obtain the particular solution ;

involves constraining one of the elements of v; to be zero. The element is arbitrarily chosen
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to be the degree of freedom associated with the largest component (in magnitude) of the
mode shape ¢;. Imposing a value of zero allows a row and column of K; to be removed,

thereby truncating Eq. 4.78 into a non-singular set of linear equations of the form
Kip; = b; (4.86)

which can be solved using standard techrniques such as Gauss-Jordan elimination (rather
than by inverting 1&,-). The vector 1); is then simply 1/;_,- with a zero inserted at the appro-

priate location.

Once the mode shape derivatives have been determined, the modal mass derivatives

readily follow. The modal mass equation is given by
m; = ¢] M¢; (4.87)

Differentiating with respect to p leads to

om; rOM
+ ¢l —— o, 4.88
] s (4.89

Op

9¢;

—- T
=267 M =

Since %%i and %Apl have already been calculated, the right-hand side is known.

To summarize, the eigenvalue derivative for each mode is computed using Eq. 4.76. The
mode shape derivative is computed by first solving for the scaling factor a in Eq. 4.85 to
obtain the homogeneous solution a¢;. The particular solution ¥; is obtained by solving
Eq. 4.86, which is the same as Eq. 4.77, but with one degree of freedom removed. The

modal mass derivative is given by Eq. 4.88.

4.5.2.2 Example Beam Element Derivatives

The key to being able to compute eigen-sensitivities with respect to physical parameters is

whether it is possible to evaluate the matrix derivatives %f and %’g. Notice that the term

(—wf% + %) ¢; appears in both the equation for the eigenvalue derivative (Eq. 4.76)
and the right-hand side of the eigenvector derivative equation (Eq. 4.77). K and M are the
system stiffness and mass matrices in global coordinates and typically have contributions
from many different elements. What is usually done in practice is to first compute derivative
matrices at the element level, then transform to global coordinates, and keep a running sum

from all the contributing elements [48].
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Table 4.2: DOF ordering for a single, two-node Bernoulli-Euler beam element.

# DOF Description

1 3  Node 1 displacement in =

2 y1  Node 1 displacement in y
3 z1  Node 1 displacement in z
4 0, Node 1 rotation about z
5 6, Node 1 rotation about y
6 0, Nodel rotation about z
7 z3  Node 2 displacement in z
g y2  Node 2 displacement in y
9 z9 Node 2 displacement in 2
10 6y, Node 2 rotation about z
11 6,, Node 2 rotation about y
12 6,, Node 2 rotation about z

Take for example the element stiffness matrix for a two-node, constant cross-section,
Bernoulli-Euler beam element with shear deformation and rotary inertia effects ignored.
Assume that the local degrees of freedom are ordered as shown in Table 4.2.

The general form of the matrix is (see for example Reference [13])

Kelement =
[ EA _EA T
L L
12E1 6E], 12E1 6E],
o x - s
12E1 6E] 12E1, 6E1,
= L 2 "
GJ Gl
L A
6EI 4E1 6EI 2EI
- ._!.l — _,2.2. ¥
L* L L L
6EI AET 6EI 2E1,
1 L 2 T
_EA E4
L L
12E1, 6EI 12E1 6EI
7 a2 7 L
12E] 6E{ 12E1 6E]
T 7 = =
_GJ GJ
L L
6E1 2EI 6E], 4E71
- _1.!!. =y _,1 —
L: L L L
6EL, 2EI 6E1 2E1
L R " - I
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The element mass matrix can either be created using a lumped mass approach or a

consistent mass formulation. The form of the element mass matrix used in IMOS (and

based on NASTRAN's formulation) is

pAL
Mejement = 120 X
[ [175 | [35] ]
156 | 2L 54 —13L
156 —22L 54 13L
1050t s)
-22L 4L? ~13L -3L2
2L 412 13L -3L2
[175]
54 13L 156 -22L
54 —13L 156 22L
105 Yutle)
13L -3L2 22L 4L?
_' -13L -3L? -22L aL? |
(4.90)

The entries that are boxed are the result of a NASTRAN technique that averages the

lumped mass and consistent mass entries associated with the axial (i.e., extensional) degrees

of freedom.

The parameter dependence of Kgement and Melement can be expressed as

where

&~
i

.
il

©
i

B QW
l

Kelement - element(Aa J, Iy’ Iza E’ G, L) (4'91)

Meiement — Melement (P, A, Iya I, L) (4'92)

cross-sectional area

cross-sectional torsional constant

cross-sectional bending moment of inertia about the y axis
cross-sectional bending moment of inertia about the z axis
Young’s modulus

shear modulus

element length

mass density
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For simplicity, the element length L will be treated as constant; hence, no sensitivities
will be computed with respect to this parameter. The difficulty arises due to the fact that
a change in an element’s length affects the nodal locations of all elements “downstream”
of the element. This implies that the transformation from local to global coordinates for
each element is no longer a constant based on the original geometry of the model. The
transformation matrix becomes a function of the changes in element lengths, which greatly
increases the difficulty of the problem. This is one of the reasons why structural redesigns
based on changing the topology of a model are hard to implement using a gradient approach.

Nevertheless, the remaining beam element parameters can be accommodated in the

derivative equations previously introduced. Therefore, the physical parameter p satisfies
PG[A J I, I, E G p]

The matrix derivatives QE%;““‘ and w—%‘;‘m can be computed symbolically and stored in
an element library for subsequent use.
Having evaluated these derivatives, the next step is to transform to global coordinates

via the element transformation matrix Ty, which satisfies
bik = Tkbjk (4.93)

where qu,k represents the entries of the jth mode shape that correspond to the kth beam
element’s DOF’s in local coordinates. The vector ¢;x is simply the same vector expressed

in global coordinates. It can be shown that

BM oK of elements aM 6K -~
2 2 element element
—_—— 4+ — ;= E l —wW? + . . 4
( 4 ap ap ) ¢] k=1 k ( J 617 B'p )¢J’k (4 ? )

The left hand side of the equation is the term that appears in both the eigenvalue and eigen-

vector derivatives, as mentioned previously. The summation extends over all the elements

of interest containing the parameter p. Eq. 4.76 becomes

o 2 # of elements i _
_6‘%7_ _ Z (,Z‘)g:k (_w]z 6M2;ment + aK%;ment) ¢j,k (495)

k=1

while Eq. 4.77 becomes

6(]5 awg # of elements ( OM. , oK , _
2 J 2 2 element element
~wIM+K) 2 =2Mp;— Y Tl + ) ik (4.96
(i,_.__)/ op Op %3 = AR ™ op Pik (4.96)

EKJ'
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4.5.2.3 Example Generalized Spring and Inertia Derivatives

Although element derivative matrices have been shown only for the case of beam elements,
the same procedure can be applied to more complicated elements such as plates. In addi-
tion, early generation finite-element models typically incorporate generalized spring (e.g.,
CELAS) and inertia (e.g., CONM) elements. In the most general form, each of these ele-
ments can be characterized by a 6 x 6 matrix. (The following equations are also valid for
matrices of other sizes.) Let them be denoted by Kcgras and MconMm, respectively. In-
troduce scalar factors a and 3 that are used to capture overall stiffness and mass increases
as represented by aKcerLas and SMconMm, where a and 3 are nominally equal to 1. If

p= a or (3, then Eq. 4.95 and Eq. 4.96 -2an be written as

0w} O0(aKcgLAs
57;’ = ¢} cELas —(—-%——‘) #5,CELAS (4.97)
=KCELAS
O d(BMconm)
i 2 .
B - Y AT ——ap  %iconm (4.98)
=MconMm
0 Ow? 9aK,
erm ¢J = o Mei- ‘E"@%&Lﬁl ¢5,CELAS (4.99)
(- S
=KcELAS
09; _ Owj 2 O(BMconm)
ks a8 o8 5 M+ — a8 $5,CONM (4.100)
=MconMm

The previous equations assume that Kcgras and Mconm are expressed in the global coor-
dinate frame. ¢; cELAs represents the entries in ¢; that correspond to the CELAS DOF’s,

while ¢; conm represents the entries in ¢; that correspond to the CONM DOF’s.

4.5.3 Implementation

An IMOS-compatible series of MATLAB functions that compute structural eigenvalue and
eigenvector derivatives for beam elements was written by S. Kenny (MIT) and are doc-
umented in Reference [48]. The main piece of code is called nelson.m, and it was used
to obtain the results presented in the following sections. Furthermore, the code was also
modified to compute modal mass sensitivities (Eq. 4.88), and a new function nelson.mod.m
was created to caiculate sensitivities with respect to the a and [ parameters associated

with CELAS and CONM elements.
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Another modification that was made to nelson.m and implemented in nelson.mod.m
involves accounting for rigid-body elements (RBE’s) that result in constraint equations
relating certain “master” DOF’s (called the nset) and “slave” DOF’s (called the mset).
RBE’s are often found in first-generation conceptual models since much of the detailed
design has yet to be done. Certain components of the model are simply treated as behaving
like a rigid body.

To see how the coustraint relations affect the equations for eigenvalue and eigenvector
derivatives, first write the standard undamped, unforced equations of motion for a finite-

element model.
Mi+Kx=0 (4.101)

Assume the mass and stiffness matrices are partitioned according to the nset and mset

DOF’s.

-
M - Mnn Mnm
an Mmm
K — Knn Knm
i Kmn Kmm
In
T =
Zm
(4.102)
A constraint matrix T, relates the nset DOF'’s to the mset DOF’s.
Ty =Tcx, (4.103)
The physical DOF’s z can therefore be expressed in terms of z,,.
I
T = Zn (4.104)
1.
N e’
=R
Reducing out the mset DOF’s from Eq. 4.101 results in
RT{VIR #n +RT ~KR Tp =0 (4.105)

M K
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It is these reduced matrices that are typically used in the generalized eigenproblem to

compute the mode shapes and natural frequencies of the system.
K&, = M®,Q (4.106)

where ®,, is the mode shape matrix whose rows correspond to the nset DOF’s. The modes
can be expanded to all the DOF’s via the relation & = R®,,.
The eigenvalue derivative equation for this reduced system is in the form of Eq. 4.76

and can be written as

Aw?
a—p’={¢j}f( 2(;M 6K) {65}, (4.107)

where {¢;}, represents the jt.. vode shape at only the nset DOF’s. However, the matrix
derivatives %ii and %% are not known directly because the reduction process in Eq. 4.105
combines the effect of all partitions of the unreduced M and K. It is easier to determine the

matrix derivatives -5,— and & -ﬁ- first. Eq. 4.107 can be written in terms of these derivatives

as follows.
ow? oM 0K
S = R (i + 5 ) R, (4108)
_ T pT 26M oK
- ( o+ ap)qb (4.100)
-Edj

Once the vector d; is computed, it can be stored and subsequently used in the eigenvector

derivative equation (Eq. 4.77), which is repeated here.

2
(—wirt + K) B{M %wiM (¢}, —d; (4.110)
\—-—f————’ p

_=_)€,-
After applying Nelson’s method to solve for the eigenvector derivative, the vector can then

be expressed at all the DOF’s by multiplying by R.

a¢j _ a{¢]}n
op =R Bp (4.111)

The modal mass derivative is then obtained using Eq. 4.88.

139



4.6 Demonstration of Physical Parameter Sensitivity Anal-
ysis
4.6.1 Cantilever beam

To validate the equations that have been presented for physical parameter sensitivities, a
cantilever beam example was created. The beam depicted in Figure 4.12(a) is assumed to
be made from aluminum, with density 2700 kg/m?, Young’s modulus 70 GPa, length 0.50 m,
width 1cm, and height 1.8cm. The primary bending direction is in the horizontal plane
(i.e., the plane perpendicular to the page). The disturbance is a tip force oriented at a
45° angle in the plane of the cross-section. It is bandlimited white noise with intensity
10~4 N2 /Hz across the frequency range of the beam dynamics, as shown in Figure 4.12(b).
The performance metric is the tip displacement (in millimeters) along the same direction.
The RMS is 0.43 mm, as indicated in Figure 4.12(c). The beam is modeled with a single
Bernoulli-Euler beam element with six DOF’s at the tip node. The use of additional finite
elements would lead to better estimates of the modal frequencies; however, the purpose of
the model is to demonstrate the physical parameter sensitivities. Consequently, a single
beam element model was deemed sufficient. The stiffness and mass matrices are of the form
given in Eq. 4.89 and Eq. 4.90. Due to the fixed end, the first six rows and columns of
Kelement and Melement are deleted.

The modal frequencies and mode shape descriptions are listed in Table 4.3. Only the
first four modes are disturbable and observable, which is the reason why just four resonant
peaks are visible in the performance PSD plot.

Performing a sensitivity analysis of the tip displacement RMS with respect to modal
parameters results in the normalized sensitivities presented in Figure 4.13(a). As is evident,
the first mode is the most dominant, followed by the second mode. Perturbing the frequency,
modal mass, or damping of the higher modes has no appreciable affect. To confirm the mode
shape descriptions in Table 4.3, the strain energy contribution from the four primary types
of beam deformation (1 axial, 2 bendings, 1 twist) are displayed in Figure 4.13(b). Due
to the form of the element stiffness matrix given in Eq. 4.89, the modes are uncoupled,
meaning that there are no extension/twist or bending/twist coupled modes. The first four
modes are characterized by bending, the fifth mode is an axial mode, and tiie sixth mode

is a torsion mode.
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Figure 4.12: (a) Cantilever beam demonstration case. (b) Tip force disturbance

PSD. (c) Tip displacement cumulative RMS (top) and PSD (bot-
tom}.
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Table 4.3: Cantilever beam frequencies and mode shapes.

Freq. (Hz) Mode shape description

33.1 horizontal bending
59.5 vertical bending
326 2nd horizontal bending
586 2nd vertical bending
2510 axial
3240 torsion
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Figure 4.13: (a) Performance RMS normalized sensitivities with respect to modal
parameters. (b) Strain energy contributions to each mode from the
four types of beam deformation.
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Table 4.4: Notation used for the four types of beam deformation. (jth mode, kth
beam element)

element DOF’s mode shape components element stiffness submatrix
axial (1,7) ;i axial Kk axial
bending 1 (2,6,8,12) .k bend1 Ky bendi
bending 2 (3,5,9,11) Bjk bend2 Kk bend2
twist (4,10) q‘;j,k,twist K twist

The strain energy contributions are determined as follows. First consider the mode
shape partitioning shown symbolically below.
1 2 7 3. 7 ~ 7 7
¢ — Pik — Gk — @jkaxial, Pjkbendls Pjkbend2r Pjk,twist
Specifically, for the jth mode shape ¢;, the steps are:

1. Extract a vector of size 12 x 1 that corresponds to the 12 DOF’s of the kth beam

element.
2. Transform the vector to local element coordinates.

3. Split this vector into four separate vectors, each of which corresponds to the DOF’s

of one of the deformation types.

In addition, the rows and columns associated with the different sets of DOF’s can be ex-
tracted from the element stiffness matrix (recall Eq. 4.89) to form smaller stiffness subma-
trices. The notation is summarized in Table 4.4. The modal strain energies for the diffzrent

types of motion are simply

Uj kaxial = %‘i{k,axialKk,axial$j,k,axial (4.112)
Ujkbend1 = ';'q;g':k,bendlKk,bendl(zj,k,bendl (4.113)
Ujkbend2 = %‘f;fk,bende k,bend2¢-5j,k,bend2 (4.114)

Ujkpwist = %q;}:k,twistKk,twistéj,k,twist (4.115)

Dividing through by the total modal strain energy

1 1
Uj total = _2'¢_?K¢J = 5“{72 (4.116)
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yields the percent contribution, which is plotted in Figure 4.13(b).

One use of decomposing the element strain energies in this manner is to help identify
which physical parameters should be carried into the sensitivity analysis. As will be dis-
cussed shortly, the time required to complete the sensitivity analysis is proportional to the
number of parameters; therefore, reducing the total number will lead to significant time
savings.

Based on the form of the beam element stiffness matrix in Eq. 4.89, the following

mapping between physical parameters and affected element modes can be created.

E,A — axial mode
E,I, — bending mode 1
E,I, — bending mode 2

G,J — torsion mode

The parameters to choose can be qualitatively determined by first identifying the critical
modes from modal parameter sensitivity results (e.g., Figure 4.13(a)) and/or cumulative
RMS plots (e.g., Figure 4.12(c)). Then, strain energy contribution plots (such as Fig-
ure 4.13(b)) and/or mode shape animation software can help to isolate what type of motion
is associated with each mode. Finally, a mapping from physical parameters to different de-
formation types is used to select the important parameters. In this simple beam example,
this process can be implemented quite easily, and the results are intuitive. Howéver, for more
complicated systems the results might be harder to interpret. Applying this methodology
to a model of SIM will be the subject of the next section.

Table 4.5 compares the analytical performance RMS sensitivity results with results
obtained by a finite difference approach (perturbation size = 0.1%). Also shown are the
results when only a subset of all six modes is used. With the exception of E, all other
parameters show good correlation between the finite difference and analytical values. The
sensitivities with respect to G and J are zero since these parameters only affect the torsion
mode, and this mode does not influence the tip displacement. The parameters A and p
have the same sensitivities because they appear in exactly the same fashion in the element
mass matrix. Normally the two would have different sensitivities because A also appears
in the stiffness matrix while p does not, but because the axial mode (which A affects)

does not contribute to the tip displacement RMS, A and p in this case exhibit equivalent

144



sensitivities. They have negative sensitivities, which agrees with the modal mass sensitivities
found in Figure 4.13(a). These sensitivities are negative, which implies that increasing the
modal mass will decrease the RMS. But an increased modal mass can be achieved by
increasing either p or A, and the physical parameter sensitivities in Table 4.5 also indicate
that increasing these quantities will reduce the RMS.

The largest sensitivities correspond to E and I, and this supports the findings in
Figure 4.13. Mode 1, which is the dominant mode, is characterized by bending mode
type 2. The physical parameter mapping indicates that E and I, affect this mode, and
bending about the y-axis corresponds to the “weak” bending direction.

The columns in Table 4.5 that correspond to the analytical predictions are based on
retaining all or only a subset of the modes when evaluating the A,; and C,; matrix deriva-
tives in Eq. 4.67 and Eq. 4.68. These derivatives involve summing over 1 to N, where N
is the total number of modes. The column headings that take integer values from 1 to 6
indicate what value of N was used to compute the sensitivity values in the columns of the
table. For instance, the column with the heading “4” means that only the first four modes
were used in the calculations.

This is the first attempt at investigating time-saving simplifications that can be exploited
in models of appreciable size. As shown previously, the first two modes are the dominant
contributors to the tip displacement RMS. The analytical approximation that only uses
these two modes produces reasonably accurate sensitivities. The maximum error docs not
exceed 0.4%. Even the approximation that only retains the first mode does a good job of
estimating most of the sensitivities. Notice that the sensitivity with respect to I, goes to
zero in this one-mode approximation since I, has no effect on the primary bending mode.

These results suggest that only the modes in the frequency range where most of the
RMS contribution occurs need to be used in Eq. 4.67 and Eq. 4.68 in order to obtain good
estimates of the sensitivities. While this appears to hold for this simple example, the next
section will explore how valid the assumption is for the more complicated SIM model.

Although not used here, a time-saving measure which does not introduce anjr approxi-

mations is based on looping only over the DOF’s in Eq. 4.67 and Eq. 4.68 at which
e disturbances enter (based on ),

e control inputs are applied (based on 3,),
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Table 4.5: Comparison of tip displacement RMS normalized sensitivities with re-
spect to beam properties.

ﬁ“{;%ﬂ; 3’;—"%% (analytical), # of modes =
p (finite diff.) 6 5 4 3 2 1
--0.2498 —-0.2500 -0.2500 -0.2500 -—0.2499 -0.2490 -0.2127
J 1.08x 1077 0 0 0 0 0 0

I, —0.1099 -0.1100 -0.1100 -0.1100 -0.1096 —0.1096 0

I, -06394 -0.6400 -0.6400 -—0.6400 -—0.6400 -0.6375 -—0.6375
E  -0.7493 -0.6739 -0.6739 -0.6739 -—-0.6738 -—0.6713 —0.6375
G 1.08x 1077 0 0 0 0 0 0

p -0.2498  —-0.2500 -0.2500 -—0.2500 -—0.2499 -0.2490 -0.2127

Tip displacement RMS sensitivities

rho

G L

E L

2t finite diff. i
6 modes

it 5 modes l

4 modes
3 modes

ArlE4] 2 modes
1 mode

-0.8 -0.6 -04 -0.2 0 0.2

p /o aoz/ap

nom z,nom

Figure 4.14: Bar chart representation of Table 4.5.
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e sensor measurements are made (based on Cy;),
¢ and performance metrics are obtained (based on C,;).

These DOF’s are the ones that are important in A,; and C,;. The DOF’s that fall into
these categories should only be a fraction of the total number of DOF’s. The remaining
DOF'’s contribute nothing because %%:;‘ = 0 and %Cpf;? = 0 for values of i that correspond
to these DOF’s.

As a simple illustrative example, consider a system which is open loop (hence no G, or
Cyz) and which has a single disturbance and collocated performance metric. Assume there
are 1000 DOF’s, and the disturbance and performance are associated with DOF #100.

Then f,, and C;, contain only one nonzero element at the 100th entry.

T -~ C,, =100 --- 010 --- 0
P . [ ) (4.117)
T 100th element
The terms ®73,, and C,,® which appear in Eqs. 4.58 and 4.60 are given by
7. \T
Cex® = (97Bu) = | Duoos) -+~ Proosoe) | = 100th row of & (4.118)

Thus, the second summation in Eq. 4.67 and Eq. 4.68 needs to be evaluated only when

i = 100. This leads to significant time savings with no loss of accuracy.

4.6.2 SIM Classic

Results of a physical parameter sénsitivity analysis on the model of SIM Classic will now
be presented. Figure 4.15 summarizes the results of the disturbance analysis and modal
parameter sensitivity analysis that have previously been done. Figure 4.15(a) shows the
familiar finite-element model and ray trace. Approximate PSD’s of RWA disturbance forces
and moments are plotted in Figure 4.15(b), and the resulting PSD of the OPD is shown in
Figure 4.15(c). The modal parameter sensitivities are presented in Figure 4.15(d)

To help identify which stiffness-related physical parameters should be used in the sen- _
sitivity analysis, the percent strain energy stored in various elements was computed. Fig- »
ure 4.16(a) shows the distribution of strain energy for the 16.95 Hz mode. The left subplot
shows the contribution from all the beam elements in the model. Elements 1-14 correspond
to the beam elements on the —z siderostat boom, elements 15-28 correspond to those on

the +z siderostat boom, and elements 29-37 correspond to those on the metrology boom.

147



SIM Optical Model Ray Trace
A

PSD and cusmulative RMS (Total OPD (int. 1))

Frequency (Hz)

()

Disturbance PSD's and cumulative RMS curves

Foﬂ:miﬂN

T

Momcnis in N-—m

Frequency (Hz)

(b)

Normalized sensitivities of Total OPD (int. 1) RMS value w.r.t. modal parameters

96.69

B &
s ¥

21.39

20.86[

1891

Open-loop modal frequency (Hz)

5
2

T T T T T

~ T
T

©
4
m

nnn

~0.2 [} 02 04
/%, om’0 O, Pp

pneml.nom

(d)

0.6 0.8 1

Figure 4.15: (a) Stellar ray trace through guide interferometer #1 of SIM. (b)
Approximate PSD’s (bottom) and cumulative RMS (top) of reaction
wheel disturbances. (c) Performance PSD (bottom) and cumulative
RMS (top). {d) Normalized sensitivities of performance RMS with
respect to modal parameters of critical modes.
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Figure 4.16: (a) Strain energy contributions for the 16.95 Hz mode. (b) Mode
shape of the 16.95 Hz mode.

All the beam elements are ordered beginning at the root of each boom. Eqns. 4.112-4.115
were used to calculate the strain energy in the four different types of beam deformation, and
the results indicate that all the siderostat boom elements are in torsion while the metrology
boom is in bending. Most of the siderostat boom elements contain more than twice the
strain energy stored in the metrology boom elements. This suggests that the paramevers
which should have a large effect on this mode are G and J of the siderostat boom. Recall
that G and J will have the same sensitivities because only the product GJ appears in a
beam element’s stiffness matrix. Examining the mode shape in Figure 4.16(b) reveals that
the siderostat booms are indeed undergoing torsion, and the boom tips are 180° out of
phase.

The middle subplot in Figure 4.16(a) shows the strain energy fraction stored in each
of the siderostat bay generalized spring elements. The SIM model includes these CELAS
elements to try to capture local flexibility between a siderostat bay and the supporting
siderostat boom. Since these CELAS elements are in the form of a fully-populated 6 x 6
stiffness matrix, the strain energy could not be decomposed into contributions from de-
formations such as extension and twist. Instead, the total strain energy in each CELAS
element was computed as

1
§¢]T':CELASK CELAS®j,CELAS (4.119)
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The largest strain energy fraction is found in siderostat CELAS element #3. In Fig-
ure 4.16(b), this siderostat is the third one from the left, and in Figure 4.15(a), it is the
leftmost one through which stellar light is passing. The siderostat bays are numbered start-
ing with the outboard bay on the +z arm, proceeding to the inboard bay on the +z arm,
then starting with the outboard siderostat on the —z arm and proceeding to the inboard
siderostat on the same arm. Other potential parameters for the sensitivity analysis are the
a and 3 parameters associated with this siderostat bay. As discussed previously, these are
scalar factors that multiply the nominal Kcgpas and Mconm matrices to capture overall
stiffness and mass increases or decreases.

The next largest contributor to the strain energy is siderostat CELAS element #6,
and this is the other siderostat that forms the pair for the guide interferometer shown in
Figure 4.15(a). The relative motion of the siderostats is difficult to see in the displayed
mode shape in Figure 4.16(b), so it is harder to verify the strain energy results based on
this picture; however, the use of modal animation software to zoom into areas of the model
did confirm the results.

The right subplot of Figure 4.16(2) shows the contributions from another class of strain
energy storage elements, namely the hexapod strut elements. These are also modeled with
CELAS elements, but instead of being characterized by a full 6 x 6 stiffness matrix, the end
of each strut is joined to a coincident node with a diagonal Kcgras in local strut coordinates.
This permits the contributions to be further decomposed into differential motion in each of
the six axes. However as expected, the plot shows that the strain energy is dominated by
axial (i.e., dr) deformation of the six struts that form the hexapod. The modal animation
software (called XVIEW) does not use visible line elements to represent spring elements,
and this is the reason why the hexapod appears to be “discontinuous” in Figure 4.16(b).

The two other dominant modes at 18.91 Hz and 21.39 Hz are characterized by local
modes of the siderostat bays, as shown in Figure 4.17. Both the mode shapes and the
siderostat CELAS strain energy plots clearly indicate which bays have the largest motion.
Siderostats 1 and 3 participate the most at 18.91 Hz, while siderostats 5 and 6 participate
the most at 21.39 Hz. The motion of the siderostats is comprised mostly of rotation about
z with some displacement in y. Recall that siderostats 3 and 6 collect the light for guide
interferometer #1; consequently, any motion by them will have a strong effect on the OPD.

The results of the physical parameter sensitivity analysis are presented in Figure 4.18.
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Figure 4.17: (a) Strain energy contributions for the 18.91 Hz mode. (b) Mode
shape of the 18.91 Hz mode. (c) Strain energy contributions for the
21.39 Hz mode. {d) Mode shape of the 21.39 Hz mode.
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Two different sets of modes were used in the computations, and the plot shows that no
appreciable change in the predicted sensitivities occurs when more modes are used. This
confirms that the dominant modes are present in both sets of modes. Although the strain
energy contributions suggest that only certain parameters should be important. more are
included in the figure to check if the intuitive choices are correct. Parameters A through p
are the material and geometric properties of the siderostat boom. Parameters al through
a7 represent the a factors for each of the seven siderostat bay CELAS elements. Parameters
bl through b7 represent the 3 factors for each of the seven siderostat bay CONM elements.
Note that hexapod stiffness parameters and metrology boom parameters were not included
in the analysis.

Figure 4.18 does confirm that G and J are the most important parameters of the sidero-
stat boom. Also, a3 and (3 have relatively large sensitivities. Since siderostat bay 3 has
large strain energy contribution in two out of the three critical modes, it makes sense that
the OPD is very sensitive to a3. The large sensitivity with respect to 33 is also intuitive and
can be explained as follows. In the local mode at 18.91 Hz, the siderostat bay undergoes
large motion relative to the siderostat boom to which it is attached. Changing the mass
and inertia properties (which (3 controls) of the bay should affect this motion. It is inter-
esting that the a3 and (3 sensitivities are opposite in sign, but this is not contradictory. A
positive sensitivity with respect to (3 suggests that decreasing the mass and inertia of the
bay will improve the performance. This should lead to an increase in the frequency of the
local siderostat mode. A negative sensitivity with respect to a3 suggests that increasing the
stiffness of the siderostat mount will also improve the performance, but this should increase
the frequency of the local mode as well. These results imply that the local dynamics of the
siderostat bays are important. What is surprising is that the sensitivities with respect as
and fs (the stiffness and mass parameters associated with siderostat 5) are fairly large. This
siderostat is not part of guide interferometer #1; however, it does undergo motion in the
two critical modes at 16.95 Hz and 21.39 Hz. The sensitivities suggest that the frequency of
this mount mode shcould be lowered, which is opposite of what should be done to siderostat
bay 3. The results might be indicating that the local mount modes should be individually
“tuned” to improve the performance.

The next largest parameter sensitivities for the siderostat boom correspond to the cross-

sectional area A and material density p of the siderostat boom beam elements. Since
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Figure 4.18: SIM physical parameter sensitivities.

extension of the siderostat boom does not contribute to the critical mode at 16.95 Hz,
extensional strain energy is negligible; therefore, A was not identified as an important
parameter. A only affects the axial stiffness term %4. What has been neglected thus far in
determining important parameters is a kinetic energy distribution analysis. From a kinetic
energy standpoint, the quantity pA appears in every entry of a beam element’s mass matrix
(see Eq. 4.90) except for the torsion-related terms. Since the sensitivities with respect to p
and A are nearly identical, a possible explanation is that the total mass of the siderostat
booms is important. The siderostat booms not only deform in torsion in the 16.95 Hz mode,
but they also translate in the xy plane due to rotation of the structure about the z axis.
Positive sensitivities with respect to G and J and negative sensitivities with respect to p
and A appear to indicate that a performance improvement can be achieved with a decrease
in the frequency of the dominant mode. This agrees with the frequency sensitivity in
Figure 4.15(d), which indicates that increasing the frequency of the 16.95 Hz mode should
increase the performance RMS. On the other hand, the physical parameter sensitivities
for the third siderostat bay imply that the mount frequency should be increased. This

contradicts the fact that all the modal frequency sensitivities are positive. This contradiction
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could point out a limitation in the modal parameter sensitivity analysis. The underlying
assumption is that a single parameter is being varied (either modal mass, frequency, or
damping) while everything else remains constant. This cannot happen in reality since the
mode shapes, frequencies, and modal masses are all interdependent. The physical parameter
sensitivity technique that has been developed takes this interdependence into account, and
therefore should be a more physically-based analysis. Further work should be conducted
in order to explore this issue further. It should be mentioned that similar results occurred

during experimental validation, and this issue will be discussed in Chapter 6 as well.

4.7 MATLAB Implementation

The modal parameter sensitivity analysis framework developed in this chapter has been
implemented in MATLAB within a function called sens_analysis.m. The function can
compute the sensitivities analytically using the equations derived earlier in Section 4.3.
It assumes that the parameters are either modal damping ratios, natural frequencies, or
modal masses of open-loop structural modes. It also requires the state-space A,; matrix
to be of the form indicated in Eq. 4.41. The disturbance states should be placed first,
followed by the open-loop modal states and the compensator states (if the system is closed-
loop). The augmented disturbance/plant system should be stable, and this requires that
the system have no right-half plane or jw-axis poles. These states should be eliminated from
the system prior to calling the function. There is also an option to check the analytical
sensitivity results by performing finite-difference approximations. Some of the inputs to the
function are analogous to the inputs to the disturbance analysis function dist_analysis.m.

The physical parameter sensitivity analysis framework has been implemented in a func-
tion called sens_analysis_phys.m. As before, the state-space system should be strictly
stable. This function requires the most detailed information about the state-space system
being considered. The disturbance analysis technique only requires a state-space represen-
tation and does not place any restrictions on the form of the individual state-space matrices.
The modal parameter sensitivity technique requires the plant model to be in a particular
modal form, but additional details regarding sensors, actuators, disturbances, and perfor-
mances are not needed. The function sens_analysis_phys.m, on the other hand, does

require knowledge of this type of information, particularly in the form of the matrices G,,
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Bw, Czz, and Cyy. It also must be given the mode shapes corresponding to the modal
frequencies in the plant A, matrix.

Rather than computing the mode shape, frequency, and modal mass derivatives with
respect to physical parameters, sens_analysis_phys.m accepts these as inputs. It assumes
that they have been calculated previously using eigenvalue/eigenvector derivative functions

such as nelson.m [48] and nelsonmod.m.

4.8 Summary

A method for calculating the exact sensitivities of performance RMS values with respect
to open-loop modal parameters has been presented. The approach was done in a state-
space framework, and the sensitivities were shown to require the solution of one Lyapunov
equation to obtain the state covariance matrix and one Lyapunov equation for every perfor-
mance metric. Derivatives of the state-space matrices with respect to a desired parameter
are simplified when the parameter is a modal parameter and the structural open-loop state-
space A matrix is in a standard modal form. Disturbances on the system are required to
be modeled as a linear filter driven by unit-intensity white noise. A MATLAB function
called sens_analysis.m has been written to implement the methodology, and results were
shown when the code was used on a simple one DOF system, a multi-DOF system, and a
realistic SIM Classic model. Finite-difference approximations to the sensitivities helped to
validate the code for the first two systems; however, numerical conditioning problems with
the finite-difference methodology precluded the validation for the SIM Classic case.

A method has also been presented which determines the exact sensitivity values of
RMS outputs of a state-space model with respect to physical parameters of a structural
finite-element model. Since the state-space model assumes that the structural equations
of motion have been cast in modal form, the derivatives of the FEM mode shapes and
natural frequencies with respect to the parameters were required. Standard eigenvalue
and eigenvector derivative techniques were described, and an existing IMOS-compatible
MATLAB function was implemented to calculate these derivatives with respect to beam
element parameters. The capability to compute sensitivities with respect to scalar factors
that multiply generic CELAS and CONM element matrices was also added. The code was

also modifiad to account for rigid-body elements that relate certain DOF’s to other DOF’s.
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A cantilever beam problem served to validate the analytical sensitivity equations. The
predictions agreed well with the approximate sensitivities from a finite-difference approach.
In addition, the use of only a subset of the total number of modes when calculating the
sensitivities still produqed accurate results. This suggested that only important modes
need to be retained in the computations, and significant time savings are possible for large-
order models. The simple beam example was also used to demonstrate a process to select
the physical parameters for the sensitivity analysis. A disturbance analysis and a modal
parameter sensitivity analysis were first conducted to identify critical modes. Calculating
the strain energy distribution in these modes then helped to select the physical parameters
based on the type of deformation that the elements undergo in each mode.

Repeating this process on the more complicated SIM model revealed that a bandlimited
reaction wheel type disturbance caused several modes to be dominant in the OPD perfor-
mance metric that was chosen. This was confirmed in both a cumulative RMS plot of the
performance as well as the sensitivities with respect to modal parameters. Plots of the
strain energy contribution and the mode shape indicated that one mode was characterized
by siderostat boom torsion while two others were dominated by local siderostat bay motion.
Even though this suggested certain parameters for the sensitivity analysis, all parameters
were used in order to confirm the intuitive choices. A few additional sensitive parameters
were identified and suggested that kinetic energy distributions should be computed as well.
Furthermore, apparent contradictions between physical parameter and modal parameter
sensitivity results suggested that identifying redesign options for complex systems should
be based on the physical parameter sensitivity results. The modal parameter sensitivity
technique is more of an artificial rather than a physical analysis.

A next step is to “close the loop” on an overall system improvement algorithm. Thus
far, the modal parameter and physical parameter sensitivity analyses have been used to
provide a design engineer with a sense of which modes are most important and which struc-
tural parameters should be the focus of potential redesigns. What would be beneficial is an
algorithm that takes the results and then interfaces with the uncertainty analysis method-
ology in Chapter 5 to suggest the combination of design changes that satisfies performance
requirements subject to specified uncertainties and constraints. Chapter 7 takes a first step

toward achieving this goal.
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Chapter 5

Uncertainty Analysis Framz=work

Disturbance analyses during early design stages of aerospace systems are typically con-
ducted on simplified models of nominal point designs. The models attempt to capture the
behavior of interest, and although they are generally suitable for judging relative merits
between competing designs in a trade study, the validity of their use in making absolute
performance predictions is not as clear. A way to account for uncertainties when assessing
performance would therefore be beneficial.

What is desired is a method to propagate uncertainties through a system model and
place bounds on the nominal performance predictions. A disturbance analysis is first con-
ducted to determine the nominal values, and an uncertainty analysis is then used to place
the equivalent of “error bars” around the nominal performance values. If it is found that
performance requirements are met even under worst-case model uncertainties, then confi-
dence in design margins can be increased.

A number of cases can be envisioned for the results of the disturbance and uncertainty
analyses, and they are depicted in Figure 5.1. The horizontal axis represents several different
designs, and the vertical axis represents a particular performance metric. In design 1, the
nominal performance does not meet the specified requirement. Also, the upper bound due
to the worst-case uncertainties falls above the requirement line. Since the design fails to
meet requirements, the system is redesigned, and design 2 is the result. In this case, the
nominal performance does satisfy the requirement; however, the upper bound does not. It
is this situation that highlights the need for an uncertainty analysis. Performing only the

nominal disturbance analysis would lead to the misconception that the design is satisfactory,
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Figure 5.1: Example uncertainty bounds for different designs.

when in fact it might not satisfy the requirement. Now consider another redesign (design
3) in which both the nominal performance and its upper bound lie below the requirement.
This design poses less of a risk than design 2 because it has a more comfortable design
margin. It might not be possible to obtain a redesign whose worst-case performance meets
the requirement as in the case of design 3. The only alternative might be to reduce the
level of uncertainty so that for the same design, the uncertainty bounds are tighter. This is
indicated by design 4, which has the same nominal performance as design 2, but now the
upper bound is lower. Reduced uncertainty levels can be achieved by a testing program
that targets the parameters of interest. Another approach to obtain design 4 is to redesign
the system such that the sensitivity to uncertainty is less [77].

The following section describes the types of uncertainties that can arise. Section 5.2
then discusses four potential approaches for estimating the worst-case bound on a system’s
performance when parametric uncertainties exist. Two of the methods are applied to a
simple spring-mass model, to a cantilevered beam model with nearly repeated modes, to a
more complicated multiple spring-mass model, and finally to a closed-loop model of SIM.
Techniques are developed that enable the method to be applied to large order systems such
as SIM.

5.1 Types of model uncertainties

Section 2.1 provided an overview of the different pieces of the integrated modeling process for

controlled opto-mechanical systems. The main chailenge faced by modeling efforts during
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conceptual design phases is the lack of detailed information about the design. When a
model is created of the design, there will undoubtedly be errors between the model and the
actual physical system if it was to be manufactured based on the nominal design. Since
the actual system is not available to provide data, the model cannot be updated to better
reflect the physical system.

In the most general sense, a model uncertainty represents an unknown error in a model of
a physical system. We broadly divide model uncertainty into parametric and non-parametric
uncertainties. A parametric uncertainty is an uncertainty in a parameter of the model. The
parameter can appear either explicitly in the state-space matrices or the matrices can be
implicit functions of the parameter. For example, if the system in Eq. 4.6 has an A,y matrix
of the form shown by Eq. 4.41, then an uncertainty in the frequency of a mode will manifest
itself as an uncertainty in two parameters of the A,; matrix. A physical parameter such as a
stiffness does not appear explicitly in the modal state-space matrices; however, uncertainvy
in this parameter does have an affect on the mode shapes and frequencies, which do appear
in the matrices.

Non-parametric uncertainties cannot be captured by an uncertainty in one or more
parameters. For example, uncertainty in the model order implies that the number of states
might be incorrect (i.e., ¢ is not the right length). This type of uncertainty can capture
modeling errors such as modal truncation, lack of fidelity, and incorrect finite-element types.
However, it is difficult to specify a form for this uncertainty. The error in representing a
nonlinear system with a linear model is another example of a non-parametric uncertainty.

The preliminary work presented in this thesis focuses on uncertainties in the open-loop
modal parameters of a structure. A goal is to enable the uncertainty analysis framework
to be compatible with the disturbance and sensitivity analysis methods described in the
previous chapters. The parameters are modal mass m, modal damping {, and natural
frequency w. The next section discusses methods to find the worst case RMS performance

metrics o, when m, ¢, and w are not known exactly.

5.2 Parametric Uncertainty Analysis Methods

A few potential approaches have been identified that can determine the worst-case perfor-

mance due to parametric uncertainties. They include
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Figure 5.2: Parameter space for the case of two uncertain parameters.

Exhaustive search of all “corners” of the uncertain parameter space

e First-order Taylor series approximation

Constrained optimization problem

Robust control tools for bounds on H; performance

5.2.1 Evaluation of “bad corners”

To understand the motivation behind this approach, consider the case of two uncertain
parameters each of which has a lower and an upper bound as indicated in Figure 5.2. The
actual values of the parameters can lie anywhere within the space of the box. What is
assumed is that the worst-case performance will occur when the parameters are at one of
the corners of this box. For example, this is the technique used by Bryson and Mills in
Reference [9] when designing robust LQG controllers via a minimax method. The LQG cost
was evaluated at all of the corners to determine the maximum cost due to the uncertainties.

This approach is very straightforward to implement; however, it can be inefficient for
large order systems with many uncertain parameters. If there are NV parameters, then the
total number of corners at which the performance must be evaluated is 2V. Evaluating the
performance at each corner implies that a separate disturbance analysis has to be conducted
2N times. The computation time can be reduced; however, if appropriate model reduction
techniques are implemented, as discussed in a subsequent section.

Another issue is the fact that the worst-case is assumed to occur at one of these corners.
Reference [19] proves this for the simple case of SISO systems with no damping, but this

will not be true in general. A simple counter-example consisting of a cantilevered beam
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with nearly repeated modes is presented in Section 5.4.2. The next approach, which utilizes
sensitivity information, can help to identify the potential “bad corner” a priori, thereby

eliminating the need to perform 2V disturbance analyses.

5.2.2 First-order approach

The first-order approach expresses the performance RMS values as a Taylor series approx-

imation about the nominal values.

905
op

where o, is a vector containing the RMS values for each performance metric. The vector

(P = Pnom) + H.O.T. (5.1)

Oz = Oznom +

p contains all of the uncertain parameters, and % is referred to as the sensitivity matrix.
A technique for computing the sensitivities with respect to modal and physical parameters
was presented in Chapter 4. Neglecting the higher order terms and making the substitutions

Ao, = 0; — 0z nom and Ap = p — ppom results in

Ap (5.2)

Ao, =

The parameter uncertainty is captured by Ap, and in all approaches it is assumed that Ap
is specified. For example, if all parameters are uncertain to within +1% of the nominal
values, then for the ith parameter, Ap; € [-0.01 + 0.01]p; nom- We seek to determine the
worst-case Ao, for Ap within the specified bounds. One way to define the worst-case Ao,
is as the maximum magnitude of Ao, over all allowabie Ap. However, a problem with this
definition is that a negative Ao, has the same effect as a positive Ac,,. The magnitude
of a vector is only dependent on the squared values of the individual elements. We are
actually interested in not only the maximum magnitude, but also in having as many of
the individual elements as possible be positive. One option is to define the worst-case Ao,
to be the vector that has the largest sum. To enable performance metrics with different
units to be summed, first define a normalization vector r. For instance, r could contain the
performance RMS requirements as follows

Y P N — (5.3)

azl,req Uznz,req

where nz is the number of performance metrics. Then a scalar “cost” J can be defined as

Ag +oet Aoz, (5.4)

ozl,req Ozp. ,req

J=rTAc, =
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Expanding Eq. 5.2,

do . 9o o
Aazl = FUE;LAPI + %Apz + M + Fgl_rT;Apnp

. .

(5.5)

8o, do;

Ac,,, = Tgmdpn + Bl 4 o 4 FmApy
where np denotes the total number of uncertain parameters. Computing the cost J results

in the following expression.

i o 1 0

J o= [-—Z24.4 Yzne ) Apy + - (5.6)

Oz req apl Uznz,raq apl

’-_":11
1 Qo 1 OJo,
4+ —— 4.+ —=nz | A 57
(azl,req apnp O‘an,req apnp Prp ( )
Zanp

= a1Ap1 + -+ anpQApnp (5.8)

To maximize J, it is sufficient to maximize each of the a;Ap; terms. This assumes that the
Ap;’s occur independently; however, in reality, this might not be the case. For instance,
if some of the uncertain parameters are modal frequencies, then specifying independent
frequencies might not be physically realizable. This inconsistency will be allowed for the
present purpose of finding the worst-case performance.

The Ap vector that maximizes J is therefore given by

Apit , if sgn(a;) = -1
Api =14 Apius , if sgn(a;) = +1 (5.9)

undefined ,ifa; =0

Substituting the worst-case Ap into Eq. 5.2 produces an estimate of the increase in RMS
values due to the uncertainties. Thus, since the worst-case Ap is simply some combination
of the bounds of the uncertain parameters, this approach identifies the “bad corner.”

To summarize, the first-order approach approximates the change in performance RMS
values as the product of a sensitivity matrix with a vector of parameter changes. The worst-
case performance is defined as the maximum weighted sum of performance RMS values for
parameter values within a specified uncertainty range. This leads to a simplistic linear
programming problem whose solution places the worst-case uncertainties at either their

lower or upper bounds. Instead of evaluating Eq. 5.8 at these bounds, a more accurate
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value can be obtained simply by redoing a disturbance analysis with the system parameters
set to the values at the “bad corner.”

An advantage of this approach is that it is simple to implement once the scnsitivities are
computed. Also, it provides a worst-case estimate for each of the performance metrics. As
will be shown, this is not possible for the robust control approach, which places a bound on
the sum of the performance variances. The main disadvantage is the accuracy that can be
obtained. Section 5.4 will compare the results obtained from this approach with the results
from the constrained optimization approach. As the uncertainty ranges become larger, the

first-order approach fails to accurately predict the worst-case performance.

5.2.3 Constrained optimization approach
This approach attempts to find a solution to the following optimization problem:
max J = trace(X;)

P (5.10)
subject to pLg < p < puB

where as before p is a vector of uncertain parameters, and pr.g and pyg are the lower and
upper bounds, respectively, cf the parameters. The covariance matrix X; is based on the
transformation Z = Rz, where R is a diagonal matrix used, for example, to normalize the
performance metrics so as to include weightings or to remove units. One choice for R could
be to place the elements of the r vector (described previously) along the diagonal of R.
Then £; = RX,RT = RC,4£,CT,RT. The system is assumed to be of the form described
by Eq. 4.6.

Eq. 5.10 expresses our desire to determine the set of allowable parameters that maximizes
the sum of normalized performance variances. A technique that can be used to solve Eq. 5.10
is based on the Sequential Quadratic Programming (SQP) method, and the MATLAB
function constr.m is an implementation of the method (see Reference [26]).

If the SQP method converges to a solution, it is not necessarily the global maximum.
Local maxima may exist, and the SQP routine may converge to these depending on the
initial guess that is provided to the routine. The only recourse is to begin with random
initial guesses that are within the feasible space and then to check the consistency of the

solutions that are obtained.
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SQP is iterative in nature, and at each step the cost J and its gradient are computed.
The major computation expense arises from solving the Lyapunov equation (Eq. 4.7) for the
state covariance matrix. For large order systems, the solution time can be quite long. Also,
if the routine is not provided with gradient information, it must be computed numerically.
As will be shown, this reduces the efficiency of the routine. Whenever possible, gradients
(i.e., sensitivities) should be computed analytically; howcver, the sensitivity calculations
also require the solution of Lyapunov equations. The next section will suggest possible
model reduction strategies and approximations that can reduce the computational burden
for the case of systems with a large number of states.

As in the first-order case, a benefit of the constrained optimization method is that it pro-
vides an estimate of the worst-case parameters, p. In addition, the individual performance
RMS values for the worst-case p can be obtained by creating the system in Eq. 4.6 with
the new parameters p instead of the nominal values. Then the solution to the Lyapunov
equation, Eq. 4.7, is determined. The worst-case performance covariances follow directly

from Eq. 4.8.

5.2.4 Robust control approach

Reference [87] describes a method for computing a bound on the H; performance of a system
with real parametric uncertainties. It builds upon the work in Reference [37]. A summary
of the theory is presented in this section.

Begin by considering the system described by Eq. 4.6, but with real parametric uncer-

tainties in the nominal A,4 matrix. The new system is of the form

g = (Aq+AA)e+ Bad
2 = Cug (5.11)

AA,4 is a real matrix which is assumed to be expressed in the form
AA,; = BAACA (5.12)

The A matrix can be thought of as a feedback block around the nominal system, as shown
in Figure 5.3. Do not confuse the A matrix with the notation used to describe the change

in a matrix (e.g., AAzq = Azdactual — Azdnominal)- It should be evident from the context
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which case is being used. In state-space form, the uncertain system is represented as

g = Azaq+ Baua+ Byad

ya = Cagq
z = Cuq
ua = Aya (5.13)
] A e
“AE Ya
4 sz((o) ‘ .

Figure 5.3: Uncertain system modeled by A block in feedback with nominal sys-
tem.
Given np uncertain parameters that make up the vector p, we assume that they fall

within a specified range given by an upper and lower bound.
piLB < 0 < piuB i=1,...,np (5.14)

Define the static, diagonal matrices M; = diag(p; L), M2 = diag(p; up), and A = diag(d;).
Also, define
My = (My — M)~ (5.15)

The worst-case performance metric function is the scalar cost that satisfies

J =sup [trace (B;PAABzd)] (5.16)

for all allowable AA which lead to a stable A,3+AA,4. Pa4 is the solution to the Lyapunov

equation
(Azd + AAzd)TPAAzd + PAAzd(Azd + AAzd) + Cg:jczd =0 (5'17)

Note that the Lyapunov equation and the expression within the trace operator in Eq. 5.16
represent the dual formulation of the Lyapunov equation and performance covariance matrix
presented in Eq. 4.7 and Eq. 4.8. Therefore, J represents the sum of the performance
covariances. If desired, a normalizing matrix R can be used to define a new performance,
Z = Rz = RC,4q. This is analogous to what was presented in the constrained optimization

case.
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Reference [37] uses Popov analysis and dissipation theory to derive the following robust
stability criterion. Given the system described by Eq. 5.11 with uncertainties specified by
Eq. 5.14, then if there exist diagonal matrices H > 0 and N > 0, and if the following matrix
is positive definite

R, = HMy+ MyH — BECEN — NCaBa (5.18)
then the system is robustly stable for all allowable A provided that there is a matrix P > 0

that solves the Riccati equation
(AT+CIR;'BX)P+P(A+BaR;'Ca)+PBAR;' B P+CLC.u+CER;1CA = 0 (5.19)
where

A = A, + BaMCa
HCa + NCAA

Ca

i

In addition, a bound on the performance metric function J from Eq. 5.16 is given by
J < J = trace [ BI(P + CL(Mz — Mi)NC»)B.| (5.20)

The matrices H and N are known as stability multipliers.

Reference [87] finds the minimum 7 by specifying an optimization problem which min-
imizes J with respect to the diagonal elements of H and N subject to the constraints
H > 0 and N > 0. The SQP method is used to find a solution, and the gradient of J is
computed at each step. The Riccati equation constraint (Eq. 5.19) is implicitly accounted
for by computing the gradient of J only in directions that place the trial points within
the space defined by the Riccati equation. The positive definite constraint on the matrix
R, is not included because it is felt that the Riccati equation will have no solution when
this constraint is not satisfied [87]. The optimization problem is shown to be convex, which
implies that a converged solution should theoretically represent the overall minimum.

Although this approach appears attractive because ot the rigorous mathematical theory
that is used to derive the bound on J, it does suffer from a few disadvantages. One is that
only a bound is provided by the method. There is no indication of exactly how tight the
bound is. It also does not provide an estimate of the values 6; of the A block that produce
the bound. As a result, there is no way to estimate the individual worst-case performance

variances. Recall that J represents the sum of the performance variances. The previous two
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methods yield both the separate variances and the worst-case uncertainties. This allows
the individual performance metrics to be compared against the requirements. Knowing the
worst-case parameter values enables the worst case to be checked by substituting the values
into the system and computing the performance.

When the system is written in structural modal form, the A,4 matrix is of the form shown
in Eq. 4.41. For uncertainties in the open-loop damping ratios, the Bo and Ca matrices
can be created as follows. First consider the case of a single mode with the corresponding
A matrix

A= 0 ! (5.21)

—-w? —2Aw

Assume the damping uncertainty is written as

¢ =Co(1+9) (5.22)
This leads to
0 1 0 0 0 1 0
—w? —2(w 0 —2(wd —w? —2w —2¢o PR ,
~ ~ v X, ~ ) C
Ao Ba 4
(5.23)

Note that this is not a unique representation for Bo and Ca since —2(,w can be broken
into two factors in several different ways.

For uncertainties in the open-loop natural frequencies, the procedure is not as direct.
The main difficulty can be seen by examining the single mode A matrix. The frequency
w appears twice in the matrix. This would require A to contain two diagonal elements;
however, there is no way to specify that the elements must be identical. This is due to the
fact that the stability multipliers H and N are restricted to be diagonal. Block diagonal
H and N would permit repeated elements in A. What is typically done in practice is to

assume uncertainty in the squared natural frequency (as is done in Reference [37]).
w? = w(1 + 6) (5.24)

The uncertainty on w is roughly 6/2. AA can be expressed as

0
BAACA = 6[ w 0 ] (5.25)
— W,

o
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In general, if there is more than one uncertain frequency, then Bao and Ca can be
constructed as follows. Let w; be the ith uncertain frequency, and assume that the w? term

appears at index (m,n) in the A, matrix. Then the ith column of Bj is

0
0
—w; | <+« mthrow (5.26)
0
0]
and the ith row of Cp is
[0 -~ 0 w; 0 --- 0]

(5.27)
T nth column

In summary, this approach is appropriate to guarantee that the performance does noi
exceed a bound. This bound is computed by solving a constrained optimization problem
with a Ricatti equation constraint and constraints on the stability multiplier matrices.
Unfortunately, it does not provide a sense of how close the bound is to the worst case, nor

does it indicate the values of the uncertain parameters that produce the bound.

5.3 Approximate Performance and Sensitivity Calculations

This section presents a model reduction technique that can be applied to large order state-
space models. The motivation is to reduce the computational expense in solving Lyapunov
equations. Performance assessment on a nominal state-space system involves determining
the state covariance matrix from Eq. 4.7. Section 4.2 showed that computing sensitivities
of performance covariances with respect to mocal parameters involves solving a Lyapunov
equation for every performance metric. The solution represents the Lagrange multiplier
matrix that is required to compute the sensitivity. The order of a Lyapunov equation
equals the order of the state-space system. The goal is to reduce the size of the system while
maintaining the important dynamics. The approach is to determine a balanced realization

for the system, and then to reduce states which have small Hankel singular values.
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5.3.1 Balanced model reduction
5.3.1.1 Balanced realization

The first step is to create a balanced realization of the state-space system. The tech-
nique is described in Reference [65]. The criterion for a “balanced” system is that both
the observability and controllability gramians are diagonal and equal. Consider again the

disturbance-to-performance system, which is repeated here.
¢ = Aq+ Baad
z = Cugq (5.28)
The observability gramian, W,, is the solution to the Lyapunov equation
AT W, + WA+ CYLCa =0 (5.29)
while the controllability gramian, W,, is the solution to the dual Lyapunov equation
A gW, +W.AT, + B,4BL, = 0 (5.30)

Note that W, appears in an identical fashion as ¥, in Ea 4.7; hence, W, is the state
covariance matrix in this case. In reality, W, should be referred to as a distvrbability
gramian since d is a disturbance and not a control input. However this distinction does not
affect the following steps.

We seek a similarity transformation matrix 7" such that when the states are transformed

via ¢ = T'q to produce the system

§ = T'AGT §+T B,y d
N s N et
Azd Bzcl
2 = Cul § (5.31)
N e
ézd

then the gramians of the transformed system satisfy
W, = W, = diag{oy,-- -, 00} =% (5.32)

The diagonal elements of ¥? will be referred to as the gramian values, and their square

roots are known as the Hankel singular values [88]. It can be shown that

T-'w,T

S
il

TTW, T} (5.33)

3
i
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The transformation matrix T and the Hankel singular values are obtained from the eigen-

value decomposition of the matrix W .W,.
W.W, = TE?T! (5.34)

The transformed states can be ordered such that the corresponding Hankel singular values
are in decreasing order. The relative sizes of the singular values provide an indication of
which states should be kept and which states might be eliminated. The intuition provided
by Hankel singular values is that since the observability and controllability gramians are
equal, large o? correspond to states that are highly observable and controllable (i.e., dis-
turbable). These states are typically quite visible in the various disturbance-to-performance
transfer functions. Because the system inputs are modeled with unit-intensity white-noise
disturbance processes, the performance metric variances can be thought of as the area under
the square of the transfer function magnitudes. Accurate performance prediction requires

these states be retained in the model.

5.3.1.2 Model truncation

The model reduction step begins by partitioning the states into those that will be kept, g,

and those that will be removed, g;.

g | | Ak (Aeair | ] G + (Bza)k J
61‘ i (fizd)rk (Azd)rr gr (Bzd)r
e - G
z = | (Cue (C:a)r J ~ (5.35)
L q’r

At this point, there are two popular options for removing the unwanted states g,. The

simplest involves truncating the state-space system as shown below.

G = (Aza)krdx + (Baar d
z = (Cua)r e (5.36)

However, this does not preserve the static gain of the transfer functions. If desired, a static
condensation procedure can be implemented as follows. First assume that the eliminated

states are infinitely fast, such that ¢, = 0. Eliminating g, from Eq. 5.35 results in the
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following reduced system.

G = [(Azador — (Aedbr(Aea)! (Aea)ri] @+ [(Boa)k = (Aaa)ior(Aza)i (Bra)y ] d

~ —

Azd B.q
z = [(ézd)k - (C’zd)r(gzd)ﬁl (/izd)rk] ‘ik + [(ézd)r(fizd);rl (Bzd)r] d (5-37)
Cua D.s

This can be written in the standard form

¢ = Awi+B,d
z = C.yg+D.d (5.38)

Notice that the static condensation method produces a D term which represents the static
gain of the reduced states. This feedthrough term causes the performance variables in z to
have infinite variance since the disturbance d is white noise. While ﬁzd helps the reduced
model at low frequencies, it does not permit the G,4(w) transfer function matrix to roll-off
at high frequencies. Thus, a way to remove D,4 while still preserving the low-frequency

behavior is desired.

5.3.1.3 Removal of D term

A common solution to this problem is to append high-frequency poles whose low-frequency
properties mimic that of the feedthrough term D,4. At frequencies above the poles, there
will exist a natural roll-off at a rate related to the order of the pole. Various approaches
append the poles in different ways. For instance, the equivalent of a low-pass filter can
be placed between the actual white noise disturbance process d and a new disturbance d
which drives the system. Or the low-pass filter can be appended at the output such that
z represents the filtered response of the system. A faster roll-off in the filter comes at the
cost of more filter states, which increase the size of the system. Recall that the goal of
the current section is to examine ways to reduce the order of the state-space matrices. A.
first-order roll-off in G,4(w) is sufficient to ensure a bounded performance covariance matrix
..

To illustrate an approach for augmenting dynamics to remove ﬁzd, append Eq. 5.38
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with a new system that represents the high frequency poles.

-

G Ag O j B

q _ 2d q " zd d

Ga 0 A, Ga B,

e, s [ ——

q Azg q B.a

[ . g
2 = [ a (5.39)
| da
c_'zd

Notice that the D term has purposely been set to zero in this appended system. The transfer

function matrix from d to z is given by
Gza(s) = Cra(sI — Aza) ' Boy + Ca(sI — As) ™' B, (5.40)
But the original transfer function matrix for the system described by Eq. 5.38 is of the form
G.a(s) = Coa(sI — Aza) ' Bua+ Dza (5.41)

Comparing Eq. 5.40 with Eq. 5.41 we see that the term C,(sI — A,)"'B, appears in a
similar fashion as the term D,g. Enforcing the constraint that the static gains for the two

systems be identical leads to the following relationship that must be satisfied
D.q=Ca(-A;1)B, (5.42)

Let the dimension of D,q be m x n. Performing a singular value decomposition on D.q

leads to
D, =USVH (5.43)

Suppose that the rank of D4 is 7. Define the new matrices

U = first r columns of U
S = upper left 7 x r submatrix of S
V = first r columns of V

It is straightforward to show that
D,q=USVH (5.44)

where now S is an r x r positive-definite diagonal matrix. If —A; ! is also an 7 x r positive-

definite diagonal matrix, then Eq. 5.44 can be manipuiated into the form

D.g=0VE/-471(-47") - A VEVH (5.45)
C B,
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The required matrices B, and C, can be identified by comparing Eq. 5.45 with Eq. 5.42.
What has not been discussed yet is how to specify A,. The formulation above assumes that
A, is a diagonal, negative-definite matrix. This can be achieved by augmenting the system

with r poles at a frequency of wp;. Then A, will be

The poles are typically placed at frequencies a decade above the highest frequency that is

retained in the model.

5.3.1.4 Practical issues

A practical consideration when performing balanced model reduction is that if the various
input/output channels have different units, then the balanced realization will favor states
that are important in the transfer functions with larger magnitude. For example, suppose
that the system of interest is an interferometer, and one performance metric is optical
path difference (OPD) while another metric is wavefront tilt (WFT). If the OPD transfer
function is orders of magnitude larger than the WFT transfer function, then states that
are important to the WFT transfer function might have low Hankel singular values and be
reduced out. It is important to scale the system so that transfer functions of interest have
approximately the same magnitude level. (Recall that a numerical example of this issue
was provided in Section 3.3).

It is also known that the balanced reduction method is not optimal with respect to the
norm of the model error. The error is defined as the difference between the original transfer
function and the reduced transfer function (i.e., G;4(w)—G,q(w)). Nevertheless, the method

does provide a systematic approach to model reduction that can be easily implemented.

5.3.2 Analysis approximations during optimization iterations

When performing the uncertainty analysis via the constrained optimization approach de-
scribed previously, it is necessary to compute the cost J and its gradient %—; at each iteration
step. For systems with a very large number of states, each of these computations can re-

quire a significant amount of computation time. Ideally, a reduced model would be created
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initially and then used for all subsequent computations. However, the parameters of inter-
est in the uncertainty analysis are open-locp modal parameters which appear explicitly in
the system A,y matrix (recall Eq. 4.41). The reduced A,4 matrix, while smaller in size as
desired, has lost all explicit dependence on the modal parameters. Both the uncertainty
analysis and the sensitivity analysis (which is used to compute %IJ;) require access to these
parameters. Figure 5.4 summarizes three possible options for model reduction during the
constrained optimization uncertainty analysis.

The initial solution to this problem is to perform a balanced model reduction at each
iteration step, as shown in the middle path in Figure 5.4(b). A new admissible set of
uncertain parameters is placed in A,4, and the reduction process described in the previous
section is applied to create A,4. The performance RMS values can then be obtained after
solving Eq. 4.7 and applying Eq. 4.8 for the reduced system. The drawback to this approach
is that determining the balancing transformation matrix T is the most time-consuming part
of the reduction process. For example, it required approximately 6.5 minutes on a Sun Ultra
1 to compute T for a model which has on the order of 300 states. The time saved by using a
reduced-order system in the Lyapunov equation, Eq. 4.7, is lost during the balancing step.

. Performing balanced model reduction at each iteration, however, will not work when
computing the sensitivity ‘?Ti. As shown in Section 4.2, the expression for the sensitivity of

the cost J with respect to a parameter p is

T
g—; = trace [L (————6:94;d T+ 3(494;4)] (5.47)

where L is the Lagrange multiplier matrix and X, is the state covariance matrix. It is
assumed that neither B,4 nor C,4 is a function of p. The problem arises when computing
-‘%;4 and %gi. If the reduced matrix A, is used, then these derivatives canrot be readily
computed.

A series of approximations is required to enable reduced-order models to be used during
the optimization routine. The first one addresses the issue of recomputing the balancing
transformation matrix 7" at each step. Let T, be the transformation matrix that exactly
balances the original, unperturbed system. The assumption that is made is that for small
perturbations in the system, 7, will approximately balance the perturbed system. Con-

sidering only perturbations in the system A,; matrix leads to the following approximately
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Figure 5.4: Model reduction options during constrained optimization uncertainty
analysis. (a) No model reduction. (b) Exact balanced reduction at
each iteration. (c) Approximate balanced reduction at each itera-
tion step. Both (b) and (c) rely on approximate cost and sensitivity

evaluations.
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balanced state-space matrices:
:d = To—lA;dTO
B, = Ta. led

Czd = Cszo
where A}, is the perturbed A,4 matrix. Another assumption that can be made is that the
states g, that are to be reduced are the same as the states removed from the original system
(labeled elim_states in Figure 5.4). Therefore, ~;d, Bzd, and é’zd can be partitioned as in

Eq. 5.35, and the model truncation and D term removal steps can be followed as before.

This will result in a reduced, perturbed system of the form

= Aq"+Bjud

z = Cud (5.48)
which is analogous to Eq. 5.39. The estimate of the performance cost is obtained by first
solving the Lyapunov equation

A% A*T * *T __
AgEq + X A%g + BBy =0 (5.49)
and then computing
J = trace (C_':qu. c:r ) (5.50)
The next approximation deals with the sensitivity computation. The sensitivity formula

in Eq. 5.47 can be approximated using the reduced system shown in Eq. 5.48.

oJ dA%, oA T
6—p ~ trace [L* (a—;Eq. + Z‘.q. 6; (551)
where the Lagrange multiplier matrix is obtained from the Lyapunov equation
L*A+ AT 4+ ¢ CiT (5.52)
The derivative 2 i is not as direct to compute. The first assumption is that the approxi-
mate, reduced A;d is given by
A, ~ PT; AT, PT (5.53)

The state elimination is approximated by a simple truncation performed by the matrix P,

which is of the form

P=[In.xn, Ongxn,] (5.54)
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where nj is the number of states to keep and n, is the number to remove. The second
assumption is that T}, is not a function of the parameter p. This permits the derivative of
fi;d to be expressed approximately as

a‘;{:d 1 aA;d

~ —~1Y4"2d T
5t~ PT 55T, P (5.55)

The desired sensitivity is then computed by substituting 2%1, L*, and £ into Eq. 5.51.
The validity of this approximation will be analyzed in the following section. The sequence

of steps that has just been outlined is shown in Figure 5.4(c).

5.4 Demonstration of Uncertainty Analysis

Having described a number of uncertainty analysis techniques and various approximations
that can be made, the next step is to apply the methodology to systems of increasing order.

The cases to be investigated are
e simple one degree-of-freedom (DOF) spring-mass system
e cantilevered beam with nearly square cross-section
e multiple DOF spring-mass system
e closed-loop model of the Space Interferometry Mission

The cantilevered beam example is used to motivate the need for a sophisticated uncertainty

analysis method for systems with high modal density.

5.4.1 Single DOF system

A classic spring-mass system with assumed modal damping will serve to demonstrate the
parametric uncertainty analysis. Figure 5.5(a) shows that the disturbance w is an inertial
force acting on the mass, and the performance metric z is the position of the mass. The
natural frequency is nominally 1 Hz. The disturbance is modeled as colored noise, which
means that it is the output of a linear shaping filter driven by unit-intensity, Gaussian
white noise. A sensitivity analysis on the nominal system yields the normalized sensitivi-
ties in Figure 5.5(b). The power spectral density of w is plotted in Figure 5.5(c). In this

example, the shaping filter is a first-order low pass filter with corner frequency at 1Hz.
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Table 5.1: Uncertain parameters for single DOF case.

Parameter Nominal value Uncertainty Worst-case
wn /2 1Hz +5% 0.95Hz (_5%)“"-
¢ 0.01 +10% 0.009 (—-10%)
m 1 +2% 0.98 (-2%)

A frequency-domain disturbance analysis produces the performance PSD in Figure 5.5(d).
The performance cumulative RMS plot indicates that the nominal performance RMS value
is 3.59mm. A hypothetical performance requirement line at 1 mm is also shown in Fig-
ure 5.5(d).

The three parameters that were considered uncertain are the modal frequency wy, the
modal damping ¢, and the modal mass m. Table 5.1 lists the nominal values, the percent
uncertainties that were assumed, and the worst-case parameters identified during the un-
certainty analysis. Implementing the uncertainty analysis via the constrained optimization
approach produces the results in Figure 5.6. Ten separate runs were conducted, each with
a random initial guess for the uncertain parameters. Run O just shows the nominal pa-
rameter values (placed proportionally between the dotted lines representing the upper and
lower bounds). Each run converged to the lower uncertainty bound for each parameter.
This agrees with the intuition provided by the normalized sensitivities in Figure 5.5(b). All
the sensitivities are negative, which implies that decreasing the parameters will increase the
RMS. Lower damping results in a larger response magnitude. A lower natural frequency
keeps the mode away from the roll-off region of the disturbance filter, thereby exacerbating
the response. A lower modal mass allows the disturbance to excite the mode to a greater
extent. (Recall that § + 2¢wnd + w2 = w/m. As m decreases, the modal force increases.)

In this case, placing each parameter at the lower bound produces the largest RMS
increase. This is the same logic employed by the first-order approach. In fact, the first-
order approximation predicts a worst-case RMS of 4.20 mm (indicated by the dash-dot line
in Figure 5.6), which is in error by only —1.76% from the actual worst-case value of 4.27 mm.

Because of the system’s small number of states, the approximation techniques described
previously did not have to be applied. The exact cost and gradient information could be

provided to the Sequential Quadratic Programming method. Figure 5.7(a) shows that the

178



g
oy
&

% ) ST
5
i
w &

-2 -1 jS —i -05
plwmlcz.num*a S, Rp
() (b)

Disturbance PSD’s and cumulative RMS curves PSD and cumulative RMS (Position of mass)

0.04

Z 0.02

~r—T—r—TrTT T

Magnitude (N“/Hz)

10 : oo ...;o o : . 0 : .
107 10 10 107 10 10’
Frequency (Hz) Frequency (Hz)
() (d)

Figure 5.5: (a) Single DOF system. (b) Normalized sensitivities. (c) Disturbance
PSD (bottom) and cumulative RMS (top). (d) Performance PSD
(bottom) and cumulative RMS (top).

179




B

45

2 4

$35

% 3

.ok

g o) o .
':‘:;2*\\ (o] o (o) fe) O

8 |
§ ............................... o ..... 6 ----- O .................. .o. ......
RN :

Figure 5.6: Results of uncertainty analysis on single DOF case. Bottom plot,
parameter values: Constrained optimization initial guess, o, and con-
verged solution, x. Parameter #1 = wy, #2 = (, #3 =m. ---: upper
or lower bound. Top plot, RMS values: — ~ — nominal; o - - - o initial
guess; * — x worst case; — - — first-order approximation.

average time for the uncertainty analysis was on the order of 0.30 sec. Each of the ten runs
required only three iterations to converge to the worst-case parameters.

To examine the accuracy of the first-order approach, various levels of uncertainty were
assigned to the three modal parameters. The percent difference between the first-order
approach and the constrained optimization approach is plotted in Figure 5.7(b) as a function
of the uncertainty size. As expected, the first-order approximation produces negligible
errors only when the uncertainties are small. The approximation is no longer valid for large
uncertainty ranges.

In summary, it has been shown that for the case of a single mode driven by a low-
pass disturbance, the largest increase in performance RMS is accomplished by placing the
uncertain modal parameters at their lower bounds. The uncertainty analysis reveals that
the actual performance RMS can be as much as 19.0% larger than the nominal performance

for the uncertainty ranges considered.
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Figure 5.7: (a) Time statistics for constrained optimization uncertainty analysis.
(b) Percent differences between firsi-order approach and constrained
optimization as a function of uncertainty size.

5.4.2 Cantilever beam

It is anticipated, however, that in general the worst-case parameters will not necessarily
be at the bound in the direction indicated by the sensitivity analysis. It can be envisioned
that for complex systems with high modal density, the results will not be as straightforward.
The coupling between parameters will not be negligible. An example of a cantilevered beam
with nearly repeated frequencies is used to demonstrate this fact.

Consider the beam depicted in Figure 5.8. The material is aluminum with density
2700 kg/m?, Young’s modulus 70 GPa, length 0.50 m and width 1cm. Modal damping is
set to 0.5%. To cause the first two bending frequencies to almost coincide, let the height
of the beam be 1.05cm. The disturbance is a tip force oriented at a 45° angle in the plane
of the cross-section. It is white noise with intensity 10~% N2. The performance metric is
the tip displacement (in millimeters) along the same direction. The beam is modeled with
a single Bernoulli-Euler beam element with six DOF’s at the tip node. Furthermore, a
consistent mass matrix formulation is used. The first two frequencies are assumed to have
an uncertainty range of +5%.

Figure 5.9(a) shows the tip displacement PSD for the nominal beam, as well as the PSD’s
for several combinations of uncertainties. Notice that the largest RMS value of the cases
shown corresponds to the case when the two frequencies happen to coincide at a frequency

equal to the geometric mean of the two nominal frequencies. This can be seen more clearly
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Figure 5.8: Cantilevered beam with nearly square cross-section.

in Figure 5.9(b), which zooms in on the region of interest.

The normalized sensitivities with respect to the nominal modal parameters of the first
four modes are presented in Figure 5.10(a). The largest sensitivities correspond to the
modal parameters of the first two modes. The signs indicate that to increase the RMS, these
parameters should be decreased. If the frequency parameters are placed at the uncertainty
bounds indicated by these sensitivities (i.e., at —5% and —5%, respectively), the resulting
RMS is not maximized. Thus a naive guess which places the parameters at these bounds
does not capture the overall worst-case parameter variations.

Figure 5 11(a) shows the sensitivities with respect to the first two frequencies as the first
mode sweeps from —5% to +5% and the second mode sweeps from +5.3% to —4.8%. An
arbritary constraint that was imposed is that ;l—“.’l’o—l;m“’f;n—l = 1, i.e., the geometric mean of
w; and ws is constant and equal to the nominal geometric mean of these two frequencies.
Because the uncertainty ranges of the two frequencies overlap, the sensitivity and perfor-
mance plots do not exhibit monotonic behavior in general. The frequency sensitivity curves
indicate that the slopes change sign twice during the frequency sweep. The performance
curves peak when the frequency ratio causes the two modes to coincide. This non-monotonic
phenomenon explains why relying solely on the nominal sensitivity information does not
work.

Placing the two frequencies at the geometric mean of the nominal frequencies has so far
been used only as a counter-example. It demonstrates that for the case of closely-spaced
modes, the worst-case performance does not necessarily occur when the uncertain modal
parameters are placed at one of their bounds. To find the true worst-case performance, the
uncertainty analysis optimization was applied to this beam example. Figure 5.12(a) shows

the results when the first two frequencies have a 5% uncertainty. The second frequency
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converges to the lower bound after each of the ten runs; however, the first frequency is not
as consistent. Runs 8 and 10 place the first frequency at its lower bound, but the RMS in
these runs clearly is not the worst-case value. Note also that the first-order approximation
(dashed-dot line) does poorly because it assumes the worst-case occurs at the uncertainty
bounds indicated by the sensitivities. It does approximate well the value obtained by the
two runs (8 and 10) that converged (incorrectly) to the lower bounds.

To provide a physical explanation for these results, consider the PSD and cumulative
RMS curves presented in Figure 5.10(b). The solid line corresponds to when the two
frequencies are placed at their lower bounds. We saw that this produced an RMS value
larger than any of the other cases which placed the frequencies at various combinations of
the bounds. The dashed line corresponds to placing the frequencies at the worst-case values
produced by the uncertainty optimization. The second frequency is located at its lower
bound (—5%), and the first frequency is placed at this same frequency. The cumulative
RMS curve indicates that this yields a slightly larger total RMS value.

Figure 5.12(b) shows the results when the damping ratios (uncertain parameters 3,4)
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Figure 5.12: Results of uncertainty analysis optimization after ten runs for beam
with closely-space modes. (a) Uncertainties only in frequencies of
first two modes. (b) Uncertainties in frequency, damping, and modal
mass of first two modes.

and modal masses (uncertain parameters 5,6) of the first two modes are also treated as
uncertain. These parameters also converge to their lower bounds, which is consistent with
the negative sensitivities shown in Figure 5.10(a). The sensitivity plots in Figure 5.11(b) do
not exhibit monotonic behavior; however, they do not have rapid sign changes as was the
case for the sensitivity curve with respect to frequency. Since the sensitivities are always
negative, this could explain why the worst-case modal damping and mass parameters are
at the lower bounds.

Mow we turn our attention to the case when the bending mode frequencies of the can-
tilevered beam are well separated. This is achieved by setting the height, A, of the beam to
1.8 cm. Figure 5.13(a) contains the tip displacement PSD’s and cumulative RMS curves for
the nominal system as well as for systems with the first two frequencies placed at various
uncertainty bounds. Because of the frequency separation, the uncertainty ranges do not
overlap. The largest RMS value corresponds to the case when the two frequencies are at
the lower bound of —5%. The sensitivities shown in Figure 5.13(b) confirm that the correct

direction to move the frequencies is toward the left (i.e., toward lower frequencies).
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with various combinations of first and second mode frequencies. (b)
Normalized sensitivities for the first four modes.

If we sweep the frequencies of the first and second modes in a similar fashion as was done
for the previous case, we obtain the sensitivity and performance curves shown in Figure 5.14.
All the curves are either monotonically increasing or decreasing. There are no drastic sign
changes as was seen before. This suggests that the worst-case parameter changes should be
at the bounds indicated by the signs of the sensitivities. To confirm this, the uncertainty
analysis optimization method was applied, and sample results are presented in Figure 5.15.
In most instances, all parameters converge to the lower bounds as expected. The cases in
which the optimization routine converged to a different solution have a lower RMS value,
and hence do not represent worst-case solutions.

Further work is needed to identify if in general for systems with adequate modal sep-
aration, the worst-case modal parameters will always lie at the appropriate uncertainty
bound. This would greatly simplify the uncertainty analysis since the computationally-
intensive optimization could be bypassed. Furthermore, this sample case showed that even
for closely-spaced modes, the sensitivities with respect to damping and modal mass did not
change sign over the uncertainty range. This suggests that the only parameters that might

be needed for the optimization method are the frequencies of the modes. Deriving general
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results such as this would be highly beneficial, and efforts in this area should be pursued.

5.4.3 Multi-DOF system

Now consider the system in Figure 5.16(a) consisting of 20 masses and 19 springs. Each
mass and spring constant was randomly selected from a specified interval. Modal damp-
ing was uniformly assigned a value of 0.1%. There are a total of six disturbance input
locations at DOF’s 7 through 12. The performance metric is the differential motion of the
two end masses (i.e., z = x99 — ;). The PSD’s of the disturbances are shown in Fig-
ure 5.16(b), where the larger magnitude PSD corresponds to the first three disturbances
and the lower magnitude PSD corresponds to the last three disturbances. Propagating
these PSD’s through the system disturbance-to-performance transfer function yields the
performance PSD in Figure 5.16(c). Three modes contribute most to the RMS value, as
indicated by the cumulative RMS curve. The normalized sensitivities with respect to the
modal parameters of these modes are indicated in Figure 5.16(d).

At this point, it is useful to comment on the importance of the information provided
by the sensitivity analysis and the frequency-domain disturbance analysis. Both can be
used to identify the dominant system modes. When performing an uncertainty analysis,
only uncertainties in parameters associated with these modes need to be considered. The
uncertainties in the other modes have to be extremely large to affect the performance
in a comparable manner as the uncertainties in the critical modes. Therefore, these two
analyses can reduce the total number of uncertain parameters that are carried through to
the uncertainty analysis. Although all modes might initially be considered uncertain to
some degree, only a subset will be important. In this case, the modal parameters of the
first three modes are treated as uncertain. This yields a total of nine uncertain parameters.
The nominal uncertainties are shown in Table 5.2.

The multi-DOF model is useful in showing the benefits of using reduced models and
of supplying the optimization routine with gradient information. The model is of a size
which permits some of these issues to be explored. First, consider the efficiency of the
SQP routine when it has knowledge of the gradients of the cost function. Figure 5.17(a)
displays the results of ten runs of the uncertainty analysis when analytical gradients are not
provided. Only one run (#9) comes closest to converging to the proper bounds. One reason

for this could be that when gradients are not supplied, the MATLAB function constr.m
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Figure 5.16: (a) 20 DOF spring/mass system. (b) Disturbance PSD’s (bottom)
and cumulative RMS (top). (c) Performance PSD (bottom) and cu-
mulative RMS (top). (d) Normalized sensitivities of critical modes.
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Table 5.2: Uncertain parameters for multi-DOF case.

# Parameter Nominal value Uncertainty

1 w/or 47.8Hz £5%
2 wo/2m 83.5Hz +5%
3 w3 /2w 110.8 Hz +5%
4 G 0.01 +10%
5 G 0.01 +10%
6 Cs 0.01 +10%
7 m 1 +2%
8 ma 1 +2%
9 m3 1 +2%

uses a finite-difference approximation. Section 4.4.2 showed that for this model, the finite-
difference approximation can contain significant errors as the perturbation size is made
extremely small. Figure 5.17(b) shows the results when the same initial guesses are used
in the ten runs, but this time the analytical gradients are computed. All runs consistently
converge to the lower bounds of the parameters. In addition, Figure 5.18(a) indicates that
the computation time is improved by factors of 5-10.

The first-order approximation is expected to do best when the uncertainty ranges are
small, and this is confirmed in Figure 5.18(b). The uncertainty size is assumed to be the
same for all nine parameters, and this size takes on the values +10%, +1%, and +0.1%.
As Figure 5.18(b) shows, the percent difference between the worst case predicted by the
first-order approach and the worst case predicted by the optimization becomes smaller as
the uncertainty size is reduced.

The advantages of using reduced-order models can be demonstrated by considering a
series of reduced models with the number of states equal to 36, 28, 22, and 18, respectively.
The balanced model reduction method described in the previous section was used, and
the performance PSD plot for these different size models can be found in Figure 5.19(a).
Also shown is the cumulative RMS plot, which indicates that all models predict essentially
the same overall RMS value. Although significant differences can be seen in the PSD’s,

particularly at low and high frequencies, all the various size models accurately capture the
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Figure 5.17: Results of uncertainty analysis optimization after ten runs. (a) Full-
order model without gradient calculations. (b) Full-order model with

gradient calculations.

behavior in the frequency range of the dominant modes. When performing model reduction,
it is important to confirm that the reduced model still contains the necessary dynamics for
accurate performance prediction.

Figure 5.19(b) plots the gramian values of the balanced, full-order system, and they are
normalized such that the largest has a value of 1. They are sorted in decreasing size, and
there are a total v =2 since the system has 42 states. Immediately, one notices that the last
four states can be reduced out because their gramian values are several orders of magnitude
smaller than the ones preceding them. Reducing out more states is then a trade-off between
smaller-order models and performance prediction capability.

The main advantage of smaller-order models is that the time to solve Lyapunov equations
is reduced. When performing the uncertainty analysis optimization, time savings at each
iteration manifests itself as overall time savings in the solution process. This is evident
in Figure 5.20(a), which shows the total solution time, the total number of iterations,
and the computation time per iteration for each run of the optimization. Gradient (i.e.,

sensitivity) information is computed at each iteration, which implies that the solutior of an
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Figure 5.19: (a) Performance PSD’s of different order models (bottocm) and cumu-
lative RMS (top). (b) Gramian values of balanced full-order system.
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Figure 5.20: (a) Time statistics for different order models (gradients are supplied
in each case). (b) Percent errors between worst-case RMS predicted
by reduced-order models and worst-case RMS predicted by full-order
model.

additional Lyapunov equation is required. The first run is not shown because the balancing
transformation matrix for the original system occurs during this initial run and causes the
solution time to increase significantly. With the exception of run 4, the general trend is
that smaller models run much faster. The only reason run 4 required more time for the 22
state and 18 state models was that they required more iterations to converge to a solution.
The time spent at each iteration still favors the smaller models.

Figure 5.20(b) shows how accurately the worst-case performance is predicted by the
method that uses approximate balanced model reduction at each iteration. The parameter
values to which the optimization converged were placed into the full-order model, and the
RMS value was compared to the value obtained at the end of the run. What is plotted-
in Figure 5.20(b) is the percent error between the exact RMS using the full-order model
and the approximate RMS using the reduced-order models at the end of each run. The
error ranges from 10~ "% for the 36 state model to almost 1% for the 18 state model. This
confirms why it seems as if all the cumulative RMS curves in Figure 5.19 appear to be the

same. A 1% difference is not distinguishable on the scale of the plot.
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Figure 5.21: Results of uncertainty analysis optimization after ten runs. (a)
Reduced-order model (28 states) without gradient calculations. (b)
Reduced-order model (28 states) with gradient calculations.

Figure 5.21 shows the uncertainty analysis plots obtained after running the optimization
routine ten times for the 28 state reduced model. Subplot (a) is for the case when gradients
are not computed analytically at each iteration, while subplot (b) is for the case when the
gradients are computed. The same initial guesses were provided to the corresponding runs
of both cases. As can be seen, both cases converged to the lower bound of all the uncertain
modal parameters. The time statistics for each of the runs can be found in Figure 5.18(a),
and the benefits of knowing the gradients at each iteration are evident. Although the
computation time per iteration becomes larger when gradients are computed, the savings
are achieved because gradient information helps convergence to occur in a fewer number of
iterations.

At this point, we can examine the validity of the approximation methods that were
applied. Recall that one approximation is that the balancing transformation matrix of the
original, unreduced system will also approximately balance the perturbed system. Fig-
ure 5.22(a) compares the exact gramian values of the balanced, perturbed system with the

diagonal entries of the controllability gramian for the perturbed system after it has been
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Figure 5.22: (a) Gramian values of exactly balanced system and approximately
balanced system. Values shown are fer one specific iteration dur-
ing uncertainty optimization run. (b) Average error in approximate
sensitivity computation during uncertainty optimization run.

transformed. In other words, let T, be the original transformation matrix. The control-
lability gramian for the perturbed system after it has been transformed using 7, will not
necessarily be diagonal. Figure 5.22(a) plots the diagonal entries of this controllability
gramian matrix along with the exact gramian values. There are only minor differences in
the magnitude of the two different sets of values. It is anticipated that the differences would
be more apparent if the system was perturbed in a much larger fashion than it was for this
demonstration case.

Figure 5.22(b) provides an indication of the error in the approximate sensitivity com-
putations for the different size models. It shows for each of the nine uncertain modal
parameters the average percent error in the sensitivities with respect to those parameters.
In general, the sensitivities are more accurate when the model is not reduced drastically.
Also, it appears as if the sensitivities are more accurate when the model is reduced by a
strict truncation instead of by a static condensation. The only exception is for some of the
parameters of the model with 36 states.

To summarize, the multiple mass-spring model has served to identify some of the impor-
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tant issues regarding model reduction in the uncertainty analysis optimization technique.
The lesson learned is that care must be taken in reducing the state-space system to the
appropriate size to gain the benefits of faster computation time while still preserving the
accuracy of the approximate cost and sensitivity estimates. In addition, the use of the
original balancing transformation matrix during all of the iterations appears to be valid in

this case.

5.4.4 SIM Classic

The integrated model of SIM Classic will now be used to demonstrate the uncertainty anal-
ysis technique on a system with an even larger number of states. Figure 5.23(a) shows the
finite-element model and a ray trace of stellar light passing through two arms of guide inter-
ferometer #1. The model is identical to the one used in the frequency-domain disturbance
analysis described in Section 3.3. The disturbance PSD’s are obtained from a low-order
shaping filter that approximates the PSD’s of a four-wheel configuration of Hubble-class
reaction wheels whose speeds are treated as uniform random variables over the range 0-
3000 RPM. (A description of the shaping filter was provided in Section 4.4.3.)

The performance metric for this example is the total stellar optical path differenc'e
(OPD) of the guide interferometer visible in Figure 5.23(a). The PSD and cumulative RMS
curve of the OPD when the disturbances are propagated through the SIM model are shown
in Figure 5.23(c). The dominant modes are in the 10-20 Hz range as is indicated by the
sharp vertical steps in the cumulative RMS curve across these frequencies. The normalized
sensitivities of this RMS value with respect to the modal parameters of three of the most
dominant modes are presented in Figure 5.23(d). The frequencies have positive sensitivities,
and this implies that the worst-case RMS should be obtained when the modal frequencies
are increased.

The disturbance and sensitivity analysis results in Figure 5.23 were used to select three
critical modes for the uncertainty analysis. Initially, only the frequencies of these modes were
ccnsidered to be uncertain. The frequencies and uncertainty values are listed in Table 5.3.
The results of ten runs of the uncertainty analysis using the constrained optimization ap-
proach are shown in the usual form in Figure 5.24. The left subplot truncates the model
to 150 states at each iteration in order to perform the approximate sensitivity performance

evaluations. The right subplot truncates the model to 120 states. With the exception of
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Figure 5.23: (a) Stellar ray trace through guide interferometer #1 of SIM. (b)
Approximate PSD’s (bottom) and cumulative RMS (top) of reaction
wheel disturbances. (c) Performance PSD (bottom) and cumulative
RMS (top). (d) Normalized sensitivities of performance RMS with
respect to modal parameters of critical modes.
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the first run, the 150 state case consistently converges to the upper bound of the modal
frequencies. The reduced-order models only slightly underpredict the worst-case perfor-
mance achieved when the upper bounds are placed into the full-order model and the exact
RMS is computed. The first-order sensitivity approach does a good job, although it also
underpredicts. The average time required to complete an iteration of the optimization was
46.6 sec, and the average number of iterations before a run would converge was 6. Thus, a
typical run would only require less than five minutes to arrive at a prediction of the worst-
case performance. The final result of this case indicates that with +5% uncertainty in the
frequencies of three critical modes, the predicted RMS value can increase from its nominal
value of 5.57 nm to a worst-case value of 6.37 nm, which represents a 14.4% increase.

For the 120 state case, the reduced-order model has a larger error in its ability to
predict the actual performance; consequently, the optimization routine has more difficulty
in converging to the correct parameter bounds. This reveals the importance of choosing
the correct size for the reduced-crder model. A plot of the gramian values in Figure 5.25
indicates that the value of the 150th gramian is a factor of 10 lower than the value of the
120th gramian. Since it is not readily apparent based on this plot that the 150 state 1odel
should do significantly better than a 120 state model, several model reduction iterations
are needed to ensure that the reduced model has retained a sufficient number of states for
performance prediction.

Now consider the situation when we treat as uncertain all the modal parameters as-
sociated with the three dominant modes. The pertinent values are listed in Table 5.3.
Figure 5.26 shows the outcome of ten runs of the optimization routine. Most runs consis-
tently place the frequencies at the upper bounds and the damping at the lower bounds. The
seven runs that produce the largest RMS (as predicted by the reduced model) place the
second and third modal masses at the lower bounds and the first modal mass at the upper
bound. This first modal mass is the only parameter that converges to a bound different from
that indicated by the sign of the sensitivity. Upon closer examination, run 3 does place the
first modal mass at the lower bound. This particular case shows that the RMS predicted
by the full-order model (indicated by a O) is slightly larger than the RMS predicted by
the corresponding reduced-order model. These results lead to a possible conclusion that
the model reduction is not accurately capturing the true RMS level. This highlights the

pecd tor proper model reduction, and the example is meant to demonstrate the results from
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Table 5.3: Uncertain parameters for SIM case.

# Parameter Nominal value

Uncertainty

1 wi3/2m 16.97 Hz
2 wis/2m 18.89 Hz
3 wyr/2m 21.38 Hz
4 G 0.001

5 C2 0.001
6 (3 0.001
7 my 1

8 mo 1

9 m3 1

+5%
+5%
+5%
+10%
+10%
+10%
+2%
+2%
+2%

~3

~

RMS value (nm)
[«

9]

W

RMS value (nm)
[=,}

Uncertain parameter #

Uncertain parameter #

(a)

Figure 5.24: (a) Uncertainty analysis runs when SIM model is reduced to 150
states at each iteration. (b) Uncertainty analysis runs when SIM
model is reduced to 120 states at each iteration. Both plots: o,
initial guess; *, converged solution; - - -, upper or lower bound; — ——,
nominal; O, exact; — - —, first-order approximation.
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Figure 5.25: Gramian values of SIM model.

a “poor” uncertainty analysis. If a situation such as this was found to be the case, then

another series of runs would have to be done.

5.5 Summary

A methodology has been developed that predicts the worst-case RMS values of a system’s
performance metrics. The worst-case RMS arises due to parametric uncertainties in a
state-space model of the system. Initial work has considered the special case when the
uncertainties are in the open-loop modal parameters, and the uncertainties are specified as
bounds on these parameters. The methodology solves a constrained optimization problem,
and it does not assume that the worst-case parameters occur at their bounds. As a resuls, it
can acccinmodate cases in which the sensitivities change sign across the uncertainty range.
This can arise, for example, when the modal separation is smaller than the uncertainty
in the frequencies. Since the disturbances are modeled by filters that shape white noise,
it is possible to compute exact sensitivities (i.e., gradients) at each iteration of the opti-
mization. Gradient information helps the optimization converge more efficiently. When the
system has a significant number of states, an approximate balanced model reduction is per-
formed. Instead of computing the exact balancing transformation matrix at each iteration,
which is a time-consuming process, the original balancing transformation matrix is used.

Approximate RMS and sensitivity values can then be computed. The methodology has
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Figure 5.26: Uncertainty analysis runs when SIM model is reduced to 150 states
at each iteration. (nine uncertain parameters)

been demonstrated on systems of various size, and a number of issues have been explored.
When model reduction is performed, for instance, care must be taken to ensure that the
reduced system still accurately predicts the RMS values. Furthermore, multiple runs of the
optimization are required to gain a sense if a global maximum has been achieved.

The framework is in place to allow any element in the state-space A.q, B4, and Cyq
matrices to be treated as uncertain. This can be accomplished by modifying the uncertainty
analysis code (unc_analysis.m) to account for this general case. The code would need to
know in which matrix the parameter appears and in what form it appears (e.g., linearly,
quadratically, etc.). This enables sensitivities to be determined.

In addition to accounting for any uncertain parameters that appear explicitly in the
state-space matrices, the code can also be revised to account for potential nonparametric
uncertainties. Further work is necessary to determine the proper form of these uncertainties
and how to incorporate them into the uncertainty analysis method.

The series of example systems that have been used in this chapter seem to indicate
that for problems in which the parameter sensitivities are “well-behaved” (e.g., no sign
changes), the optimization routine does converge to the bounds of the uncertain parameters.

This suggests that the optimization routine can be abandoned in these situations, and
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only a single disturbance analysis has to be conducted on the system after placing the
parameters at the bounds that lie in the directions indicated by the sensitivities. If such a
generalization can be proved mathematically rather than assumed from heuristic arguments,
then this would constitute a significant contribution. Efforts in this area are recommended.
Furthermore, there are additional indications that even for poorly-behaved sensitivities
with respect to frequencies, the sensitivities with respect to modal mass and damping
never experience sign changes. This was seen in the cantilevered beam example. If this
can be shown in general, then the only parameters that would have to be considered in
the optimization routine are the uncertain frequencies. Once the worst-case frequencies
are determined, then the uncertain damping and modal mass values can be placed at the

appropriate bounds (which are usually the lower ones).
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Chapter 6

Experimental Validation

The theory behind a series of analysis tools has been described in the preceding chapters.
In particular, the framework for determining the sensitivity of performance RMS values
with respect to physical parameters appears to be a promising design aid. It has been
demonstrated on systems ranging from a cantilever beam to a closed-loop integrated model
of SIM Classic; however, the key to using it with confidence is to successfully validate it in
practice. Further demonstration of the code on other purely analytical systems would still
not address the issue of itz applicability in a real-world setting. As a result, a laboratory
testbed was designed and constructed to help identify potential limitations that were not a
factor during analytical simulations.

This chapter begins by describing the requirements that were placed on the testbed
before the design process began. The task of meeting the requirements subject to material
and time constraints led to a point design which consists of a cantilevered truss with a flexible
appendage. The details of this design are provided, and this is followed by an overview of
the initial finite-element model that was created in IMOS. After this, a technique to update
FEM parameters based on measured transfer functions is implemented. The results of a
series of experimental tests are then shown and compared to the analytical predictions made
using the updated model. An example design problem concludes the chapter by illustrating
in both theory and practice how the physical parameter sensitivities can identify redesigns

that improve the performance.
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6.1 Description of Testbed

One of the top-level requirements placed on the testbed was that it must be able to address
two research topics. Its primary role is to serve as a sensitivity analysis validation platform.
Its other role is to serve as a testbed for research in reaction wheel disturbance modeling.
The implications of these criteria are evident in the desired testbed characteristics listed in
Table 6.1. Due to constraints on time and cost, the testbed had to be constructed from as
much available hardware as possible and with a minimal amount of newly machined parts.
Several dozen aluminum struts and node balls were obtained from a previous experiment
and used as the basic components of the testbed. A cantilevered, truss-like configuration
was chosen since it was of medium complexity. A view of the overall testbed is provided
in Figure 6.1(a). A more complicated structure wouid have required more time for con-
struction. In addition, modeling a complex structure would possibly have intreduced large
errors that would have masked the issues of interest. On the other extreme, a less complex
structure would not have been as traceable, even if successful experimental results were
obtained.

The hole pattern in the node balls allows truss configurations with either triangular
or square cross sections. and the triangular arrangement was selected since it minimizes
the number of nodes and struts for a structure of a given length. Each bay of the truss
consists of an inverted, square-based pyramid whose apex is connected to the apexes of
neighboring bays by two struts. A plate can be easily added to the square top of any bay,
and a disturbance source such as a reaction wheel can be attached to the plate. The truss
was placed horizontally on an optics table to permit easy access to any bay. This is essential
since sensitivity validation requires repeated modifications to the structure. The base of
the truss consists of a pattern of nodes and struts that allows the truss to be attached to
the optics table at four node locations.

During the course of the SIM physical parameter sensitivity analysis in Section 4.6.2, it
was discovered that the critical modes consisted of a global mode and two local siderostat
bay modes. To introduce a local mode to the testbed that was close in frequency to the
truss primary bending modes, a flexible appendage was added at the end of the truss,
and it can be seen clearly in Figure 6.1(b). Ideally, it was desired that the testbed have an

optical performance metric; however, hardware constraints did not permit a laser metrology
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system to be placed on the structure. Instead, the performance was chosen to be the
tip displacement of the flexible appendage (obtained by post wrocessing data from a tip
accelerometer). This measurement is analogous to estimating external path difference in an
interferometer based on accelerometers placed on the siderostats.

The number of truss bays and the length of the flexible appendage were selected such
that the first three testbed modes (one appendage bending mode and two truss bending
modes) were below 50 Hz. This ensured that a reaction wheel disturbance source would be
able to excite the modes when spinning up to a maximum rate of 3000 RPM (= 50 Hz). This
assumes the dominant reaction wheel disturbance harmonic is at the wheel spin frequency.
Modes at low frequencies were undesirable due to limited frequency resolution of the data
acquisition system, larger accelerometer noise, and increased data acquisition time. The
target frequency for the first testbed mode was 30Hz. For very light damping, the half-
power bandwidth of modes near this frequency would be on the order of the available
frequency resolution; therefore, it was considered advantageous if the truss incorporated
some amount of augmented damping. Three struts with a constrained viscoelastic layer
were placed near the root location to help increase the damping level, and they are visible
in Figure 6.2(a).

Since both the global truss mode and the local appendage mode are major contributors
to the performance metric, the testbed was designed such that stiffness and mass properties
that affect these modes could be modified easily. Changes in mass distribution are accom-
plished by adding or removing small masses at various locations on the structure. Several
washers can be seen at the node locations in Figure 6.2(a). The stiffness of the truss is
altered by adding small springs in parallel with an existing stiff spring that connects the
truss tip to ground, as shown in Figure 6.2(b). This was considered just as effective as
replacing the nominal struts with modified struts. The flexible appendage consists of two
parallel beams that are kept a fixed distance apart by a series of eight spacer blocks. The
bending stiffness is increased by adding thin shims to the spacers. The shims and spacer
blocks are visible in Figure 6.1(c), which shows the flexible appendage after it has been
taken apart. More detailed information about the testbed is summarized in Table 6.2, and

the supporting data acquisition hardware is listed in Table 6.3.
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Table 6.1: Desired characteristics of testbed.

Characteristic

Purpose

Implementation

e constructed from
available hardware

¢ medium
plexity

com-

e casily accessible

e support different
disturbance
sources and loca-
tions

o representative
performance
metric

e global and local
modes contribute
to performance

e augmented
damping

e fundamental
mode below
50 Hz

s mass and stiff-
ness properties of
global and local
modes can be eas-
ily changed

e minimize construction time
and cost

e minimize construction time;
make results traceable;
minimize modeling error issues

e facilitate structural modifi-
cations

e allow shaker or reaction
wheel to exert different levels
of authority on various modes

e make results traceable

e mimic types of critical modes
identified during SIM analysis

e minimize frequency reso-
lution issues around lightly-
damped modes in data

e places mode within fre-
quency range of reaction
wheel fundamental harmonic
(for max. wheel speed of
3000 RPM)

e validate as many physical
parameter sensitivities as
possible;

allow rapid testbed reconfig-
uration for maximum data
throughput

e use existing strut and node
hardware

e cantilevered, truss-like struc-
ture with triangular cross sec-
tion

e place horizontally on optics
table

e attach shaker at any node;
place reaction wheel on plate
at any bay location

e measure or infer structural
displacement

e add flexible appendage to
truss and measure appendage
tip displacement

e use struts with constrained
viscoelastic =~ damping  (J-
struts)

o set testbed fundamental fre-
quency by selecting proper
number of bays and length of
flexible appendage

e add or remove lumped
masses (e.g., nuts, washers)
at node and appendage
locations;

add spring at truss tip to
affect truss modes;

use sandwich appendage with
different spacer thicknesses to
adjust appendage stiffness

206



Yoot < .
e

Tos

S
R

L 1t
el

By our Bl iy
S

A3

Peier

$

DAty
Rl

)

(c

f entire testbed.

ble appendage. (c)

i

(b) Close-up of flex

Components of flexible appendage.

1ew o

.

6.1: (a) V.

Figure

207



TS s

ETN
arite

Figure 6.2: (a) Close-up of J-struts. (b) Close-up of stiff spring with added soft
springs. (c) Close-up of shaker.

208



Table 6.2: Testbed components.

Item

Description

short strut

long strut

node ball
flex. appendage

anodized aluminum; 3/8” outer diameter; 58 mil wall thick-
ness; 25 cm node center-to-center distance

anodized aluminum; 3/8” outer diameter; 58 mil wall thick-
ness; 35.36 cm node center-to-center distance

aluminum; 1.19” diameter; 34.7g

aluminum; two 1/16” x 2” x 20.16” beams (=~ 15" exposed)
with eight 1/16” spacers; combinations of 2 mil, 3 mil, and 5
mil shims

stiff = 31.9N/mm ; soft = 0.63 N/mm

springs
plate aluminum; 1/4” thick

Table 6.3: Supporting experimental hardware.
Item Description

Data acquisition

Actuator

Sensors

Signal conditioning

Power amplifier

Tektronix 2630 Fourier Analyzer with 4 input channels and
1 output channel

Briiel & Kjer Mini Shaker Type 4810

1 PCB 208B load cell (530 mV/Ib)

3 Kistler 8630B5 Piezobeam accelerometers (= 1V/g)
Kistler Piezotron Coupler 5120 (for load cell)

Kistler Piezotron Coupler 5128A (for accels.)

Crown DC-200 Series II

209



Top View Isometric View

Normal View Side View

Figure 6.3: Four views of the testbed finite-element model.

6.2 Testbed Model

The finite-element model of the testbed was created using IMOS, and different views are
shown in Figure 6.3. A major modeling simplification is that each strut assembly (consisting
of a ball node, screws, nuts, and hollow aluminum tube) is represented by a single Bernoulli-
Euler beam element. This keeps the total number of DOF’s in the model from becoming
excessive without sacrificing too much of the low-frequency accuracy of the model. It was
anticipated that only the first bending modes of the structure would contribute significantly
to the tip displacement performance metric, and strain energy calculations revealed that the
strut elements are primarily undergoing extension/compression in these modes. Thus, using
a single beam element with an equivalent axial stiffness (EA/L) was considered justified. If
the performance metric had been chosen such that higher frequency modes were important,
then more detailed modeling would probably have been required, such as adding more nodes
to each strut.

Component tests on single strut assemblies for a prior testbed [7] provided estimates of
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the strut equivalent stiffnesses for both the long and short struts. The general modeling
approach for determining the individual element properties was as follows. First, the strut
assembly mass was determined by averaging mass measurements for several struts. The
cross-sectional area was based on the inner and outer diameters of the strut hollow tube
portion. The material density was chosen such that the total element mass pAL equaled
the average measured mass. (L is the node center-to-center distance.) Then, a value for the
Young’s modulus E was calculated to achieve the equivalent stiffness EA/L obtained for
the previous testbed. This approach provided the initial parameter estimates for the strut
elements in the finite-element model.

The mass and inertia of the spherical node balls were lumped at the corresponding
nodes in the model using IMOS’s conm function. The plate to which the flexible appendage
is attached was modeled with a combination of triangular and quadrilateral plate elements.
Four of the plate nodes were connected to the neighboring truss ball nodes with rigid-body
elements. This allowed the midplane of the plate to be at the correct height above the top
plane of the truss. The spring attached at the truss tip was modeled with an elastic spring
element available through IMOS’s celas function. A cross-axis stiffness was also included
since the transverse spring stiffness was non-negligible.

The flexible appendage was modeled as a single, homogeneous, Bernoulli-Euler beam
even though the actual appendage is in a sandwich configuration. A node was added at
each spacer location, and the cross-sectional area and moments of inertia were computed
based on having two parallel, rectangular cross-section beams at an equal distance above
and below the sandwich beam midplane. The spacers were only accounted for by lumped
masses at the node locations. A more detailed model was created of the sandwich beam with
a cantilevered boundary condition, and the frequencies of this model were compared to the
frequencies of the single beam model. The Young’s modulus of the single beam model was
adjusted such that the first bending mode frequency coincided with the frequency predicted
by the two-beam model. The density was set to the value which produced the same mass

as was measured on a scale.
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6.3 Automated Finite-Element Model Updating

After having created the initial model, the next step was to update parameters in the model
based on transfer function measurements. This allows the experimentally-derived physical
parameter sensitivities in Section 6.5 to be compared to the predictions made by both the
un-updated and updated models. The results will provide an indication of the effects of
model error on the ability to identify performance-enhancing redesigns.

The topic of structural dynamic model updating has received and continues to receive
much research attention. The different approaches can be categorized according to choices

made for the following.
e parameters to update
o form of the data (e.g., time-domain, frequency-domain, modal)
e form of the model (e.g., time-domain, frequency-domain, modal)
e cost function
e optimization strategy

Choosing which model parameters to update is often one of the most difficult aspects of the
model improvement process. It is usually more desirable to update physical parameters at
the element level rather than parameters at the global level such as entries in the overall mass
and stiffness matrices. This makes it easier to predict the results of different configurations
of the system. Since the sensitivity validation tests involved making modifications to the
structure, it was considered more appropriate to update at the element level. A decision still
remained regarding which particular parameters should be updated. Geometric properties
such as element lengths and cross-sectional dimensions were not allowed to be updated since
they were assumed to contain minimal error. Also, material densities were not included in
the update process because of the care taken to ensure a correct model mass. This left
material stiffness properties as the potential update parameters. In particular, the Young’s
moduli F for the struts and flexible appendage were identified as the parameters in most
need of updating. The shear modulus G also falls into this category; however, the modes of
interest are dominated by extension in the struts and bending in the flexible appendage. The

corresponding stiffness terms EA/L and EI/L3 suggest that E is the relevant parameter
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(since A, I, and L are treated as constant). It is important that the parameters chosen for
updating have a large influence on the modes of interest, and it is for this reason that G
was not included in the update process.

The remaining parameters that were allowed to be updated were the spring cross-axis
stiffness and the modal damping ratios of the important modes. The cross-axis stiffness was
not measured experimentally, and it was considered to be a parameter with a potential for
significant error. The modal damping ratios are measures of the global damping rather than
element damping, and these are the only parameters in the update process that characterize
the structure in a modal sense instead of at the local physical-component level.

The type of experimental data that was considered appropriate for model updating was
frequency response functions (i.e., transfer functions). This type of data can be gathered
quite easily using available data acquisition hardware. Frequency-domain data can be av-
eraged to reduce the effects of sensor noise, and it can be used to estimate the performance
metric if a PSD is computed. Other possible types include time-domain impulse response
functions or modal data such as measured frequencies and mode shapes extracted from
frequency response data. Since the data was in the form of transfer fur.ctions, it was nec-
essary to compute transfer functions from the finite-element model. This was done by first
creating a state-space model in structural modal form (as described in Section 4.3.1), and
then using Eq. 3.2 to compute the transfer function matrix at each frequency.

In the frequency domain, a common method for computing a cost function is to subtract
the model transfer function from the measured transfer function at each frequency point,
then square the magnitude, and finally sum over all frequency points in all the transfer
functions. The smaller the value of the cost function, the closer the model is to representing
the data. The cost function used in the update of the testbed model is a slightly modified
version of this, and it is based on taking the logarithm of the transfer functions prior to

subtracting one from another [41]. In mathematical form, this cost function is represented

as
Ny Ny N

J= Z Z Z ‘log Gyu; (wi) — log C;‘yiuj ((.uk)‘2 (6.1)

i=1j=1k=1
where Gy,y;(wr) is the measured transfer function from the jth input to the ith output
at the kth frequency point. éy.-uj (wg) is the corresponding FEM-based transfer function.

Incorporating the logarithm into the cost function definition allows differences in the transfer



functions to accumulate not only near light!v-damped modes, but in other frequency ranges

as well.

The final decision that was made regarding the model update process was the optimiza-
tion strategy to use. In other words, given initial values of the paramsters to be updated
and a way to compute the cost J based on those parameters, what technique should be
employed to find the values that minimize J? The method selected is the same as that
described in Section 5.2.3 and used in the constrained optimization approach for the un-
certainty analysis. Specifically, the Sequential Quadratic Programming (SQF) method was
utilized since it is readily available via MATLAB’s constr function. Constraints can be
imposed on parameter variations to prevent unrealistic parameter values from occurring.

The main drawback to the model update process as described vp until now is the time
required to compute J once a new set of parameter values is determined. The primary steps

are as follows.
1. Place the new parameter values into a vector p.
2. Create the FEM based on the new values.

3. Solve the generalized eigenvalue problem (EVP) for the modal matrix ® and natural

frequency matrix Q.

4. Create a state-space model and compute the transfer functions at the frequency points

in the data.
5. Evaluate Eq. 6.1 to obtain J.

As the size of the FEM increases, the total time to complete all of these steps is dominated
by Step 2 and Step 3. To alleviate this problem, the following automated model update
process is proposed which makes use of mode shape, modal frequency, and modal mass

derivatives to estimate a new state-space model without having to regenerate the FEM or

solve the eigenvalue problem.
1. Place the nominal parameter values into a vector p,.
2. Create the FEM based on these values.

3. Solve the generalized EVP for ®, and £,.
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4. Compute the derivatives %%ﬂ, 36% and QMR (See Section 4.5.2.)
5. Start the SQP method. Set njter = 1, Ppew = Po. Specify Nmax, Jdesired, PLB, and pys.

(a) Make the approximations

® =~ @, +Za (Prew — po) (6.2)
Q = QO+.Z op; o po)i (6.3)
M =~ Mo+zaM° (Prew — Po); (6.4)

(6.5)

where 7, is the total number of physical parameters being updated and p; is the

ith parameter.
(b) Create a state-space model and compute éyu(w).
(c¢) Evaluate Eq. 6.1 to obtain J.
(d) Obtain a new parameter estimate pyew-

(e) If niter < Nmax and J < Jgesired, g0 to Step 6. If Niter > Mmax, €t Po = Prew and

go to Step 2. Else, proceed.
() 7Niter = Niter + 1

(g) Go to Step 5a.
6. Model update process has converged.

7. Repeat Steps 2, 3, and 5b to ensure that the updated parameter values do produce a

model whose transfer functions are close to the measured transfer functions.

As can be seen, this model update procedure has two primary loops. The inner loop occurs
during the SQP routine and makes use of first-order sensitivity information to estimate new
mode shapes, natural frequencies, and modal masses based on the change in the parameters.
This inner loop continues until convergence criteria are satished or the maximum number
of iterations has been exceeded. If the latter occurs, then the FEM is created again with
the current parameter values, and new eigenderivatives are calculated. This outer loop

addresses the fact that the estimates in Step 5a are only approximate and become worse

.
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for large parameter changes. The true model is created after every nmay iterations of the
inner loop, and this number is problem dependent. It should be made smaller if parameter
variations become too large before npyax is reached. After the convergence criteria are
met, it is important to check visually that the transfer functions based on the updated
FEM do match the measured transfer functions. If the results are unsatisfactory, then
possible options include tightening the convergence tolerance, easing the constraints on the
parameter bounds, or adding more parameters. Care must be taken, however, to verify
that the parameters being updated are chosen correctly and that the parameter bounds are
realistic.

The model update of the testbed FEM occurred in two stages. First, tests were done
on a bare truss assembly without the plate or flexible appendage, but with the tip spring.
The parameters updated in the bare truss FEM were the E values of the short struts, long
struts, the bottom J-strut, the top two J-siruts, and the cross-spring stiffness (for a total of
5 F parameters). The parameters were allowed to vary by as much as a factor of 1/2 smaller
or a factor of 1.5 larger. Also included in the parameter list were the modal damping ratios
of the first two truss bending modes. This resulted in a total of 7 parameters for the update
process. It is usually more desirable to have less update parameters than the total number
of quantities to which the model is being “matched.” If the number of update parameters
is larger, there might be instances where there exists a non-unique solution. For the case
of the bare truss tests, two transfer functions were used (1 collocated and 1 noncollocated).
The frequency range of interest contained two truss modes, and the shapes of the iransfer
functions are determined approximately by the values of the following quantities: 1 modal
frequency for each mode, 1 modal damping for each mode, and 1 residue value for each
mode for each transfer function. This leads to a total of 8 quantities that govern the
transfer functions. One can also argue that away from the resonant peaks, the transfer
functions should also be affected by modes outside the bandwidth, and this effect can be
approximately represented with a static correction term. So for the two transfer functions,
there will be two static correction terms. Thus, the total number of quantities that the
model update process is trying to match can be as high as 10. Therefore, the use of 7
update parameters was justified.

After the bare truss model was updated, tests were conducted on the entire assembly,

and the F of the flexible appendage and the modal damping ratio of the appendage mode
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Table 6.4: Parameter values for un-updated and updated models.

Parameter Un-updated 1 Un-updated 2 Updated
E, short struts 72 GPa 77.6 GPa 68.1 GPa
E, long struts 72 GPa 83.0 GPa 41.0GPa
E, flexible appendage 72 GPa 64.1 GPa 52.3 GPa
E, bottom J-strut 72GPa 72 GPa 102 GPa
E, top J-struts 72GPa 72 GPa 80.9GPa
k, spring cross-stiffness  16.0N/mm 16 0N/mm  7.7N/mm
G 0.2% 0.2% 0.4%
Q) 0.2% 0.2% 0.9%
G3 0.2% 0.2% 0.5%

were added to the parameter update list. The E’s of the truss were allowed to vary by
a smaller amount, while the E of the flexible appendage was given more freedom. The
reason for performing a two-stage model update process was to identify errors in the bare
truss model prior to adding the complexity of the plate and appendage. This strategy is
recommended for structures that evolve over time as more components are added [59]. In
additicn, the modal damping ratios of the three first modes were included in the update
process. Table 6.4 lists the un-updated parameter values along with the final updated values.
The values under the “Un-updated 1” heading are “poor” initial estimates because they set
all of the E values to a handbook value of 72 GPa (aluminum). For the “Un-updated 2”
case, the E values for the short and long struts produce the same equivalent axial stiffness
as was measured in the prior testbed. Also, the F for the flexible appendage is based on
a comparison made with a more detailed beam model, as was mentioned previously. Thus,
the “Un-updated 2" values represent a better “guess” since they use more of the available
information prior to the collection of data on the actual testbed.

Figure 6.4 shows the plots of two transfer functions from the data along with the cor-
responding predictions from the different FEM’s. The lower frequency mode corresponds
to the first appendage mode, and the next mode corresponds to the first bending mode of
the truss. The top subplot represents the transfer function from the shaker load cell to the
vertical displacement of the tip of the flexible appendage. The bottom subplot represents
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Figure 6.4: Comparison of transfer functions from data (—), updated FEM (—-),
and two types of un-updated FEM (- - —, --+).

the transfer function from the shaker load cell to the vertical displacement of the bottom
node at the end of the truss. The un-updated models have significant error, while the up-
dated model follows the data extremely well. This suggests that the model update process

was successful.

6.4 Disturbance Analysis Results

Another measure of the quality of the updated FEM is its performance prediction capabil-
ity. To examine this, a sample disturbance analysis was conducted, and the results were
compared to the measured performance. The Tektronix analyzer was used to output white
noise to the shaker amplifier across a 0-50 Hz bandwidth of interest. This bandwidih was
chosen to maximize the frequency resolution (based on a maximum number of 4096 FFT

points available) while still capturing the important modes. A larger frequency range was
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not considered necessary since the dominant modes for a white noise disturbance were an-
ticipated to be modes 1 and 3. This assumption is based on the modal parameter sensitivity
values in Figure 6.5(a). The PCB load cell measured the force applied to the testbed, and
the PSD of this force (based on 20 averages) is shown in Figure 6.5(b). The spectral content
appears to be uniformly distributed, as is expected for a white-noise disturbance. The effect
of a truss mode near 34.5 Hz is somewhat visible, however.

This measured PSD served as the disturbance input for the testbed FEM, and the analy-
sis code dist.analysis.m was used to implement a frequency-domain disturbance analysis.
The resulting predicted tip displacement PSD is shown as a solid line in Figure 6.5(c). The
measured PSD (the dashed curve) is difficult to see since it lies beneath the model-based
PSD. The measured displacement PSD was derived from the measured acceleration PSD
by using the following relationship [86].

Sx(0) = —55¢() (6.5)

The slight differences between the measured and model PSD’s can be seen in the cumvlative
RMS curves. The model slightly overpredicts the total RMS value, and most of the error
appears to be attributed to the first mode. The overall error is on the order of 10%, which
is a good achievement for an RMS performance prediction by a model that was updated

only through changes to physical parameters and modal damping.

6.5 Sensitivity Analysis Results

The measured performance PSD plot in Figure 6.5(c) appears noisy, and this is one disad-
vantage of working with measured PSD’s. Unlike transfer function measurements, which
typically have a cleaner look after a moderate number of averages, measured PSD’s do not
benefit as much from the averaging process. The sensitivity estimates presented in this
section are based on making slight modifications to the testbed, and as wili become evident
shortly, the shape of the PSD in the vicinity of a mode is extremely important. It was
feared that working directly with measured PSD’s might corrupt the results if the small
variations in the PSD’s were hidden by the “noise.”

The solution to this problem was to infer the performance PSD based on the measured
transfer function from the disturbance input (measured by the shaker load cell) to the

tip displacement (measured by the accelerometer). If the disturbance is assumed to be a
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unit-intensity, white-noise process, then the performance PSD is simply the square of the

transfer function magnitude.

Szz(w) = Isz(“’)]z (6.7)

If the performance and disturbance signals have a good signal-to-noise ratio, then G, (w)
will be a relatively clean transfer function, and S,,(w) will not have the “chatter” issue
associated with a measured PSD.

A total of six parameters were chosen for the physical parameter sensitivity analysis.
They are: [33 (minimum bending moment of inertia for the flexible appendage), mgpac
(mass of the spacers in the flexible appendage), myi, (mass of the spacer at the tip of
the flexible appendage), kspr (spring constant of the stiff spring), Mmenq (lumped nut mass
on the end of the truss at the center of the plate), and my,; (mass of the node balls).
The parameters mgpac and mpan are unique in that they represent the mass at multiple
locations. A 1% increase in mgpsc implies that a mass equal to 1% of a spacer mass is
added to each of the eight spacer nodes. Likewise, a 1% increase in mp,y implies that a
mass equal to 1% of a ball node mass is added to all of the ball node locations. In a way,
changes in these parameters act in a similar fashion as a change in material density would.
Using the distributed lumped mass approach was considered easier than actually changing
the material of either the struts or the flexible appendage. The test matrix in Table 6.5
identifies the different testbed configurations that were created to experimentally estimate
the sensitivity of the tip displacement RMS value with respect to these parameters. The
nominal configuration consists of a 4 mil shim thickness in the flexible appendage, 1 stiff
spring (no additional soft springs), 2 washers (2.20 g each) at every truss node, no added
spacer or tip mass, and 2 large hex nuts (51.14 g each) at the center of the plate.

The physical parameter sensitivity analysis framework described in Chapter 4 was ap-
plied to the updated model of the testbed, and the resulting analytical sensitivities with
respect to the six parameters are plotted in bar chart form in Figure 6.6. The black bars
correspond to the analytical predictions based on using 20 modes in the matrix derivative
calculations. (Recall Eq. 4.67 and Eq. 4.68.) Since the code sens_analysis_phys.mrequires
a state-space model of the disturbance, a third-order low pass filter with s 100 Hz corner
frequency and a unity DC gain was created to represent the 50 Hz bandwidth white-noise
disturbance. This yielded a disturbance PSD that is flat from 0-50 Hz and has a magnitude
of 1N2/Hz. This does not match the approximately 10~2 N?/Hz level seen in the measured
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Table 6.5: Sensitivity validation test matrix.

Parameter shim # of # of added added added
(% change) thick. soft  washers  spacer tip plate
[# of datasets] (mil) springs at nodes mass (g) mass (g) mass (g)

NOMINAL [5] 4 0 2 0 0 102.3

I3z (++14.9%)(1] 14 0 2 0 0 102.3
I3 (+4.36%)(1] 7 0 2 0 0 102.3
I3 (—2.85%)[2]* 2 0 2 0 0 102.3
I3 (—5.66%)(2] 0 0 2 0 0 102.3
Mspac (+5.60%)[2]* 4 0 2 0.176 0 102.3
Mgpac (+11.2%)[2] 4 0 2 0.351 0 102.3
Mspac (+25.8%)[2] 4 0 2 0.811 0 102.3
Mspac (+63.4%)(1] 4 0 2 1.994 0 102.3
Myip (+11.2%)[1] 4 0 2 0 0.351 102.3
myip (+91.9%)[1] 4 0 2 0 2.888 102.3
kspr (+3.95%)(1] 4 2 2 0 0 102.3
kspr (+7.90%)]1] 4 4 2 0 C 102.3
Mena (—50.0%)[2] 4 0 2 0 0 51.14
Mend (+104%)[1] 4 0 2 0 0 208.2
Mend (—100%)[2] 4 0 2 0 0 0
mpan (—2.85%)[1] 4 0 1 0 0 102.3
Mpan (—5.66%)[1] 4 0 0 0 0 102.3
Redesign 1 0 4 2 0 2.888 0
Redesign 2 0 4 2 0 4.226 102.3
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PSD in Figure 6.5(b); however, it can be easily shown that a normalized sensitivity (per-
cent change in RMS for a percent change in a parameter) will remain unchanged even if
the disturbance is scaled in magnitude.

The sensitivities in Figure 6.6(a) suggest some interesting performance enhancing op-
tions. An increase in the mass of the truss, either in the form of a lumped mass at the
plate (menq) or distributed lumped masses at all the nodes (mpay), will lead to a larger
tip RMS. Furthermore, an increase in the spring stiffness will lead to a lower RMS. These
sensitivities suggest that increasing the frequency of the truss mode at 33.5 Hz through a
stiffness increase or a mass decrease will result in a better performance. On the other hand,
the sensitivities with respect to the flexible appendage parameters have the opposite trend.
An increase in the mass of the appendage, either in the form of a lumped mass at the tip
(myip) or distributed lumped masses at the spacer nodes (mgpac) will improve the RMS.
Increasing the appendage stiffness via I3z will lead to a larger RMS. These sensitivities
suggest that decreasing the frequency of the flexible appendage mode at 23.9 Hz through a
stiffness decrease or a mass increase will result in better performance. This result appears
to contradict the sensitivity with respect to natural frequency shown in Figure 6.5(a). The
sensitivity is negative, which implies that an increase in the frequency of the appendage
mode should improve the performance. This is an example of a case in which making re-
design decisions based solely on the modal parameter sensitivities will lead to results that
are the opposite of that which is desired. The modal parameter sensitivities are appropri-
ate to identify critical modes and the relative importance of the damping in each of the
modes; however, they should not be used to suggest modifications to the mass or stiffness
properties of the structure. The physical parameter sensitivities are better suited for this
purpose. Recall that this is a similar contradiction as was encountered during the SIM
physical parameter sensitivity analysis in Section 4.6.2.

The experimental procedure for determining the physical parameter sensitivities ir-
volved measuring the disturbance-to-performance transfer function for the nominal con-
figuration and then repeating the measurement after each modification was made to the
testbed. The test matrix in Table 6.5 shows that only one parameter was varied at a time.
The exceptions are the two redesign cases, and th. - +ill be discussed in the following
section.

The performance metric RMS is defined as the square root of twice the area under the
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squared transfer function across the frequency range 10 to 50 Hz.

1

50 Hz 2
o, = [ / 2 Isz(f)I2df] (6.8)
10 Hz

The constraint on the lower frequency limit was due to accelerometer ncise. Since the
load cell-to-accelerometer transfer function was integrated twice to obtain G, the low
frequency noise was amplified, and integrating under this portion of the PSD overestimated
the true displacement RMS. Since analysis showed that the contribution to the RMS by
frequencies below 10 Hz was not appreciable, this lower limit was not considered a problem.
The upper limit was set by the maximum frequency available in the measured transfer
function, and it, too, was considered adequate. The RMS measurements for several of the
testbed configurations are presented in Figure 6.6(b). For configurations with multiple data
sets, the RMS values represent an averaged quantity.

Normalized sensitivities from experimental data were determined by using the following

finite-difference approximation.

o:—(0z)
Pnom Qgi ~ (azsnom (6 g)

(92)nom OP ~ T p=Pnom

Prom
The gray bars in Figure 6.6(a) represent the values of this approximation corresponding to
each of the modified configurations, except for the two marked with an asterisk, in Table 6.5.
The two configurations not included produced inconsistent results. This is not surprising
since they are associated with the smallest parameter variations in their respective groups.
If the parameter variations are too small, then the anticipated change in the frequency of
the modes can be on the same order as the test-to-test variation in the frequency. In other
words, repeatability issues tend to become more important as the size of the perturbation
becomes smaller. Another point that should be made is that it is not the absolute percent
parameter change that is important, but rather it is the effect that the parameter change
has on the resonant frequencies in the transfer function. Since the performance is related to
the area beneath the squared transfer function, it is critical that the change in the modal
frequencies be captured accurately. If a 10% change in parameter A results in a 1% change
in a dominant frequency, while a 10% change in parameter B results in only a 0.1% change,
then the calculated sensitivity based on A should be a better estimate than the sensitivity
based on B. The parameter variations should be large enough to cause a frequency shift

that is as great as either the frequency resolution or the scatter in repeated tests.
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This highlights the general difficulty in validating the analytical sensitivities. The pa-
rameter variations need to result in a good signal-to-noise ratio, where the “signal” is the
measured RMS change and the “noise” is the variation in RMS due to non-ideal repeata-
bility. On the other extreme, the parameter variations should be small enough such that
the finite-difference approximation for the sensitivity is still valid. A step that was taken to
minimize the repeatability issue was that multiple nominal transfer functions were taken,
especially when tests were conducted on different days. The RMS value from a test on the
modified system was compared to the nominal RMS value (0;),,,, computed from the most
recent nominal transfer function measurement. These two RMS values were then used in
Eq. 6.9. For cases when several data sets existed for a given parameter change, the individ-
ual sensitivities were determined, and then an average was taken. Thus, some of the gray
bars in Figure 6.6(a) are based on this averaging technique.

The white bars in Figure 6.6(a) represent the sensitivities obtained by making the cor-
responding parameter change in the updated FEM, computing the new RMS after perform-
ing a Lyapunov disturbance analysis, and then using the finite-difference approximation
in Eq. 6.9. The RMS predictions for several of the testbed configurations are presented
in Figure 6.6(b), and most come close to the measured RMS values. Each white bar in
Figure 6.6(a) is associated with the gray bar above it. This FEM-based finite-difference
approach served two purposes. First, it helped to validate the analytical sensitivities, and
second, it was used to examine the range of parameter variations for which the linear sensi-
tivity approximation was valid. The only parameter for which this approximation was not
valid is I33. The difference between the exact sensitivity and the FEM approximation is
apparent for all of the shim thickness changes that were tried. The results fcr all of the
other cases reveal that the sensitivity is rather constant for the magnitude of parameter
modifications that were implemented.

A glance at Figure 6.6(a) indicates that the experimental results capture the same
trends as predicted by the physical parameter sensitivity technique. Although the measured
sensitivities do not exactly match the analytical sensitivities, they have the correct sign,
and they do indicate the order of importance of the parameters (in terms of magnitude
of the sensitivity). Achieving more accurate results in an absolute sense is difficult due to
some of the experimental issues that have already been discussed. One recommendation is to

perform more repeated tests in order to obtain many data sets for each parameter variation.
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It is anticipated that averaging the results from more trials will reduce the discrepancies
that exist; however, the results from Figure 6.6(a) are quite promising, and it would be a
fair statement to say that the analytical sensitivities have been validated.

The plots in Figures 6.7 and 6.8 are sample PSD and cumulative RMS curves for two
types of parameter variations. Figure 6.7 compares tl.e measured and the predicted curves
for variations in I33, while Figure 6.8 compares the measured and the predicted curves
for variations in kgr. These plots are meant to demonstrate how dependent the overall
RMS value is on the location and height of the resonant peaks. For instance, the fact
that the height of the first peak of the dash-dot measured PSD in Figure 6.7 is slightly
lower than in the predicted dash-dot PSD causes the overall RMS value to be slightly lower
than expected. This results in an overprediction of the sensitivity magnitude. A difference
between the measured and predicted first peak in Figure 6.8 also contributes to errors in
the sensitivity computations. They cause the 4-spring case to underpredict and the 2-spring
case to overpredict the sensitivity magnitude. Although the trends in the PSD curves are
captured well in the data, it is the effect of small differences such as these that make it
challenging to match the measurement-based sensitivities with the analytical sensitivities.

Another issue of practical importance is whether un-updated models can be used to
make redesign decisions based on a physical parameter sensitivity analysis. As & first step
toward answering this, the physical parameter sensitivity code was applied to both types of
un-updated models. The resulting sensitivities are compared to those based on the updated
model, and they are shown in Figure 6.9. With the exception of un-updated model #1’s
estimate of the I33 sensitivity, the un-updated models do a good job of predicting the correct
sign and the relative order of importance of the parameters. It is not surprising that there
are errors in the magnitude of the sensitivities, but the general trend is a good indication. A
conclusion that can be drawn from this one case study is that models that do not have the
benefit of test data, yet do capture the important modes, can still be used to identify critical
structural parameters in the system. Since un-updated model #1 did not predict even the
correct sign of the I33 sensitivity, this points to the need for creating a good first-generation

FEM that uses all available information and past experience.
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Figure 6.9: Predicted physical parameter sensitivities based on different finite-
elenient models.

6.6 Performance Enhancement Exercise

Once the experimental validation of the physical parameter sensitivities had been completed,
the next step was to use the results to suggest redesigns of the testbed that would lead to
a lower RMS tip displacement. Prior to doing this, weighting factors were applied to the
analytical sensitivities so that a fair comparison could be made. Recall that two of the mass
parameters (Mgpac and mypa)1) govern the mass added at several node locations, while the two
other mass parameters (miip and mepq) affect the mass added at only a single node location.
Dividing the normalized sensitivity by the nominal parameter value and multiplying by the
anticipated largest allowable parameter change results in a quantity that represents the
maximum anticipated percent change in the performance RMS due to the change in the
parameter. This can be seen as follows.

APmax Poom 00,

x 100% = maximum % change in o, due to change in 6.10
pnom (az)nom 611 0 0 g z g p \ )

As mentioned previously, the physical parameter sensitivity values suggest that the
desired modifications are those that either increase the frequency of the truss or decrease
the frequency of the flexible appendage. The former can be thought of as making the truss

harder to disturb by having the disturbance force push against a stiffer structure. The
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latter can be thought of as isolating the motion of the appendage tip from the motion of
the end of the truss. The nominal structure was designed based on a priori knowledge
of these redesign options. The nominal shim thickness was nonzero to allow the thickness
to be decreased, thereby lowering the frequency of the appendage. Washers were placed
at all the node locations and hex nuts were placed on the plate to allow mass to be easily
removed from the truss. Soft springs could be added in parallel with the existing stiff spring
to increase the truss mode frequency.

With these options available, the following hypothetical design problem related to the
nominal testbed was posed. What mass and stiffness modifications should be made to

decrease the tip displacement RMS subject to the following constraints?
1. A maximum of four soft springs can be added to the structure.

2. The maximum change in the truss mass is 102 g. (This approximately equals the mass

of the two large hex nuts on the plate. It also represents the total mass of the washers

at all the node locations.)

3. The maximum change in the flexible appendage mass is 2.9 g. (This approximately

equals the mass of two small nuts at each of the 8 spacer locations.)
4. The maximum change in the flexible appendage thickness is 4 mil.

According to Eq. 6.10, a decrease in the performance RMS (i.e., a negative % change)
can be achieved by increasing (decreasing) the value of the parameter if the sensitivity is
negative (positive). Choosing the correct parameter changes and substituting the design
constraints into Eq. 6.10 produced the weighted sensitivities shown in Figure 6.10. The
sensitivity information has been converied into a form that can be directly used to suggest
the design improvements.

The purpose of constraints 2 and 3 was 'fo allow a choice to be made between either
changing the distributed mass or a lumped mass at a key location. For example, constraint 2
leads to the following question. If 102g can be removed from the truss, is it better to
remove it equally from all portions of the truss or to remove it all from near the tip of
the truss? Constraints 1 and 4 reflect the desire to minimize the stiffness modifications.
Examining Figure 6.10 leads to the conclusion that changing the lumped mass at the tip of

the appendage will lead to the largest performance improvement. Changing the appendage

231



133

mspacl|

mtip |

kspr |

mend |

mball

-7 -6 -5 -4 -3 -2 -1 0
% KRMS change

Figure 6.10: Weighted sensitivities.

stiffness and the truss spring stiffness are the next most important modifications, followed

by changes in the lumped mass at the plate location and the distributed mass on the

appendage and the truss.

Based on these results, the suggested testbed modifications are:

e Add 2.9g to the tip of the flexible appendage.

e Reduce the flexible appendage shim thickness from 4 mil to 0 mil.
e Add four soft springs.

e Remove the two large nuts from the plate.

This is exactly the case represented by Redesign 1 in Table 6.5. The resulting RMS dropped
from the nominal measured value of 0.755 mm to a value of 0.623 mm (refer to Figure 6.6(b)).
This represents a 17.5% improvement in the tip displacement RMS. The predicted perfor-
mance improvement based on adding the values in Figure 6.10 corresponding to myip, I33,
kspr, and menq is 16.1%. Thus, the weighted sensitivities proved to be an accurate and
useful design aid.

Redesign 2 in Table 6.5 was used to explore the possibility of obtaining the same or
greater reduction in the tip displacement RMS with less change in the overall mass. Con-

straint 3 was ignored, and 4.2 g was added at the appendage tip without changing the truss
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mass. The measured RMS was reduced to 0.578 mm, which represents a 23% decrease.
This was larger than expected, and an inspection of the predicted and measured PSD’s
in Figure 6.11 reveals that the peak of the first mode in the data is smaller than in the
FEM-based PSD.

6.7 Summary

A laboratory testbed was designed and constructed with the purpose of validating the
physical parameter sensitivity technique. The testbed consisted of a truss structure with an
attached flexible appendage. The performance metric was chosen to be the displacement of
the tip of the appendage, and this permitted both a global truss mode and a local appendage
mode to contribute to the performance. The disturbance was applied by a shaker near the
root of the truss. An automated finite-element model update routine was developed that
incorporates a constrained optimization algorithm with mode shape and natural frequency
derivatives. The routine converges to physical parameter values that minimize the error
between measured and predicted transfer functions. Mass and stiffness modifications were
made to both the truss and the appendage, and sensitivities derived from experimental
results were compared to the predicted sensitivities from the updated finite-eiement model.
Although the model-based and measurement-based sensitivities did not match exactly, the
overall trends in both the sign and magnitude level were comparable. Experimental is-
sues that made the measurement of sensitivities challenging were discussed. The use of
un-updated models was also examined, and results indicated that a poor, initial FEM can
actually predict the wrong sign for the sensitivities. A better initial FEM does capture the
overall trends in the sensitivities and can lead to proper redesign choices. An example design
exercise confirmed that a combination of a truss mode frequency increase and a appendage
mode frequency decrease does lead to a smaller tip displacement RMS. It also showed that
changes in tip end mass are more effective than an equivalent change in distributed mass.
Furthermore, the design problem highlighted the fact that design decisions based solely
on modal parameter sensitivity results can lead to unexpected performance changes. Now
that more confidence has been gained related to the use of physical parameter sensitivi-
ties, a performance enhancement technique that utilizes this analysis can be described and

implemented on a model of SIM Classic.
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Chapter 7

Performance Enhancement

Framework

The disturbance and uncertainty atialysis tools can be classified as methods that are used
during the performance assessment of a system. The last major tool that would complete
the overall conceptual design analysis framework pictured in Figure 1.1 is a performance en-
hancement (a.k.a. system improvement) tool. This chapter will describe an initial attempt
at a performance enhancement methodology that utilizes information provided by the pre-
vious analyses. The goal of the initial effort toward this end is not to define a complicated
optimization problem which must be solved, but rather to use all the results to help “point”
in the direction of an improved design and to estimate how “far” to move in that direction.
Trade studies are used first to identify a design that is in the vicinity of the performance
requirements, then minor structural changes are identitied that further improve the perfor-
mance. This is where a sensitivity analysis with respect to physical parameters can provide
an important link between the assessment and enhancement portions of the approach. After
the preliminary enhancement methodology is introduced, it will then be implemented on

the model of SIM Classic to demonstrate its use on a complicated, closed-loop system.

7.1 Methodology

As mentioned previously in Chapter 1, much research has been conducted in the area
of simultaneous control-structure optimization. The objective is to choose controller and

structural topologies and/or controller and structural parameters that improve certain per-
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formance metrics (e.g., mass, control effort, motion errors, etc.) subject to specificd system
constraints. Prior to this, work primarily concentrated on optimizing a ¢ atroller for a given
structural configuration or optimizing the structure for a given controller configuration. Due
to the inherent difficulty in simultaneous optimization, the proposed methodology will focus
on structural redesign options for a given controller.

A fundamental assumption is that a nominal puint design exists. This design is based
on a combination of system-level constraints (e.g., total mass, location of optical elements,
packaging restrictions, deployment issues, launch load requirements, etc.) and previous
experience with similar systems (e.g., control design heritage, use of similar structural
components). For high performance systems which rely on closed-loop control to achieve
the requirements, nominal cor:. ' designs are also assumed to exist.

Figure 7.1 shows the different technologies typically found in controlled structural sys-
tems [15]. They represent a variety of options for modifying the disturbance-to-performance
transmission path. Input isolation attenuates the transmission of disturbance-induced vi-
brations that enter the structure, while output isolation attenuates the transmission of
structural-based vibrations that affect the performance metrics. Passive damping treat-
ments serve to reduce the magnitude of response of system modes that contribute to the
performance. Active structural control loops that use a suite of sensors and actuators fur-
ther modify the system characteristics. Another option, which is implicit in Figure 7.1, is
the relocation/modification of disturbances and/or performances. Examples of this include
restricting reaction wheel speed ranges and moving a disturbance source to a point on a
structure that is a node (zero displacement) of a critical mode.

The general performance enhancement methodology will be described in terms of this
controlled structures technology (CST) framework. Once the performance assessment phase
is completed ard it is determined that performance requirements cannot be satisfied or a
sufficient desigr. margin does not exist, then disturbance and/or performance isolation is
implemented first to obtain large performance improvements. Isolation is typically very
effective in achieving orders of magnitude improvement. Along with this, the option for dis-
turbance and performance relocation should be investigated. If a design is obtained whose
predicted performance is close to the desired requirement, then small structural modifica-
tions (based on physical parameter sensitivities) and increased passive damping (based on

modal parameter sensitivities) can be used in tandem to “fine tune” the performance. The
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Figure 7.1: Controlled structures technology framework.

performance can be adjusted such that even worst-case predictions from an uncertainty
analysis meet the requirements. If, however, a combination of isolation, damping, and mi-
nor structural redesigns does not prove to be successful, then more ambitious efforts such as
active structural control and major topological redesigns should be pursued. In such a case,
the benefits of combined control-structure optimization will probably be more apparent,
and identifying design options that strive to optimize the control-structure interaction will

be worthwhile. The steps of this methodology are summarized in Table 7.1.

7.2 Application to SIM Classic

This performance enhancement approach will now be demonstrated on the integrated model
of SIM. The first step is to conduct a series of trade studies to identify the changes in

performance that can be accomplished through

¢ changes in hexapod isolator corner frequency (disturbance isolation),
e application of various levels of optical control (performance isolation), and
e RWA speed restrictions (disturbance modification).
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Table 7.1: Application of CST options during performance enhancement process.

CST option When to implement

e disturbance relocation/modification e large performance improvement needed

e performance relocation/modification e large performance improvement needed

e disturbance isolation e large performance improvement needed

¢ performance isolation e large performance improvement needed

e small stiffness/mass modifications e small performance improvement needed

e increased passive damping e small performance improvement needed

e active structural control e unsatisfactory performance with previous
options

e major structural redesign e unsatisfactory performance with previous
options

The number of optical performance metrics in the model is quite large. For each of the
three interferometers, the metrics include: total optical path difference (OPD), differential
wavefront tilt (DWFT) in two detector axes, and differential beam shear (DBS) in two
detector axes. This leads to a total of 3 x (1 + 2+ 2) = 15 quantities of interest. To lower
this number a bit, the DWFT and DBS quantities are combined as follows to yield total

values.

2 _ 2 2
ODWFT = ODWFTx T ODWFTy (7.1)

2 _ 2 2
OPBS = ODBsx t+ ODBsy (7.2)

where U%WFT,X and U%WFT,J, are the mean-square values of DWFT in the detector x and y
axes, respectively. The quantities Ulz)BS,x and 0'12)Bs,y are the mean-square values of DBS in
the detector x and y axes, respectively. The number of optical metrics is now 3x (14+1+1) =
9.

In this performance enhancement example, SIM’s astrometry mode of operation will
be considered. Although it is anticipated that the nulling mode will be the most techni-
cally challenging, fringe tracking and angle tracking requirements are more readily available
for the astrometry mode [52]. When the nulling requirements are more well-defined, the

performance enhancement process can be repeated.
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The requirement on OPD during fringe tracking is 10 nm RMS; however, error budgeting
allocates approximately 4.4nm to OPD error due to RWA disturbances. (This is based
on extrapolating the error allocation for the nulling mode [52]). The remaining error is
partitioned among sensor noise, actuator resolution, and quantization contributions. The
requirement on angle tracking is 1.6 urad (330 milli-arcsec) RMS, and assuming the same
proportion for error budget allocation leads to a requirement on RWA disturbance-induced
DWEF'T of 0.704 urad. No specific requirements on DBS have been identified, but visibility

reduction due to beam shear can be determined by the approximate relation [11]

Vzl—@% (7.3)

where d is the diameter of the beam, and the approximation is valid for opgs/d < 0.3.
Figure 7.2 shows the nine performance values as a function of both isolator corner
frequency and amount of optical control. The disturbance model is the same as has been
used in previous chapters, namely a low-order filter approximation to disturbance PSD’s of
four HST wheels with random wheel speeds in the range 0-3000 RPM. The circles represent
the results when no optical control is applied. As expected, no significant difference is seen
between the three interferometers. The OPD requirement is not met even when a 2Hz
isolator is used; however, the DWFT requirement is satisfied with a 5 Hz isolator. Isolators
with corner frequencies below 2 Hz are not shown since this frequency is approximately the
limit that can be achieved with current passive isolator technology [16]. No requirement
line is shown for the DBS subplots, but for reference, a value of 1 um results in a visibility
reduction of 3.33 x 10~4, and a value of 10 um results in a visibility reduction of 3.33 x 10~3.
Closing the delay line and fringe tracker loops produces the series of curves in Figure 7.2
denoted with Xx’s. The control designs are equivalent to those presented in Section 2.2.4.
Recall that the guide interferometers have a control bandwidth of 100 Hz to represent an
observation of a bright star, while the science interfercmeter has a 1Hz bandwidth to
represent an observation of a dim science target. As a result, the guide interferometers
are able to achieve lower OPD values than the science interferometer due to their greater
disturbance rejection abilities. For the DWFT and DBS metrics, the open optics (o) and
closed pathlength control (x) curves overlap. This is not surprising since both DWFT and
DBS are related to the pointing errors in the light beams. Only pathlength control is active,
so OPD should be improved while DWFT and DBS remain virtually unchanged. The guide
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Figure 7.2: SIM optical performance metrics as a function of isolator corner fre-
quency and levels of optical control. Structural damping = 0.1%.
(Based on HST RWA 0-3000 RPM disturbance model.)
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Figure 7.3: (a) Differential wavefront tilt of guide interferometer #1 with open
optics loops and either no isolation or a 10 Hz isolator. (b) Total OPD
of guide interferometer #1 with no isolation and either open or closed
optics loops.

interferometers appear to just barely meet the OPD requirement for a 10 Hz isolator, while
the science interferometer needs at least a 5Hz isolator.

At this point, a few interesting features can be identified and discussed. The first is
that a 10 Hz isolator appears to make the performance slightly worse compared to the no
isolation case for the DWFT and DBS metrics. Plots of the PSD’s and cumulative RMS
curves for the DWFT of guide 1 are presented in Figure 7.3(a). It appears that one of
the modes between 10 Hz and 20 Hz is greatly amplified when the design includes a 10 Hz
isolator. Although the dereverberant backbone of the PSD is lowered at high frequencies
due to the isolation, the amplified mode causes the overall RMS to be slightly larger than
the RMS of the model without isolation.

Another surprising result is that the OPD values of guide 1 and guide 2 become larger
for the no isolation case when the ODL and fringe tracker loops are closed. Figure 7.3(b)
plots the PSD’s and cumulative RMS curves for the total OPD of guide 1. Although the
optics loops reduce the low frequency error, a mode near 100 Hz is amplified enough to
cause the RMS to be larger than when the optics loops are open.

To better assess the DWFT and DBS metrics, fast-steering mirror (FSM) loops can be
closed in the model using a 5 order SISO compensator for each of the 12 FSM input-
to-WFT output loops (3 interferometers x 2 arms/interferometer x 1 FSM/arm x 2

axes/FSM). The FSM axes and detector axes are defined such that a FSM local z (or
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y) command causes motion primarily in the local z (or y) axis of the detector in the cor-
responding interferometer arm. The cress-coupling effects are small, which enables the
uncoupled SISO design approach. Since the FSM-to-WFT transfer functions are essentially
flat below 1000 Hz, the control design consists of

o a 2" order lag filter with a break frequency two decades below the desired loop

crossover frequency,

e a zero at a frequency a factor of three below the crossover frequency (to increase the

slope to near —1),

o three real poles at a frequency a factor of five above the crossover frequency (to gain

stabilize high frequency modes), and

e 3 gain to provide 0 dB magnitude of the loop transfer function at the desired crossover

frequency.

This control design is similar to one implemented on an interferometer testbed [70], and
the design incorporates realistic bandwidth and gain limitations. An example loop trans-
fer function for one of the guide interferometer FSM loops is shown in Figure 7.4. The
crossover frequency is 100 Hz, and the corresponding gain and phase margins of this loop
are approximately 10dB and 40°, respectively. The science inteferometer FSM loops are
designed with a 1 Hz crossover to simulate integration time limitations due to dim objects.

The curves in Figure 7.2 denoted by + symbols show the effects of the closed FSM loops.
As anticipated, there is little improvement in OPD for the three interferometers. The FSM’s
are designed to tackle the pointing problem, and the greatest performance improvements
occur in the DWFT and DBS metrics of the two guide interferometers. Factor of twenty
improvements are evident for the isolated cases, and there appears to be little benefit of
closing the FSM loops for the no isolation case. Due to the limited bandwidth available to
the science interferometer FSM loops, there is no improvement seen in any of the optical
performance metrics of this interferometer. This suggests that most of the RMS contribution
occurs above 1Hz. Alternative techniques, such as angle feedforward [61], would be needed
to further reduce the DWFT and DBS RMS values; however, it does appear that a 5Hz

isolator is sufficient to satisfy the DWFT requirement.
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Figure 7.4: Loop transfer function for one of twelve fast-steering mirror loops.

One last surprising feature in Figure 7.2 is the “knee” in the OPD curves (closed optics
cases) for both guide 1 and guide 2. There appear to be diminishing retiirns as the isolator
corner frequency is lowered. One would expect to see further improvement as in the DWFT
and DBS curves. More detailed examination of this issue revealed that the OPD PSD’s
exhibited a “washout” effect of the high-frequency dynamics as the corner frequency was
reduced. This was due to near pole-zero cancellations that were occurring. To determine if
this was a numerical conditioning issue or actually an effect of the isolator model, a sample
planar, free-free beam model was created, and a sketch of it is provided in Figure 7.5. A
disturbance force w acts on the lumped mass m, and the flexible structure is modeled by
a uniform beam of length 10 m. The isolator is represented by a spring and a dashpot in
parallel, and it is attached a distance of 0.5m to the left of the center of the beam. (This
avoids perfect pole-zero cancellations of the symmetric modes.) The beam fundamental
frequency without the isolator is 10 Hz, and the mass of the beam is 50 times larger than
the isolated mass. The isolator damping is 20% of critical, while the beam modes have 0.5%
damping. One performance metric is defined as the differential tip displacement, and the
other metric is defined as the differential tip rotation.

Transfer functions from the disturbance w to the two performance metrics are shown

in Figure 7.5(b) and Figure 7.5(c) for different isolator corner frequencies. Those that
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correspond to the differential tip displacement do exhibit pole-zero cancellations as the
corner irequency drops from 20 Hz to 2Hz. This can be more easily seen by examining the
phase plot. The 2Hz curve has a 180° phase loss at the isolator mode, but the higher modes
contribute little phase change, as is evident by the extremely small phase deviations about
the —180° line. The larger frequency isolator models exhibit more phase loss due to lightly-
damped beam modes that do not have neighboring lightly-demaped zeros. The transfer
functions for the differential tip rotation, on the other hand, do not show any signs of the
washout effect. For the different isolator models, they all show large resonant behavior
at the higher frequencies. These results suggest the washout phenomenon is probably
not a numerical conditioning issue, especially due the fact that this example problem is
not extremely complex. In fact, the results are analogous to the trends seen in the SIM
trade studies. The OPD is affected by the loss of observability and/or disturbability of
the higher modes, thereby causing a knee in the curves. DWFT and DBS do benefit
from the additional isolation since the highly-resonant modes at higher frequencies which
normally would contribute to the performance are being lowered in magnitude due to the
isolation. Further work is recommended in order to confirm these findings. It should be
noted, however, that the results to follow do not heavily depend on the shape of the OPD
curves for lower corner frequency isolators.

Thus far, both performance and disturbance isolation have been examined. The other
CST option that is listed in Table 7.1 and that can be implemented on the SIM model is
disturbance modification. This is one of the options which can achieve large performance
improvement on a nominal design when done properly. The original RWA disturbance model
that was used to obtain the previous results is based on an assumption of wheel speeds in
the 0-3000 RPM range. Now consider the case when the wheel speeds are restricted to
lie within the 0—600 RPM range. It is not known how practical it would be to have a
lower maximum allowable reaction wheel speed during an observation. This might not be
possible during long integration times of extremely dim objects; however, this issue will be
overlooked for now. Plots of the approximate disturbance PSD’s for both the 0-3000 RPM
case and 0-600 RPM case are visible in Figure 7.6. Reducing the maximum wheel speed
serves to reduce significantly the energy at high frequencies; however, this also allows the
wheels to spend more time at the lower speeds. The result is that at low frequencies, the

PSD’s for the 0—600 RPM case actually exceed the PSD’s for the 0~3000 RPM case.
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Figure 7.5: (a) Sample system to demonstrate washout effect. (b) Transfer func-
tion from disturbance to differential tip displacement for various isola-
tors. (b) Transfer function from disturbance to differential tip rotation
for various isolators.
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Figure 7.6: Disturbance PSD’s for the 0-3000 RPM case (—) and for the 0-
600 RPM case (——).

Rerunning all of the disturbance analyses for various combinations of isolator corner
frequencies and amount of optical control produces the results in Figure 7.7. When the
RMS values are compared to those in Figure 7.2, some distinguishing features become
apparent. First, the only consistent performance improvement in all three metrics occurs
when no isolation is present. This makes sense because without isolation to attenuate
the vibrations that excite the higher frequency modes, the larger energy content of the
0-3000 RPM disturbance at high frequencies (> 20Hz) passes through easily. As seen
previously in Figure 7.3, modes up to and slightly beyond 100 Hz contribute a noticeable
amount to the RMS values when the model does not have the benefit of isolation. When
isolation is present, it is the lower frequency modes that can contribute the most to the
overall RMS. If these critical modes occur below approximately 17 Hz, then the extra energy
in the 0~600 RPM case at these frequencies can actually make the RMS worse. This could
possibly explain the increase seen in the OPD metrics for the three interferometers when
disturbance isolation is used and optics loops are open.

Another feature is that for the isolated cases of DWFT and DBS, there do not appear
to be significant differences with the corresponding RMS values in the 0-3000 RPM case.
Restricting the wheel speed range does not offer much benefit for these metrics. The PSD’s
and cumulative RMS curves in Figure 7.8(a) provide a clue as to why this is the case.

This plot compares the results of the guide 1 DWFT with all optics loops closed and a
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Figure 7.7: SIM optical performance metrics as a function of isolator corner fre-
quency and levels of optical control. Structural damping = 0.1%.
(Based on HST RWA 0-600 RPM disturbance model.)
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Figure 7.8: (a) Differential wavefront tilt of guide interferometer #1 with closed
FSM loops and either a 0-3000 RPM RWA speed range or a 0-
600 RPM speed range (10 Hz isolator). (b) Total OPD of guide inter-
ferometer #1 with closed pathlength loops and either a 0-3000 RPM
RWA speed range or a 0-600 RPM speed range (5 Hz isolator).

10Hz isolator. For both wheel speed ranges, the critical mode is near 17 Hz, which is the
frequency around which the disturbance PSD’s in Figure 7.6 have approximately the same
magnitude. Therefore, the lower energy content at higher frequencies for the 0-600 RPM
case does not matter.

The OPD values, however, are affected by the lower wheel speeds. The RMS values
decrease when the optics loops are closed and increase slightly when the optics loops are
open. Figure 7.8(b) compares the PSD’s and cumulative RMS curves of the total OPD
of guide 1 when only the pathlength control loops are closed and there is a 5Hz isolator.
For the 0-3000 RPM case, the OPD RMS value is dependent on frequencies up to around
200 Hz. When disturbance energy is lowered between 20 Hz and 200 Hz due to restricted
wheel speeds, the resulting RMS is lowered as well (by a factor of about 2 in this example
plot).

Based on all of the results shown so far, the recommended design consists of a 10 Hz
isolator with closed pathlength (ODL, fringe tracker) and pointing (FSM) loops. The re-
action wheel speeds are permitted to take on values over their entire operating regime of
0-3000 RPM. For this level of isolation and optical control, restricting the wheel speeds does

not lead to a performance improvement large enough to justify placing a constraint on the
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Table 7.2: Comparison of RMS values for different SIM designs.

Optical metric Regmt. Design 1 Design 2
RMS design margin RMS design margin
Total OPD (gl) 4.4nm 4.36 nm 0.073dB 2.71nm 4.20dB
Total OPD (g2) 4.4nm 3.21nm 2.75dB 3.53nm 1.91dB
VJ 1.41 1.23 1.21dB 1.01 2.92dB

DWFT (gl) 0.704 yrad  0.154 urad 13.2dB 0.124 pyrad 15.1dB

DWFT (g2) 0.704 yrad  0.124 prad 15.1dB 0.106 prad 16.5dB
DBS (g1) N/A 0.996 ym - 0.784 ym -
DBS (g2) N/A 0.949 ym ~ 0.789 pm -

time between momentum dumps of the wheels. The RMS values of this design (labeled De-
sign 1) are compared to the reg::irements in Table 7.2. Values for the science interferometer
are intentionally omitted since it is anticipated that other control strategies not currently
in the model will be used to improve the fringe tracking and pointing peformance of this
interferometer. The structural redesigns will focus on improving the performance of the
guide interferometers.

The total OPD metrics have the smallest design margins (0.073dB and 2.75dB, re-
spectively). Since the first margin will almost assuredly be used up when a worst-case
uncertainty analysis is conducted, there is a motivation to try to increase the margins a bit.
Based on the performance enhancement methodology in Table 7.1, the next options that
can be implemented are increased passive damping and minor stiffness/mass modifications.
Figure 7.9 shows the RMS values of the optical performance metrics for the 0-3000 RPM
case when the structural damping is increased to 1%. As expected, all of the RMS values are
lower than the results for the models characterized by 0.1% damping. In fact, the DWFT
requirement is satisfied regardless of the presence of isolation or closed optics loops.

To better identify physical parameters that affect the total OPD values for both guide

interferometers, define a weighted cost J as follows.

1
J= o2 (U%PD,gl + O%PD,gZ) (7.4)
OPD,req
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Figure 7.9: SIM optical performance metrics as a function of isolator corner fre-
quency and levels of optical control. Structural damping = 1%.
(Based on HST RWA 0-3000 RPM disturbance model.)



Since the OPD of guide 1 is the metric with the smallest margin, there might be a temptation
to carry only this metric into a disturbance and sensitivity analysis to identify important
structural parameters. However, a structural modification that improves oopp 4 is not
guaranteed to improve ogpp g The combined cost J allows identification of structural
enhancements that attempt to improve both metrics. The DWFT metrics, on the other
hand, have sufficient design margin and do not need to be included in the cost function.
Only small structural modifications will be implemented, and they should not drastically
reduce the design margins of the DWFT metrics. (The design margins will be checked,
however, after the redesign is implemented.)

A frequency-domain disturbance analysis produces the cumulative RMS curve, PSD, and
disturbance contribution plot in Figure 7.10(a). The bar char in Figure 7.10(b) summarizes
these results, and it is apparent that the mode at 16.95 Hz contributes about 25% of the
total value of J. Other critical modes are at 12.3 Hz and 18.91 Hz. Several of the modes
listed are almost entirely excited by the reaction wheel M, disturbance. The sensitivities
of the square-root of J with respect to modal parameters are plotted in Figure 7.10(c), and
the critical modes identified from this plot do correspond to those in Figure 7.10(b), as
expected. Assuming +5% uncertainty in the frequencies of the three most critical modes,
a first-order uncertainty analysis predicts an approximately 7% increase in the square-root
of J (14% increase in J).

Mode shape and strain energy distribution plots for the modes at 16.95Hz, 18.91 Hz,
and 21.39 Hz were shown in Section 4.6.2. Recall that the first mode is characterized by
siderostat boom torsion and the latter two modes are characterized by local siderostat bay
modes. The 12.3 Hz mode is one of the six hexapod modes. Three parameters were chosen
for the physical parameter sensitivity analysis. They are the torsional constant J of the
siderostat boom cross section (not to be confused with the cost J), a stiffness scale factor
a used to adjust all of the siderostat bay stiffnesses simultaneously, and a mass scale factor
B used to adjust all of the siderostat bay masses simultaneously. The sensitivities of the
square-root of J with respect to these parameters are shown in Figure 7.11. Assuming that
a 1% change in each of these parameters “costs” approximately the same to implement, then
the torsional constant J provides the largest performance improvement potential, followed
by the siderostat bay parameters a and 3. All three sensitivities are positive, which indicates

that performance improvement (i.e., cost reduction) is achieved by decreasing the values of
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Figure 7.10: (a) PSD, cumulative RMS, and disturbance contribution plots of
weighted OPD for guide 1 and guide 2. (b) Critical modes and
disturbances. (b) Modal parameter sensitivities of weighted OPD.
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Figure 7.11: Physical parameter sensitivities.

these parameters.

Specify a hypothetical design constraint that only stiffness changes are allowed. Then
based on the sensitivities in Figure 7.11, an approximately 15% decrease in both J and a
should lead to about a 15% decrease in the square-root of the cost (i.e., a 30% decrease
in the cost). Implementing these design changes in the FEM produces the values listed
under the “Design 2” column of Table 7.2. A large improvement in the OoPD,g1 Margin is
accomplished with only a small sacrifice in the oopp 5o margin. In addition, slight reductions
in the DWFT and DBS RMS values are evident. A zoom into the critical frequency range
of the PSD of J in Figure 7.12 reveals that the softening of the structure does lead to
performance improvement over the nominal design. The square-root of the cost falls from
1.23 to 1.01, which represents an 18% decrease. This is close to the 15% decrease predicted
by the physical parameter sensitivities. Thus, these sensitivities have been successfully used
to identify performance enhancing structural modifications.

Although not required, passive damping can be added to the system to further improve
the RMS values of the optical performance metrics. The column labeled “Design 3” in
Table 7.3 shows the improvements when the nominal structural damping of Design 2 is

increased from 0.1% to 1% The results for the science interferometer are also shown, and
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Figure 7.12: PSD’s and cumulative RMS curves for the nominal design and the

design with 15% decrease in torsional constant J and 15% decrease
in siderostat bay stiffnesses.
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Table 7.3: Comparison of RMS values for different SIM designs.

Optical metric Reqmt. Design 3 Design 4
RMS design margin RMS design margin
Total OPD (gl) 4.4nm 1.28 nm 10.7dB 0.907 nm 13.7dB
Total OPD (g2) 4.4nm 1.45nm 9.66 dB 0.939 nm 13.4dB
Total OPD (s) 4.4nm 7.27nm -4.36dB 1.67nm 8.4dB

DWFT (gl)  0.704urad  0.044 prad 241dB  00115prad  35.5dB
DWFT (g2) 0.704urad 0.0352prad  26.0dB  0.0093urad  37.6dB
DWEFT (s) 0.704 urad  0.446 prad 3.97dB 0.0097 prad 37.2dB

DBS (gl) N/A 0.344 ym - 0.144 pm -
DBS (g2) N/A 0.277 pm - 0.121 pm -
DBS (s) N/A 5.83 um - 0.127 pm -

we notice that the requirements are still not being met. The DWFT metrics of the guide
interferometers, though, have no trouble meeting the requirement.

Now consider an ambitious and somewhat radic.i design consisting of a 2 Hz isolator,
1% structural damping, closed pathlength loops, and open FSM loops. The resulting RMS
values are found under the “Design 4” column in Table 7.3. In this case, all three inter-
ferometers have positive design margins for the OPD and DWFT metrics. This design is
unique in that an extremely soft isolator is used to compensate for the limited disturbance
rejection properties of the science pathlength loop. It also allows most of the DWFT errors
to be reduced without the use of FSM control.

Looking ahead to redoing this process for the nulling mode of operation, we can an-
ticipate that the OPD and DWFT requirements will become more stringent by roughly a
factor of 10. If this is this case, then Design 4 will not satisfy the OPD requirements, but
it should still be able to satisfy the DWFT requirements. To accurately assess this mode,
the integrated model will need to incorporate pathlength feedforward techniques (e.g., ac-
celerometer feedforward). In addition, the observation of even fainter science stars than
have been implicitly assumed by the science pathlength and pointing control bandwidths

will also require the use of these feedforward techniques.
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7.3 Summary

A methodology has been described for improving the performance of a nominal system by
using traditional CST options. Trade studies are conducted first to focus on the disturbance
and performance aspects of the system. When a design is found that satisfies or nearly sat-
isfies requirements, then minor structural changes such as mass and stiffness modifications
or passive damping augmentation are identified that achieve desired design margins. Phys-
ical parameter and modal parameter sensitivity analyses can be conducted to help pinpoint
which changes are the most beneficial. Active structural control or major topological re-
designs are additional options when the other options fail to produce satisfactory results.

The overall performance assessment and enhancement framework was applied to a model
of SIM Classic. Requirements for the astrometry mode of operation were identified, and
trade studies investigated the performance improvements that can be achieved with RWA
isolation, RWA speed restrictions, pathlength control, pointing control, and passive damp-
ing. Focus was placed on improving the performance of the guide interferometers since
feedforward techniques have not yet been implemented to assess the science interferometer.
Results indicate that the pathlength requirements are more difficult to meet, but can be
satisifed through a combination of reaction wheel isolation and pathlength control. The
wavefront tilt metrics, however, can satisfy the pointing requirement with isolation alone
and do not necessarily need to rely on closed FSM loops. Restricting the maximum reaction
wheel speed to be 600 RPM instead of the nominal 3000 RPM did not improve all of the
optical RMS values. The only appreciable benefits were observed in the OPD metrics for
the cases that used isolators with 5 Hz or lower corner frequencies.

Structural modifications based on physical parameter sensitivities were successfully im-
plemented and achieved the predicted amount of design margin increase. The modifications
consisted of decreasing by 15% the torsional rigidity of the siderostat booms and the stiff-
ness of each siderostat bay relative to the siderostat boom. This suggests that further
improvements might be achieved by “tuning” the siderostat bays individually. Additional
RMS reduction was achieved by increasing the damping of the critical modes from 0.1% to
1%.

Although the goal of the design exercise was to improve the system performance during

the astrometry mode, consideration was given to the eventual goal of meeting the nulling
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requirements. For the 0-3000 RPM RWA case, a design consisting of a 2 Hz isolator, closed
pathlength loops, and 1% structural damping failed to meet the OPD requirements; how-
ever, indications are that the DWFT requirements can be achieved. This highlights the
need for pathlength feedforward techniques. The results also suggest that the DWFT error
budget can be revisited such that the allocation to RWA-induced disturbances is lowered
and distributed elsewhere. For instance, noisier yet less costly pointing control sensors

might be permitted.
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Chapter 8

Conclusions and Recommendations

This concluding chapter summarizes the performance assessment and enhancement
framework that has been developed and demonstrated in the preceding chapters. The
major contributions that were made during the course of the development are listed, and

further work that would extend the capabilities of this framework are suggested.

8.1 Thesis Summary

The next generation of space-based scientific observatories are characterized by stringent
tclerances on optical performance metrics. The success of these spacecraft depends greatly
on the ability of optical control and vibration mitigation techniques to provide stabiliza-
tion of collected starlight despite the excitation of flexible structural modes by disturbance
sources. Early design trades and decisions rely on initial analyses that use simplified models
of these high performance systems. A methodology was created that applies a systematic
process to predict the effects of disturbances on the system and to estimate variations
in the predictions due to model uncertainties. In addition, it suggests standard control-
structure-interaction technologies and structural modifications to improve the performance
when needed.

Chapter 2 described the integrated modeling process used to generate models of initial
concepts. Structural dynamic modeling provides the governing equations of motion for
the system and predicts the effect of control and disturbance inputs on the structural
displacements. Optical modeling uses linear ray trace theory to relate the displacements of

optical elements to perturbations in optical metrics such as pathlength and wavefront tilt.
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Control modeling introduces a compensator that uses outputs of the model to determine
the appropriate control inputs to apply to the system tor purposes such as disturbance
rejection or command-following. Disturbance modeling quantifies the magnitude, spectral
content, and location of anticipated disturbances. Chapter 2 reviewed stochastic process
theory and its potential use as a tool for characterizing disturbances. Stochastic process
theory avoids a costly Monte Carlo analysis by producing “expected” disturbance levels;
however, worst-case situations cannot be directly identified. The importance of disturbance
modeling was emphasized, and serious efforts should be placed in this area.

The interplay between the different disciplines suggests that the modeling cannot occur
independently. For instance, structural modeling must provide the locations at which optical
elements exist and disturbance and control forces are applied. Everyone associated with the
integrated modeling process must be aware of the requirements placed by each discipline
on the cthers. A recommendation related to control modeling during the early conceptual
design process is that the control designs implemented should be realistic, especially in
terms of gain and bandwidth limitations. Performance predictions based on controllers that
assume perfect sensors and actuators and utilize precise knowledge of the plant model will be
misleading. For instance, large predicted performance improvement due to the control might
result in fewer vibration mitigation techniques being incorporated in the design. It might be
difficult to add these technologies to the system after it has been constructed and found to
require them. A consideration of numerical conditioning issues revealed that compensator
state-space representations that are derived from typical numerator-denominator transfer
function form should be transformed into a balanced realization. Furthermore, if model
reduction is to be performed, the model inputs and outputs should be scaled such that the
transfer functions are of similar order of magnitude. This allows modes that are important
in some input/output channels but not others to be retained in the model.

The integrated model of one concept for the Space Interferometry Mission (SIM) was
also described in Chapter 2. This model was developed at the Jet Propulsion Laboratory
and served as a typical spacecraft model on which to demonstrate the analysis tools that
were developed. A new method for generating reaction wheel assembly (RWA) stochastic
disturbance models was introduced. This method extends a current technique that mod-
els only a single wheel explicitly. This approach was used to create Hubble-based RWA
disturbance models that are applied to the SIM model.
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Chapter 3 reviewed three types of disturbauce analyses that can be conducted when a
system is represented in state-space form. A standard time simulation involves numerical
integration of the equations of motion. The integration step size should be small enough
to capture the highest frequencies of interest, but should be large enough such that the
computational time does not become excessive. A simple spring-mass system driven by
white noise showed the fundamental trade between time-simulation length and the accuracy
of the predicted steady-state RMS value.

The second type of disturbance analysis is based on propagating disturbance power
spectral density (PSD) functions through the system transfer functions to obtain the per-
formance PSD’s. The spring-mass system was used to demonstrate the effects of frequency
resolution on the predicted RMS values. More frequency points lead to more accurate es-
timates, but at the cost of increased computation time. The frequency resolution around
lightly-damped modes is particularly critical, and the appropriate resolution can be deter-
mined by plotting a cumulative RMS curve, which indicates the contribution to the overall
RMS value as a function of frequency. Lightly-damped modes manifest themselves as sharp
“steps” in the cumulative RMS function, and accurate RMS estimates require that a suffi-
cient number of frequency points define each step. The cumulative RMS function can also
be used to determine if the number of modes retained in the model is sufficient. A cumu-
lative RMS curve that is still rising after the last mode has been reached is an indication
that additional modes will probably add to the predicted RMS.

A frequency-domain disturbance analysis was also shown to provide information related
to the disturbance contribution at each frequency based on an uncorrelated assumption for
the disturbances. The results of the analysis can be conveniently displayed in bar chart
form. For each mode, the length of the bar is proportional to that mode’s contribution to
the performance variance, and the bar is subdivided according to the relative contribution
from each disturbance. Examining this type of plot quickly conveys the critical modes and
disturbances that affect the performance metrics. A frequency-domain analysis was demon-
strated on the SIM model, and the most critical mode for an optical path difference (OPD)
metric was identified as a boom torsion mode that was excited most by RWA disturbances
about the global z axis. In this example, neglecting the off-diagonal terms in the distur-
bance cross-spectral density matrix was shown to allow quicker computation times without

significant loss in accuracy.
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The third type of disturbance analysis assumes that the overall state-space system (with
appended disturbance filter dynamics) is excited by pure white noise. A Lyapunov equation
is solved to obtain the state covariance matrix, which can then be transformed to obtain
the performance covariance matrix. This approach produces the exact, theoretical mean-
square values of the various performance metrics. The computation time can be excessive
for large-order models; however, model reduction strategies can produce a smaller system
that retains accurate performance prediction capability.

Using a Lagrange multiplier approach, Chapter 4 derived the exact expression for the
sensitivity (i.e., derivative) of performance RMS values with respect to a generic parameter.
The sensitivities require the solution of one Lyapunov equation for the state covariance ma-
trix plus one Lyapunov equation for the Lagrange multiplier matrix for every performance
metric. Also required are the derivatives of the state-space matrices with respect to the
parameter. A review was provided of the steps to place a structural model in modal, state-
space form. After closing control loops (if present) and placing a disturbance shaping filer
in series with the system, the sensitivity equation can be simplified when the parameter
of interest is a modal frequency, modai mass, or damping ratio of the open-loop structural
system. A normalized sensitivity value can be computed that provides an indication of the
percent change in the RMS values for a percent change in each parameter individually. The
modes with the largest normalized modal parameter sensitivities were shown to correspond
to the critical modes identified from a frequency-domain analysis. The exact sensitivity ap-
proach is more computationally efficient than a finite-difference approach when the number
of parameters of interest exceeds the number of performance variables. Results on the SIM
model indicated that the sensitivities from a finite-difference approach were not numerically
stable as the parameter perturbation size was decreased.

Chapter 4 also described a method for computing sensitivities of performance RMS
values with respect to physical parameters of the structural finite-element model. These
sensitivities provide more intuition from a structural redesign perspective. The method
requires that the derivatives of mode shapes, natural frequencies, and modal masses be
computed with respect to the parameters of interest. An existing code was modified to
include the modal mass derivatives and to accommodate desired parameters such as elastic
spring element constants and lumped mass/inertia values. Necessary modifications were

also made to the equations when the finite-element model consists of independent and
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dependent degrees of freedom. The physical properties of elements with strong influence on
the critical modes are chosen for the sensitivity analysis, and strain energy distribution plots
help to make this selection. The sensitivity calculations can be computationally intensive
for large models; however, simplifications were identified to reduce the computational effort
with minimal impact on the results. For instance, the method only requires knowledge of
mode shapes at DOF’s associated with inputs and outputs. Also, only those modes that
significantly contribute to the performance need to be retained in the computations. This
was demonstrated on a simple, cantilever beam example problem. Application to the closed-
loop SIM model revealed that the sensitivities of an OPD metric are large with respect to the
torsional rigidity constants G and J of the siderostat booms and the generalized stiffness and
mass properties of a siderostat bay. This appears to be the first attempt in the literature of
computing accurately the performance sensitivities of a large-order (307 states), closed-loop
model with respect to physical parameters.

The effect of model uncertainties on performance RMS predictions was the topic of Chap-
ter 5. A technique was developed that searches for allowable values of modal frequency,
modal mass, and modal damping ratios of specified modes that maximize the predicted
cost. The cost is a weighted combination of performance mean-square values; therefore,
the technique identifies the worst-case performances. The modes with the largest modal
parameter sensitivities are selected for the uncertainty analysis. A constrained optimization
approach is used to identify the worst-case parameters, and multiple runs with different ini-
tial guesses are required to improve confidence that the solution is converging to the global
maximum. In addition, analytical gradient information based on modal parameier sensi-
tivities is supplied to the optimization routine to help the solution process. The result of
applying the technique to a low-order, open-loop system suggests that the worst-case modal
parameters can be identified a priori by placing the parameters at the bounds indicated
by the directional information of the modal parameter sensitivities. A counter-example
was also analyzed that showed the worst-case parameters do not necessarily occur at these
bounds for systems with frequency uncertainty larger than the frequency separation. To
accommodate large-order models, an approximate balanced model reduction technique was
developed that uses the original balancing transformation matrix at each iteration of the
optimization routine. Approximate gradient information is also computed, and these gra-

dients were shown to decrease the number of iterations required to converge to a solution.
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The uncertainty analysis method was demonstrated on the SIM model and showed that
+5% uncertainty in three critical modes can lcad to a 14% increase in the predicted RMS
value of an OPD metric.

The physical parameter sensitivity approach was experimentally validated on a labo-
ratory testbed, and the results were presented in Chapter 6. The design of the cantilever
truss structure with a flexible appendage was motivated by the types of critical modes iden-
tified during the physical parameter sensitivity analysis on the SIM model. The testbed
was also designed to accommodate stiffness and mass changes that could primarily affect
either the global truss modes or the local appendage modes. An automated finite-elemernt
model updating routine was developed and used to suggest Young’s modulus values I and
modal damping ratios that minimized the error between measured transfer functions and
FEM-based transfer functions. The routine relies on mode shape, frequency, and modal
mass derivatives with respect to the physical parameters chosen to be updated. This al-
lows first-order effects of parameter perturbations to be estimated without regenerating
the FEM at each 1iteration. As a truth check, however, the FEM can be created after a
specified number of iterations to correct for accumulated errors due to the first-order ap-
proximations. Physical parameter sensitivities were computed using the updated model and
were compared to sensitivities obtained experimentally. The experimental estimates were
calculated from a finite-difference approximation after a mass or stiffness modification was
made to the nominal testbed. Performance RIJS estimates were obtained by integrating
under the PSD of the appendage tip displacement. The modci-based sensitivities and RMS
estimates were found to agrez favorably with the measured quantities. Modifications to the
testbed based on the sensitivity information did produce the anticipated decrease in tip
displacement. This demonstrated the usefulness of the physical parameter sensitivities as a
redesign tool.

Chapter 7 applied the overall performance assessment and enhancement framework to
the SIM integrated model. Trade studies identified the relative benefits of RWA isolation,
RWA speed restrictions, layered optical control, and passive damping on optical path differ-
ence (OPD), differential wavefront tilt (DWFT), and differential beam shear (DBS) metrics
of the three interferometers. Lower isolator corner frequencies did lower the RMS values
of all the metrics; however, the OPD metrics experienced diminishing returns due to a

“washout” effect. This effect was observed in a sample beam problem that was created
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to examine this issue further. As anticipated, closing pathlength loops improved the OPD
metrics, while closing fast-steering mirror loops (FSM) improved the DWFT and DBS met-
rics. The DWFT metrics were able to meet astrometry requirements with higher-frequency
isolators than the OPD metrics. This suggests that the OPD requirements are the most
stringent. Reducing the maximum allowable wheel speed from 3000 RPM to 600 RPM
was beneficial mainly for the OPD metrics and not the DWFT and DBS metrics. This
was attributed to the frequencies of the critical modes for the metrics. Higher frequencies
(20-100 Hz) contributed a large fraction to the OPD RMS values when optics loops were
closed, while lower frequencies (< 20 Hz) contributed most to the DWFT and DBS metrics
when optics loops were closed. The disturbance PSD’s of the 3000 RPM case are actually
about the same magnitude as the disturbance PSD’s of the 600 RPM case at low frequencies
(< 20 Hz); therefore, restricting the wheel speeds does not offer much benefit for the DWFT
and DBS metrics.

An example perfermance enhancement exercise was shown that utilized physical param-
eter sensitivity information. The sensitivities with respect to the siderostat boom torsional
rigidity and siderostat bay generalized stiffness were computed and suggested that both
should be decreased to improve a weighted combination of OPD mean-square values for
the guid