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Abstract. In 2021, following promising feasibility studies led by NASA, the National Academies in the Decadal 16 

Survey on Astronomy and Astrophysics officially recommended a flagship mission to search for the existence of life 17 

outside of our solar system. In response, NASA in partnership with the astrophysics community and with support from 18 

industry is currently performing architecture studies and advancing critical technologies for the Habitable Worlds 19 

Observatory (HWO), a next generation large space observatory capable of directly imaging and characterizing Earth-20 

like exo-planets in the habitable zone of nearby stars. HWO uses a coronagraph to block the light of the parent star 21 

and demands unprecedented levels of wavefront stability on the order of 10 picometers over long time scales to achieve 22 

the raw contrast ratio of better than 10-10 and the contrast stability of 10-12 necessary for direct exo-Earth imaging.  23 

In this article, we report on Lockheed Martin team’s progress advancing four critical technologies for HWO 24 

covering vibration isolation and precision pointing systems, picometer-class metrology, structural damping 25 

augmentation, and cryogenic detector cooling. We also report on our evaluation of the dynamic line-of-sight and 26 

dynamic wavefront error stability achieved during science observation and following large angle slews using 27 

Lockheed Martin’s Disturbance Free Payload (DFP) system for vibration isolation from the host spacecraft to the 28 

telescope on a pathfinder observatory architecture developed by NASA and its partners called Exploratory Analytical 29 

Case 1. The optical telescope assembly in that case consists of an off-axis 6-meter inscribed-diameter segmented 30 

primary mirror with 19 segments and an unobscured telescope.  31 

Our approach to achieving the requisite dynamic wavefront stability with DFP consists in flying the optical 32 

telescope assembly and the host spacecraft in close formation. In that architecture, the telescope is mechanically 33 

disconnected from the spacecraft aside from harnesses bridging that interface, thereby providing superior levels of 34 
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vibration isolation. DFP enables high science observation efficiencies with little-to-no downtime following slews and 35 

enables tight telescope attitude control at ~0.6-Hz bandwidth.  36 

We discuss our study findings to-date and the implications for the design of the observatory and its active 37 

wavefront sensing and control system. 38 
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1 Introduction and Study Objectives 44 

In the next two decades, NASA envisions a large space-based telescope that will perform 45 

unprecedented astronomy focused on the direct detection and characterization of Earth-like 46 

exoplanets1,2 Recent advances in optical coronagraphs have enabled this mission, but the 47 

technology imposes unprecedented requirements on telescope dimensional stability, optical 48 

system alignment sensing and control, and vibration isolation. Optical coronagraphs enable 49 

detection and characterization of exoplanets in the close angular proximity of their parent star by 50 

effectively removing the central core of the stellar Point Spread Function, leaving an annular “dark 51 

hole,” whose inner and outer angular limits are defined by the telescope and coronagraph 52 

instrument performance. A key performance metric of coronagraphs is defined by the contrast ratio 53 

that measures the effectiveness of the coronagraph in suppressing the starlight near the planet. For 54 

the system architectures being considered by NASA, raw contrast ratios on the order of 10-10 are 55 

required, and this contrast performance level must be sustained over long time intervals between 56 

wavefront error (WFE) sensing and control updates. Over these intervals, contrast stability is 57 

degraded by uncompensated optical WFE due to dynamic vibration of telescope optics arising 58 

from spacecraft exported vibrations and thermal-induced structural deformations. 59 

NASA HWO Technology Maturation Project Office (HTMPO) reported on HWO’s critical 60 

technologies and development needs in Ref. 3. Our long-term objectives include advancing the 61 

following four critical technologies on that list to Technology Readiness Level 5 in preparation for 62 

Mission Concept Review (MCR) in 2029: “Telescope Sensing & Control” categorized as 63 

Threshold and prioritized as Critical, “Low-Vibration & Pointing Control Systems” categorized as 64 

Threshold and prioritized as Long Term, “Ultra-Stable Structures” categorized as Threshold and 65 
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prioritized as Urgent, and “Cryogenic/Superconducting Detectors” categorized as Enhanced and 66 

prioritized as Critical. Concurrently, our objective is to advance integrated modeling tools to 67 

explore the observatory architecture trade space and project the observatory end-to-end 68 

performance. In this article, we present an application of those tools to project HWO’s dynamic 69 

line-of-sight and dynamic wavefront performance on NASA Exploratory Analytical Case 1 70 

(EAC1) pathfinder architecture as a use-case. 71 

This article is organized as follows. In Section 2, we provide an overview of NASA EAC1 use-72 

case used in our integrated modeling analyses and our metrology configuration studies. Section 3 73 

focuses on critical technology maturation for the mission.  We provide an overview of the 74 

Disturbance Free Payload system for Optical-Telescope-Assembly (OTA) inertial stabilization 75 

and precision pointing and discuss our approach to tailoring that system to EAC1. We report on 76 

our progress on advancing picometer optical metrology gauges needed to sense the OTA 77 

deformations and control the dimensional stability of that assembly. That progress includes a 78 

laboratory experiment conducted by differencing the outputs from two Tracking Frequency 79 

Gauges on a common-path test-bed in air: the displacement measurement stability achieved is <3 80 

pm over correlation times ranging from 3 msec to 2.8-hours in that configuration. We report on 81 

effective means leveraging the picometer actuators needed for positioning the telescope optical 82 

elements to actively augment the structural damping of the OTA without introducing additional 83 

hardware and without impacting the thermal-dimensional stability of that assembly. Lastly, we 84 

report on our progress devising cryogenic cooling solutions to accommodate 85 

cryogenic/superconducting detectors and thereby potentially enhance planet yield by 30%.4 86 

Section 4 reports on the results of our integrating modeling studies on EAC1 and demonstrates the 87 

slew agility, dynamic line-of-sight stability, and dynamic wavefront  stability benefits of  the 88 

Disturbance Free Payload system. That section concludes with our projected bottoms up dynamic 89 

line-of-sight and dynamic wavefront error budgets with DFP. Section 5 summarizes our EAC1 90 

evaluation findings and derived observatory recommendations. Section 6 concludes with next 91 

steps and future work. 92 

2 NASA Exploratory Analytical Case 1 Pathfinder Architecture Use-Case 93 

Exploratory Analytical Case 1 (EAC1) is one of three exploratory analytical cases being studied 94 

by NASA and its partners, and Industry to exercise the integrated modeling tools and to raise the 95 
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Concept Maturity Level for the Habitable Worlds Observatory. Those EACs are not intended to 96 

be point designs. As shown in Figure 1, the observatory is composed of a spacecraft and a payload 97 

interfacing through a vibration isolation system. The optical telescope assembly in this case 98 

consists of an off-axis 6-meter inscribed-diameter segmented primary mirror with 19 segments 99 

and an unobscured telescope. The optical telescope is surrounded by a baffle for micrometeoroids 100 

protection.  101 

 102 

Fig. 1 (Credit NASA): Exploratory Analytical Case 1 Overview. 103 

3 Critical Technologies for Ultra-Stable Telescope 104 

3.1 Disturbance Free Payload System for Telescope Vibration Isolation and Precision Pointing 105 

For vibration isolation of the observatory payload from the host spacecraft, we baseline our 106 

Disturbance Free Payload (DFP) system to fly the payload (optical telescope) and the host 107 

spacecraft in close formation. In that architecture, the telescope is mechanically disconnected from 108 

the spacecraft aside from electrical and digital data harnesses bridging that interface, thereby 109 

providing superior levels of vibration isolation. The Disturbance Free Payload system addresses 110 

the needs for “Low-Vibration & Pointing Control Systems”, a technology categorized as Threshold 111 

and prioritized as Long Term for HWO.3,5 112 

3.1.1 Disturbance free payload overview and heritage 113 

We demonstrated the DFP system vibration isolation, payload precision pointing, and slew 114 

functionalities extensively6-9 on multiple 2-D and 3-D laboratory testbeds (some shown in Figure 115 

2) and achieved 68-dB of vibration isolation from 1-Hz to 100 Hz on 3-D emulators replicating 116 

the dynamics of large observatory precursors to James Webb Space Telescope (JWST) at reduced 117 

scale. That technology is currently at Technology Readiness Level 4.  118 
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 119 

In the configuration used in this work, the Disturbance Free Payload system has 3 main control 120 

functions: (1) Payload inertial attitude pointing, (2) relative position control between spacecraft 121 

and payload, (3) spacecraft attitude control relative to payload. That configuration is a variant of 122 

the so-called pure DFP configuration depicted in Figure 3, which does not use the spacecraft 123 

thrusters for relative position control. 124 

• Payload inertial attitude pointing as its name implies is intended to maintain the optical 125 

telescope pointed towards its target. That control function is achieved using the DFP non-126 

contact voice-coil actuators for actuation and the payload attitude sensors (such as star trackers, 127 

gyroscopes, and guiders) for attitude determination. DFP applies torques to the payload using 128 

its non-contact voice-coil actuators to execute the attitude corrections requested by the payload; 129 

DFP uses the spacecraft as reaction structure.  130 

• Relative position control is intended to maintain  DFP within its +/-10 mm operational range; 131 

that control does not have to be very precise; it only needs to be good enough to maintain DFP 132 

within its operational range. That control function is achieved using the DFP non-contact voice-133 

coil actuators for actuation and non-contact position sensors for monitoring the position of the 134 

spacecraft relative to the payload. The actuation forces are combined so that ideally the resultant 135 

Fig. 2  DFP Demonstrated Superior Levels of Vibration Isolation on 3D Emulators Relevant to HWO Replicating 

the Dynamics of Large Observatories at Reduced Scale. 
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torque about the payload center of mass is null to avoid perturbing the payload attitude in the 136 

process. In the so-called pure DFP configuration, that control function would be achieved using 137 

thrusters to reposition the spacecraft relative to the payload instead of the voice-coil actuators: 138 

that is an acceptable compromise in applications where what matters is the payload inertial 139 

attitude or target pointing not the payload position. 140 

• Relative attitude control is also intended to maintain DFP within its operational range and again 141 

that control does not have to be very precise; it only needs to be good enough to maintain DFP 142 

within its operational range. That control function is achieved using the spacecraft reaction 143 

wheels for actuation and the DFP non-contact position sensors for monitoring the attitude of the 144 

spacecraft relative to the payload. The relative attitude control is like drag-free satellite 145 

operation. It is worth pointing out and emphasizing that DFP does not use its voice-coil 146 

actuators for relative attitude control because doing so would affect the payload pointing. 147 

 148 

Fig. 3 The pure DFP control system configuration. 149 

In the so-called pure DFP configuration, DFP would achieve vibration isolation down to DC 150 

in the absence of mechanical coupling such as cables at the interface between the spacecraft and 151 

the payload and the performance would not be limited by the relative position sensor noise since 152 

those sensor signals would not be used to generate any forces or torques applied to the payload. 153 

That feature distinguishes DFP from conventional active vibration isolation or cancellation 154 

systems. 155 
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The relative position and the relative attitude tolerance being loose, we operate those functions 156 

at low bandwidth for stability robustness purposes in the presence of appendages low-frequency 157 

structural dynamics. How low that bandwidth can be is a trade-off versus the observatory slew 158 

agility and the designed-in DFP operational range. 159 

The DFP control logic can be configured so that either the payload, the spacecraft, or DFP acts 160 

as the master for coordinating operation. In this work, DFP is designated as the master. 161 

3.1.2 Voice coil actuator current drive noise mitigation 162 

VCAs are Lorentz force actuators, generating a force which is proportional to the electrical 163 

current through a coil suspended in a fixed magnetic field. Voice Coil Drivers (VCDs) are analog 164 

electronics boards that deliver controlled current through the VCAs from an external command. In 165 

low-noise applications such as DFP, these drivers use linear current regulators. A current control 166 

loop is typically implemented in the analog electronics to cancel the back EMF, which arises in 167 

the presence of relative motion between the coil and the magnet, so that the electrical current 168 

delivered to the coil is ideally equal to the current requested. The command signal is typically a 169 

digital signal converted to an analog voltage using a digital-to-analog converter (DAC). 170 

In previous integrated modeling studies of a DFP architecture for HWO,10 the VCDs were 171 

modeled using the noise characteristics and frequency response for drive electronics typically 172 

deployed for precision mechanism control, such as with a Fast-Steering Mirror (FSM). For an 173 

HWO application of DFP, the noise performance of VCA drivers can be improved significantly 174 

by tuning the heritage VCA drivers for the specific needs of HWO.  175 

Noise performance can be increased in the VCD electronics by either improving the noise 176 

characteristics of the DAC, tuning the analog circuit, or changing the bandwidth of the current 177 

control loop. All three techniques are explored and simulated to arrive at a VCD design that 178 

achieves over 6.5x noise reduction compared with heritage FSM designs.  179 

The noise characteristics of VCDs from three heritage FSM programs were analyzed, and the 180 

driver used in a Lockheed Martin (LM) FSM development program called “AIMS-2” was selected 181 

as the starting point for tuning the circuit for a DFP implementation on HWO. Two modifications 182 

in the circuit reduce the noise by a factor of 2.2x in the 30 Hz – 70 Hz range: the addition of low-183 

noise Analog Devices OP27 amplifiers to the error and current sense stages of the drive electronics, 184 
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and a change in the resistance of the current sense resistors. These modifications incur a slight 185 

0.1W increase in quiescent power.  186 

Additional reduction in noise can be achieved by lowering the bandwidth of the current control 187 

loop. The payload pointing control loop within the DFP system has a bandwidth of approximately 188 

0.58 Hz for HWO’s Exploratory Analysis Configuration-1 (EAC-1), so the current control loop 189 

bandwidth can be reduced from a starting point of 400 Hz to 6 Hz and still be operating a decade 190 

above the payload pointing control loop’s bandwidth. Lowering the current control bandwidth has 191 

the disadvantage of increasing coupling between spacecraft and payload, due to lower back EMF 192 

rejection. Integrated modeling assessments, however, show that the effect on performance metrics 193 

from back EMF is relatively small compared to the effect of coupling due to cables across the DFP 194 

interface, and well worth the tradeoff for lower VCD noise.11 Operating the current control loop 195 

with a bandwidth of 6 Hz results in another 2.6x reduction in noise compared with the same circuit 196 

at 400 Hz bandwidth. Figure 4 shows a comparison of the simulated noise spectral densities and 197 

back EMF rejection of the heritage VCD (purple) and the circuit tuned for DFP at three different 198 

bandwidths. The 30-Hz-to-70-Hz band is highlighted since that is the frequency band where the 199 

payload has significant structural modes, and excitation from the VCD noise would have the 200 

largest effect on wavefront error. Table 1 shows the integrated noise results and power 201 

consumption of the circuits analyzed. 202 

Table 1 Simulation Results for Voice Coil Drive Circuits. 203 

VCD Design 
Current Noise, 

1Hz-5k Hz (uA) 

Current Noise, 

30 Hz-70 Hz (uA) 

Quiescent Power 

(W) 

Power at Peak 

Current (W) 

AIMS-2 15.9 0.40 0.72 35.1 

DFP 6 Hz 0.52 0.06 0.76 35.2 

DFP 160 Hz 0.43 0.16 0.76 35.2 

DFP 400 Hz 0.60 0.17 0.76 35.2 

 204 

 205 
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 206 

Fig. 4 Current Noise Density and Back EMF Rejection of Simulated Circuits. 207 

3.1.3 Harness for electrical power accommodation across vibration isolation system interface 208 

In the Disturbance Free Payload architecture, the harness bridging the otherwise mechanically 209 

non-contact interface between the payload and the spacecraft is the main source of vibration 210 

transmissibility. Both the collective stiffness and preset of those harnesses are important 211 

considerations for the design of the DFP voice-coil actuators in terms of their force and force 212 

range. Sizing the cable harnesses specific to HWO that will bridge that interface for the purpose 213 

of transferring electrical power from the host spacecraft to the payload and for the purpose of 214 

transferring data between the spacecraft and the payload is work in progress. Our plans include 215 

fabricating and characterizing the collective stiffness of a cable harness that is representative for 216 

HWO, which can then be used to anchor our integrated modeling studies. 217 

Table 2 Data Rate and Power Estimates for Payload Components in EAC-1. 218 

Instrument/Subsystem Estimated 

Data Rate 

(Mb/s) 

Power 

Allocation 

(W) 

Notes 

Coronagraph  Instrument (CGI) 713 1164.6 Broadband imager and spectrometer17,18 

High-Resolution Instrument (HRI) 90.9 183.3 
Data rates based on similar readout to 

WFC312,14 
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UV Instrument (UVI) 251.7 523.8 

Data rates based on LUMOS/LUVOIR 

estimates with only far or near UV channel 

active at a time14,15 

XI (Extra Instrument) 713 582.3 
Assumes data rate equal to CGI, power 

allocation half of CGI12 

Guiders and IRU 13.2 242.2 
Assumes 2 Fine Guidance Sensors and 

1 Inertial Reference Unit12,16 (see *Note) 

Optical Telescope Element  14000 Allocation12 

Total 1781.8 16696.4 
 

* Note: The EAC1 integrated model described in Section 4 assumes a Hemispherical Resonator Gyro (HRG) 

identical to that used on the James Webb Space Telescope; known power consumption and data rate for a 

similar HRG described in Ref. 16 were used as a surrogate. 

As shown in Table 2, current projections for EAC1 indicate that the payload may require up to 219 

17,000 Watt at 70V. Given that large amount of electrical power, the stiffness of the 220 

communication/data cable will be negligible in comparison to that of the electrical power harness 221 

resulting in no worthwhile benefits in considering wireless communication/data transfer. Our 222 

preliminary collective cable harness stiffness projections are based on measured cable stiffness 223 

data for the Geostationary Lightning Mapper (GLM) and the Advanced Baseline Imager (ABI) 224 

power cables that bridge the D-Strut-based vibration isolation system interface between the 225 

spacecraft and the isolated Earth Pointing Platform on Geostationary Operational Environmental 226 

Satellites (GOES-R).17 We scaled those measured stiffness values based on relative required 227 

electrical power and bus supply voltages between HWO and those two GOES instruments to arrive 228 

at the placeholder stiffness values used in this study, namely a linear stiffness of 50 lbf/in and a 229 

torsional stiffness of 17.45 lbf-in/deg. 230 

Ultimately, the stiffness of that power cable will depend on specific composition (gauge and 231 

number of conductors per wire), number of wires, and layout including service loops: these are all 232 

design considerations under the ongoing effort. It would be desirable to configure the cable 233 

harnesses so that the center of stiffness of the collective cable harness coincides with the center of 234 

mass of the payload, which would minimize the cross-coupling vibration transmissibility from 235 

spacecraft linear accelerations to payload angular accelerations: unfortunately, that objective 236 

cannot be approached on EAC1 due to the large offset on the order of 3-m between the combined 237 

system center of mass and the vibration isolation system interface. It would also be desirable to 238 

have the cable harness centrally located on the isolation system interface as opposed to distributed 239 

in bundles at the periphery of the isolation system interface to minimize the collective moment 240 

stiffness and reduce the forces required of the voice-coil actuators to overcome the moment 241 
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stiffness of those cables for payload pointing corrections. For a sense of scale, we project that the 242 

maximum force required of any given voice-coil actuator to overcome a cable with a moment 243 

stiffness of 17.45 lbf-in/deg over the full +/-10-mm actuation range is about 0.21 N in our baseline 244 

voice-coil actuator configuration out of a continuous force capability of 5 N.  245 

The cable preset would become a driver on the force required of the voice-coil actuators if one 246 

were to attempt operating DFP exactly in the middle of its operational range: any given voice-coil 247 

actuator for instance would need to generate up 5.84-N of force out of a continuous force capability 248 

of 5-N to overcome a 1-mm preset for a cable with a linear stiffness of 50 lbf/in in our baseline 249 

actuator configuration. Simply increasing the voice-coil actuator force capability is not desirable 250 

due to the increase in actuation noise for a given dynamic range. A better strategy is to allow 251 

operation around the equilibrium condition at a relative pose set point away from the middle of the 252 

actuation range: the actuation range being about +/-10-mm in any direction, the preset can be a 253 

couple millimeters thereby imposing a relatively easy to achieve preset tolerance through a set-254 

and-forget cable preset adjustment mechanism, if necessary. 255 

Interface Cable Coupling and Modeling 256 

Cables have non-linear stiffness and damping characteristics and are notoriously difficult to 257 

model. The Disturbance Free Payload control logic itself does not require precise knowledge of 258 

either the stiffness or the damping characteristics of the interface cables. That control logic 259 

includes cable stiffness cancellation using positive relative position feedback through a first order 260 

low-pass filter (effectively implementing a negative spring at low frequencies). We typically set 261 

the cancellation ratio to 70% which allows for up to 30% uncertainty in the knowledge of that 262 

cable stiffness. That compensation has also the effect of reducing the amplification at resonance 263 

down to a Q of 2 to 4 without requiring knowledge of the damping at resonance prior to 264 

compensation (even no damping would be acceptable as far as that compensation logic is 265 

concerned). 266 

Predicting the vibration transmissibility from spacecraft accelerations to payload accelerations 267 

at frequencies significantly above the coupled system resonance on the other hand can require 268 

knowledge of the cable damping mechanism depending on the fundamental structural natural 269 

frequency of the payload for the following reasons. HWO requires extreme levels of vibration 270 

isolation between the Payload and the Spacecraft to achieve its wavefront stability on the order of 271 

10 pm (1 ) when reaction-wheels or control-moment-gyros are used for spacecraft attitude 272 
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control. Prior analyses on LUVOIR projected uncompensated dynamic wavefront errors of 50 pm 273 

(1 ) and identified voice-coil actuator noise and transmissibility due to cable harness damping as 274 

two dominant sources of errors limiting the uncompensated dynamic LOS and dynamic wavefront 275 

errors stability achievable within the DFP architecture.18 The lower the fundamental structural 276 

natural frequency of the Payload, the higher the susceptibility of the payload dimensional stability 277 

to residual exported vibrations. In cases where that fundamental natural frequency is low--it was 278 

about 1.5-Hz on LUVOIR-B--, one may need to predict the transmissibility of vibrations from the 279 

host spacecraft to the segmented telescope out to several hundred Hertz to evaluate dynamic 280 

wavefront stability performance to the requisite levels. Currently, there is a knowledge gap in 281 

making such predictions in that the extent to which rate (viscous) damping in harnesses is present 282 

and contributes to significant increase in transmissibility at frequencies more than 100 times the 283 

“rigid-body” mode frequencies, is not understood. Closing that knowledge gap would require 284 

characterizing the regime between position-dependent and rate-dependent damping mechanisms 285 

in representative harnesses in subscale demonstration—rate damping being most detrimental to 286 

transmissibility at high frequencies. We currently model damping as viscous damping and roll-off 287 

that rate damping through a first order low-pass filter with a corner frequency 10 times above the 288 

coupled system modal resonances presuming that the damping mechanism in cables is dominantly 289 

position-dependent. Closing that knowledge gap becomes less critical if one designs the telescope 290 

structure to be relatively stiff, which reduces the susceptibility of that structure to residual dynamic 291 

excitation: that is the case on EAC1 where the fundamental mode of the optical telescope assembly 292 

is about 10 Hz instead of about 1.5 Hz on LUVOIR-B. 293 

Interface Cable Stiffness Cancellation: EAC1 Evaluation 294 

Figure 5 illustrates the effectiveness of our cable stiffness pre-compensation logic when applied 295 

to Exploratory Analytical Case 1. That figure shows the principal gains of the transfer function 296 

matrix from the six DFP voice-coil actuator voltage commands as inputs to the six DFP relative 297 

position sensor readings as outputs prior to compensation (blue) and after compensation (red). 298 

The collective stiffness of the harnesses referenced to the geometric center of the vibration 299 

isolation system interface is 50-bf/in in the linear degrees of freedom and 17.45 lbf-in/deg in the 300 

angular degrees-of-freedom as derived in the prior section, and the center of stiffness is at the 301 

geometric center of the isolation system interface by construction. Based on the EAC1 spacecraft 302 

and payload mass properties, the coupled system modal frequencies prior to cancellation are 303 
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[220;260;200;5.1;3.5;4.3]*milli-Hz. The associated mode shapes are dominantly Translation-X, 304 

Translation-Y, Translation-Z, Rotation-X, Rotation-Y, and Rotation-Z respectively in the relative 305 

pose degrees of freedom at the interface where Z is perpendicular to the interface plane. The 306 

relatively low natural frequency in the rotation degrees of freedom is due to the large payload and 307 

spacecraft central inertia. We set the modal damping ratio prior to compensation to 1%. 308 

 309 

Fig. 5 DFP control logic includes cable stiffness cancellation option and associated built-in test capability for on-310 
orbit characterization. 311 

We set the cable stiffness cancellation to 70% in the compensation logic. The results in Figure 312 

5 show that the compensation logic reduces the modal frequencies by a factor of 1.8 as expected 313 

and reduces the amplification at resonance to a Q=3 or less. That cable stiffness cancellation pre-314 

compensation allows us to close the relative position control loop in the DFP control system below 315 

the coupled system resonance: on EAC1 that relative position control logic operates at 0.11 Hz 0-316 

dB cross-over bandwidth with a gain margin >11.6 dB and a phase margin >92.6 deg in the 317 

presence of the spacecraft flexible body dynamics. 318 

3.2 Picometer Metrology 319 

The Habitable Worlds Observatory requires unprecedented stability to achieve the necessary 320 

10 orders of magnitude contrast for direct imaging and characterization of Exo-Earths. That 321 

stability, on order of 2 pm over correlation times ranging from 10 msec to 1000 sec, will employ 322 

a wavefront control system (WFCS) to maintain wavefront errors of the observatory. A critical 323 
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component of the WFCS is the external metrology system that measures the relative rigid body 324 

poses of the primary mirror segments, secondary mirror, and aft metering structure. 325 

The baseline design for HWO includes a combination of long-distance laser metrology gauges 326 

(LDG) forming a laser metrology truss as well as edge sensors to perform this task. For this reason, 327 

the Ultra-Stable Observatory Roadmap Team (USORT) status report from July 2023 identifies 328 

small laser metrology sensors for primary to secondary measurements as a key technology gap.19 329 

In this section, we provide technical updates on two laser metrology gauge technologies: 1) 330 

photonic-integrated-circuit-based (PIC) heterodyne laser gauges and 2) tracking frequency gauges. 331 

We also assess sensing configurations based on the initial configuration for Exploratory Analytical 332 

Case 1 (EAC-1). Finally, we assess installation tolerances for the PIC gauge technology only. 333 

3.2.1 Photonic integrated circuit heterodyne laser gauge 334 

Photonic Integrated Circuit heterodyne laser gauge overview. For more than 20 years, 335 

Lockheed Martin (LM) has been maturing heterodyne laser metrology technology for use in space 336 

observatories. In the late 1990s and early 2000s, LM developed picometer-class free-space 337 

metrology gauges to monitor the distance and geometry of interferometer baseline collector 338 

telescopes for the Space Interferometry Mission (SIM).20,21 LM further advanced this technology 339 

and patented a PIC-based integrated beam launcher capable of performing the same measurements 340 

in a more compact package.22-24 LM continues to advance the design, by fabricating and testing 341 

new generations on both the TechMAST program and on internal funding.25,26 342 

 343 

Fig. 6 The components which comprise Lockheed Martin’s heterodyne laser metrology system. 344 

Figure 6 shows the major components of LM’s heterodyne laser metrology system. A high-345 

coherence, stabilized laser source is split and frequency shifted to form signal and local oscillator 346 

beams. These sources pass through a fiber distribution network to feed multiple metrology gauges 347 

at the telescope. The gauges consist of an integrated beam launcher (IBL) and a retroreflective 348 

fiducial. The IBL launches the signal beam to the retro, and the returned light is interferometrically 349 
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combined with the local oscillator to form a measurable radio frequency (RF) beat frequency. A 350 

second reference interferometer internal to the gauge tracks common mode errors. The output of 351 

the metrology gauge feeds a photo-receiver pair and is post-processed via a phasemeter algorithm 352 

to generate the measurement and signal phases, which are subtracted to remove effects of 353 

propagation in the PIC itself. The measured phase is proportional to the linear displacement of the 354 

retroreflector relative to the IBL, providing a measurement of a single component of a mirror 355 

segment motion. Combining measurements from multiple metrology gauges for each segment 356 

allows for measuring the six degrees-of-freedom (DOF) position error of that segment, for real-357 

time corrections by the active alignment system. This approach supports relative measurements 358 

between the primary to second structure of HWO by mounting the beam launchers to the primary 359 

segments and retro-reflectors to the secondary mirror.  360 

 361 

Fig. 7 (Left) PIC waveguide layout. (Right) Silicon nitride PIC. 362 

Figure 7 features a PIC, the primary component of the IBL, fabricated under TechMAST. The 363 

signal and local oscillators are input into the PIC and split to form two interferometer paths. The 364 

measurement interferometer directs one arm external to the PIC towards the retroreflector, which 365 

reflects light back into the PIC. The reference interferometer is maintained on PIC and measures 366 

common-mode error sources arising from disturbances (thermal, vibration) within the PIC itself. 367 

The difference in phase between the measurement and reference interferometers is proportional to 368 

the displacement between the PIC and retro-reflector. 369 

Under the TechMAST effort, we devised and implemented a testbed to measure errors and 370 

drift internal to the PIC composed of largely commercial-off-the-shelf components. A high 371 

coherence 1550-nm laser (NKT Kohera Adjustik) feeds two fiber-coupled Gooch and Housego 372 

acousto-optic modulators (AOM). The modulators are driven by waveform generators at 40.0 MHz 373 
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and 40.1 MHz to frequency shift transmitted light from the signal and local oscillator optical paths. 374 

These feed the input of the IBL. The beam launching output facet of the IBL is metallized to retro-375 

reflect the signal and maintain all light on-chip. This method ensures a “zero-path” in which no 376 

displacement occurs, so any measured signal is inherent to the gauge itself, thus represents the 377 

noise floor of the gauge as accumulated from all sources in the signal chain. The IBL is placed 378 

within a vacuum chamber with thermal control consisting of passive water cooling and active PID 379 

heaters to minimize temperature variations. The signal and local oscillator path combine in the two 380 

interferometers resulting in a 100-kHz measurement and reference outputs. These outputs are fed 381 

to the photodetector (PD) pair, digitized, converted to phase, and then displacement via a 382 

phasemeter (PM) algorithm. 383 

We performed metrology error measurements with the zero-path testbed over 8 hours to 384 

capture metrology errors from 0.001-100 Hz. Figure 8 shows the Allan Deviation –a measure of 385 

drift versus correlation time. The results show <12 pm of instability for correlation times <200 386 

seconds.  387 

 388 

Fig 8 Allan deviation of PIC internal measurement errors. 389 
Robustness to mechanical installation errors. Another major challenge for the external 390 

metrology system is ensuring sufficient operational range to tolerate mechanical installation errors. 391 

This is especially true for the LDGs which must be accurately aligned from the primary mirror to 392 

be pointed at retroreflectors mounted up to 17 meters away on the secondary mirror. It is desirable 393 

for the metrology gauge components to be robust against these installation errors as to not require 394 

adjustment or realignment that could negatively impact the stability of the gauge measurement. 395 

We derive the required installation tolerances for a heterodyne laser metrology gauge by assessing 396 

radiometric losses. We assess these losses as a function of beam diameter for the beam launcher. 397 
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As a result, we recommend a beam diameter of 2 mm which maximizes pointing tolerances for the 398 

LDGs. 399 

Optical losses on the gauge are dominated by free-space propagation from both spreading of 400 

the beam and mechanical installation errors, with a tradeoff  between these two factors. As the 401 

beam expands, the peak irradiance at the return plane is reduced, but will span a larger area to 402 

reduce sensitivity to misalignment. The spreading is affected by the beam diameter of the launchers 403 

with smaller beams having greater divergence. To evaluate the trade, we assess the maximum 404 

tolerable losses from the free-space propagation of the metrology beam from either spread or 405 

installation errors. We then model losses for varying beam diameters and installation errors to 406 

determine the beam diameter that provides the best possible installation tolerances.  407 

Acceptable losses are determined by calculating losses from all sources along the metrology 408 

gauges. This includes throughput of fiber optic distribution system,  beam splitters, acousto-optic 409 

modulators, wavefront-error from the beam launcher, surface quality of the corner cube, and 410 

dihedral errors. We compare these losses, input optical power, and required return power to 411 

determine maximum acceptable losses of 53 dB for the combination of beam spreading and 412 

installation errors.  413 

Installation errors can be simplified to a single beam offset parameter which is the 414 

perpendicular distance from the chief ray from the beam launcher to the vertex of the retro 415 

reflector. The return beam is translated by twice this offset value. Beam offset has significant 416 

sensitivity to the beam launcher orientation errors due to the large 17-m separation between the 417 

beam launcher and retro.  418 

We model losses from installation errors via a numeric physical optics propagator. First, we 419 

define the initial beam profile of the gauge. We then perform Fresnel diffraction over 17 meters to 420 

the retro reflector. We add beam walk due to misalignment at the retro. We then perform Fresnel 421 

propagation back to the beam launcher. Then we calculate the fraction of the beam coupled into 422 

the gauge via the overlap integral  423 

|∬ 𝐸1
∗(𝑥, 𝑦) 𝐸2(𝑥, 𝑦)𝑑𝑥𝑑𝑦 |

2

 424 

Where 𝐸1(𝑥, 𝑦) is the propagated field of the beam and 𝐸2(𝑥, 𝑦) is the normalized mode of the 425 

launch waveguide of the beam launcher at the pupil of the beam launcher, and * denotes complex 426 

conjugation. We found a beam-launcher with a 2-mm-beam provides 9.9 mm of allowable beam 427 
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offset. We decompose this offset into a 100-um translational installation error and a 559-urad 428 

pointing installation error for the beam launcher. 429 

In contrast to the LDGs, using laser gauges for edge sensing has much higher installation 430 

tolerances. Assuming a maximum separation of 10-cm between the beam launchers and the retro 431 

reflectors, heterodyne laser gauges can easily tolerate 8-mrad of orientation error. In  addition, the 432 

gauges are agnostic to variation in separation between the beam launcher and retro-reflectors. 433 

3.2.2 Tracking frequency gauge 434 

The Tracking Frequency Laser Gauge (TFG) was conceived in 1990 at the Smithsonian 435 

Astrophysical Observatory as a candidate for the metrology component of POINTS,27 a contender 436 

for the Space Interferometry Mission being developed there with NASA support. A US patent 437 

(5,412,474) on the TFG was issued to Reasenberg, Phillips, and Noecker in 1995 (and assigned to 438 

the Smithsonian Institution). The TFG was further described in Refs. 28-30.  439 

The University of Florida (UF) and the Illinois Institute of Technology (IIT) are developing the 440 

TFG for picometer metrology for such missions as the proposed Habitable Worlds Observatory 441 

(HWO). This technology is useful both for segment-to-segment alignment and for primary-mirror 442 

to secondary-mirror alignment. 443 

The TFG measurement principle relies on controlling and measuring laser frequency, rather 444 

than on measuring optical phase. As seen in Figure 9, a single reference laser, stabilized by an 445 

optical cavity or atomic line, is compared with N measurement lasers, each locked to a 446 

measurement interferometer (MI), whose length corresponds to the distance of interest, L. The 447 

TFG measures the change Δ𝑓 in the laser frequency corresponding to Δ𝐿. L can range from 448 

centimeters to many meters with no loss of precision or accuracy.  449 



19 

 450 

Fig. 9 Opto-electronic design for TFG tests at IIT. 451 

The TFG uses Pound–Drever–Hall (PDH) locking, in which a feedback controller (TFGC) 452 

continually adjusts the frequency of the measurement laser to be centered on the null of an MI. As 453 

L varies in time (due e.g. to vibration or changes in temperature), the TFGC adjusts the laser 454 

frequency to track those changes. The resulting variation in frequency can easily be monitored by 455 

counting the beat between it and a sample from a stable reference laser. For each laser–MI 456 

combination, the change in beat frequency is proportional to the change in the distance measured. 457 

As L varies, so does the frequency 𝑓 of the laser light: 458 

𝛿𝑓

𝛿𝐿
=

2Φ

𝜆
=

𝑐

𝜆 𝐿
 (1)  

where Φ = c/(2L) is the free spectral range, 𝜆 = 1560 nm (in our implementation) is the laser 459 

wavelength, and c is the speed of light. Then, in general, 𝛿𝑓 𝛿𝐿 = 1.92 kHz/pm ⁄ (10 cm ⁄460 

𝐿) (1560 nm/𝜆). The counting of cycles is a reliable operation if the frequency is not too high 461 

(Say, 𝑓 < 10 𝐺𝐻𝑧, although the upper limit of counting electronics tends to rise over time and 462 

may well be higher when HWO is built). To translate the optical frequency to one that can be 463 

counted, a second TFG is locked to a high-stability cavity and samples of the two laser signals are 464 

combined on a detector, yielding the beat frequency. 465 

If data are accumulated over a period 𝜏, then   466 
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ΔN = 19.2 cycles (τ ⁄ 0.01 s) (10 cm ⁄ 𝐿) (1560 nm/𝜆) (Δ𝐿/1 pm ) ). (2)  

is the expected change in the cycle count during the period 𝜏 due to a length change ΔL. 467 

Discretization of the cycle count introduces a “perfectly correlated noise” with correlation 468 

coefficients of -1/2 between any datum and both the preceding and the following data.31 At a 469 

sufficiently short count time 𝜏, this will dominate the white noise we normally see on the sub-470 

second side of the TFG Allan deviation.  471 

The TFG offers six advantages over other laser distance gauges: simplicity, measurement 472 

entirely in free-space with no glass in measurement path causing drift, wide range of operating 473 

distances, ability to measure absolute distance (cf. incremental distance normally measured), 474 

freedom from cyclic bias (typically the limiting factor for phase gauges), and ability to gain 475 

additional precision by operating in a resonant MI (finesse > 2). 476 

Tests carried out more than a decade ago at the Center for Astrophysics |Harvard and 477 

Smithsonian (CfA) using a Fabry-Perot cavity (finesse = 130) as MI demonstrated incremental 478 

precision of 0.14 pm with 𝜏 = 1 s, improving to 46 fm at 𝜏 = 50 s.28 Using a non-resonant 479 

(Michelson) interferometer at IIT, 0.9 pm at 𝜏 = 80 s (incremental) and absolute accuracy of 0.17 480 

µm at 𝜏 = 1000 s have been achieved.29 This absolute distance accuracy comes close to satisfying 481 

the criterion σ(L) < λ/12=0.13 m  for returning reliably to the same fringe after an interruption. 482 

While precision ideally improves linearly with finesse, only modest finesse is needed for HWO. 483 

Preliminary results from the Ultra Stable Observatory Roadmap Team, a NASA-appointed 484 

committee chartered to provide technical analysis for HWO, require the measurements of the 485 

relative pose of HWO’s adjacent mirror segments to have an uncertainty of 1 to 3 pm over time 486 

scales from under 10-ms to hours or days. Figure 10  shows the result of a laboratory experiment 487 

conducted by differencing the outputs from two TFGs on a common-path test-bed in air: the 488 

measurement instability achieved is  <3 pm over correlation times ranging anywhere from 3 msec to 489 

2.8 hours in that configuration. 490 
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 491 

Fig. 10 Allan deviation vs. averaging time of a recent TFG test run in optical cavity at IIT. 492 

The Allan deviation shown in Figure 10 was obtained using the CfA optical cavity (finesse = 493 

130) and a TFGC implemented in an FPGA (Red Pitaya). That cavity has a larger free spectral 494 

range (FSR) than the Michelson interferometer previously used. Two TFGs were locked to 495 

adjacent nulls of the cavity, which was in air, so that their beat signal was nominally the FSR of 496 

about 600 MHz. This is beyond the capacity of our current frequency counter. As a short-term fix, 497 

we inserted an available divide-by-nine circuit ahead of the counter in addition to its internal 498 

(fixed) divide-by-two circuit. This resulted in an increase in the perfectly correlated noise, which 499 

shows up in the Allan deviation as a slope of -1 for periods under 0.1 s. For comparison, note that 500 

white noise would manifest a slope of -1/2 in the Allan deviation plot. 501 

Current efforts are underway at both UF and IIT to improve the performance of the current 502 

TFG layout. UF is working on the development of a simulation of the setup for better error 503 

modeling of the system. This effort focuses on a time-domain Simulink simulation following the 504 

architecture currently in place at IIT. By modeling the interferometer response along with the 505 

currently implemented PID feedback, a better understanding of the coupling of noise into and 506 

stability of the system can be achieved.  507 

At IIT progress is being made on the feedback control of the PDH lock and corresponding 508 

loop frequency response. The acquisition of a faster counter is being investigated.  The current 509 

Allan deviation, which is scaled by √2 under the assumption that the two TFGs have  510 
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comparable Allan deviations, is below a picometer from 10 ms up to at least 1000 s, reaching a 511 

minimum of 200 fm. We continue to investigate limiting noise sources .  512 

The team at UF and IIT, in collaboration with Lockheed Martin, are continuing to progress 513 

towards a complete TFG error model and noise mitigation of the experimental setup. We are 514 

investigating novel solutions to increase the allowable mechanical installation tolerance, along 515 

with estimating the current installation-tolerance requirements. We are working on refining the 516 

beam launcher design to minimize the number of optical elements, while maintaining the required 517 

optical mode matching. Future work is planned to include the introduction of a stable reference 518 

cavity placed along with the current MI under vacuum. This will more closely align the 519 

experimental setup to the final configuration that has been proposed for use in spaceflight.  520 

3.2.3 Optical Edge Sensing and Long-Distance Metrology Configuration and Mechanical Integration 521 

A primary challenge for HWO is the placement, orientation, and count of metrology gauges, 522 

which impacts the control systems performance to stabilize the wavefront. In addition to 523 

minimizing wavefront error, the metrology configuration should minimize concessions on 524 

coronagraph contrast by limiting gap size between primary mirror segments and consider 525 

complexity on installation of metrology gauges. We assess alternative metrology configurations 526 

for HWO’s EAC-1 not previously considered. We present an alternative edge sensing 527 

configuration that improves the control system’s performance and relaxes requirements for count 528 

and locations of long-distance laser gauges –allowing for the elimination of these gauges between 529 

primary mirror segments. Given this configuration, we assess requirements on installation 530 

tolerances of a heterodyne laser metrology gauge. 531 

Figure 11 illustrates the optical telescope assembly for EAC-1 which consists of 19 primary 532 

mirror segments, and an off axis secondary mirror. Also included is the aft metering structure 533 

which is treated as rigid structure for this assessment. EAC-1 has 6 LDGs on each primary mirror 534 

segment, and an additional 6 LDGs on the aft metering structure. These LDGs are paired with one 535 

of 12 retroreflectors mounted on the secondary mirror forming the laser metrology truss. EAC-1 536 

also contains 2 capacitive edge sensors at each adjoining edge between primary mirror segments 537 

with each sensor providing 3 orthogonal measurements for piston, gap, and shear. In total, EAC-1 538 

considers 120 candidate LDG measurements and 252 edge sensing measurements. These 539 
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measurements provide feedback to rigid body actuators to stabilize the relative pose of the OTA 540 

components as a portion of the overall wavefront control system.  541 

 542 

Fig. 11 Left: Optical Telescope Assembly with a sample laser metrology truss for one primary segment and the aft 543 

metering structure. Right: Edge sensor location and measurement directions for EAC-1 sensors. 544 

A linear optical model (LOM) of EAC-1 was provided by the HWO project office. The LOM 545 

contains a linear sensitivity analysis with resulting wavefront error given 6 degree-of-freedom 546 

rigid body perturbations.  We assume the aft metering structure is a rigid structure. 547 

To score the metrology configurations we use the wavefront error multiplier (WEM)  originally 548 

proposed by the Jet Propulsion Laboratory (JPL)32 and is the ratio between closed-loop wavefront 549 

stability and metrology gauge error. In JPL’s assessment, they calculate WEM for configurations 550 

in which combinations of edge sensor piston, shear,  gap, and LDG  measurements are removed. 551 

They deem a configuration successful if the WEM has a value of 2 or less. As the LOM has 552 

undergone iteration since the publishing of JPL’s results, we show resulting WEM for the cases in 553 

which all metrology measurements have equivalent errors in Figure 12. Each column of the figure 554 

represents the number of primary segments that maintain their LDGs as well as the aft metering 555 

structure while the rows represent which sensing axes of the edge sensors are active. While there 556 

are some minor differences with the original JPL results, trends remain the same.  557 
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 558 

Fig. 12 Wavefront error multiplier (WEM) for various external metrology configurations including an alternative 559 

configuration with LDGs only at the outside perimeter of the primary mirror. Green cases represent a WEM <2 and 560 

red a WEM>10.9. 561 

We consider an additional configuration the previous analysis did not: using only LDGs on the 562 

perimeter of the primary mirror. This configuration would not require any LDG between primary 563 

mirror segments allowing gaps between segments minimized. This configuration with all edges 564 

sensing  measurements results in an almost-acceptable WEM of 2.56 (top right configuration of 565 

Figure 12). 566 

 567 

Fig. 13 Alternative edge sensing configuration using 6 pairs of crossed laser metrology gauges. 568 

An alternative approach to edge sensor architecture was then developed to attempt to reduce 569 

the WEM by more strongly sensing what are otherwise only weakly sensed degrees of freedom in 570 

the traditional edge sensor architecture. Figure 13 illustrates a method of edge sensing using 6 laser 571 
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metrology gauges: 2 pairs of crossed gauges oriented at an angle 𝜃, and 1 crossed pair mounted on 572 

the back face of the mirrors with an angle γ. Figure 14 shows WEM as a function of 𝜃 and γ for 573 

two configurations: 1) with all LDG and 2) for removing all LDGs internal the primary mirror.  574 

The results highlight importance of the piston degree of freedom with greater WEM at lower 𝜃, 575 

and low sensitivity to γ. Optimal configurations occur for both cases when 𝜃 = 10° and γ = 50°, 576 

assuming a minimum attainable angle of 10°. The alternate edge sensing configurations provide 577 

an 18% improvement in WEM for the all-LDG case and a 29% improvement for the perimeter 578 

only LDG case with the end WEM of 1.73 –achieving the desired <2.0 WEM value. 579 

 580 

Fig. 14 WEM using alternative edge sensing configuration as a function of 𝜃, and γ. Left: using all LDG, Right: 581 

using perimeter only LDG. 582 

Using a combination of laser metrology gauges for edge sensing and perimeter-only gauges 583 

for the laser metrology truss provides an acceptable WEM. More importantly, this configuration 584 

eliminates requirements for larger gaps between primary mirror segments to support both larger 585 

laser beam diameters and line of sight to the retro reflectors on the secondary mirror. The presented 586 

edge sensing configuration is made possible using laser metrology gauges.  587 

There are more opportunities to further reduce WEM not considered. We limit potential 588 

locations of long-distance gauges to 120 candidate locations from EAC-1. More gauges can be 589 

added and their positions and can be tuned to optimize WEM. Future work should also consider 590 

redundancy of measurements to reduce risk from gauge failures.  591 
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3.3 Optical Telescope Assembly Structural Damping Augmentation 592 

All telescopes are susceptible to degradations in performance due to structural deformations of 593 

the supporting structure. For static deformations (gravity sag, etc.), these degradations are 594 

addressed with enhanced structural stiffness and low frequency-bandwidth optical compensating 595 

actuators. For frequencies above the capability of these low-bandwidth actuators, the dynamics of 596 

the structure dominate, such as disturbances from attitude positioning actuator noise, cryocoolers, 597 

thermal snap, ring down from pointing slews, etc. resulting in structural vibrations that degrade 598 

the optical performance. Certainly, stiffness enhancement will help reduce these effects by pushing 599 

modal frequencies higher and potentially above range of concern and reducing response levels for 600 

modes that do remain in the bandwidth of concern. But, as accuracy and precision requirements 601 

increase, it becomes increasingly difficult to just stiffen one’s way out of the problem. Enhancing 602 

the structural dynamics by intentional augmentation of damping into the system is one tool that 603 

can be used to mitigate these dynamic effects and meet performance requirements. The extreme 604 

optical performance requirements of Habitable Worlds Observatory (HWO) may necessitate 605 

damping augmentation into the system. Moog has developed a powerful array of damping and 606 

vibration mitigation technologies over the past 40+ years, ranging from pure damping to isolation, 607 

passive and active technologies. All have been realized in practical solutions, and many have space 608 

flight heritage. The finite element model of the EAC1 (Exploratory Analytical Case 1) 609 

configuration has been used to propose and evaluate candidate damping measures. We have 610 

primarily focused on the payload (optical) side of observatory under the assumption that the 611 

isolation system between the spacecraft and payload is highly effective. Furthermore, at least 612 

initially, the focus has been on the dynamics of the modes encompassing the lower bending modes 613 

of the observatory and the first few suspension modes of the mirror segment support/positioning 614 

system. We have focused our attention on a few areas of the structure where we can be reasonably 615 

certain that they will significantly impact the optical performance: overall supporting truss 616 

structure of observatory; secondary mirror support structure; and primary mirror support actuators. 617 

Several technologies were examined for the secondary mirror support structure: co-cured 618 

viscoelastics,33,34 passive tuned mass dampers,35,36 and active tuned mass dampers.37,38 With much 619 

of the truss structure for the telescope being nominally constructed with composite materials, this 620 

offers an opportunity for applying viscoelastic materials. Traditionally, viscoelastics have been 621 

eschewed for optical systems due to concern about outgassing from the viscoelastic material 622 
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contaminating the optical surfaces. With a co-curing layup, however, the viscoelastic material is 623 

encapsulated inside the composite layup largely alleviating these concerns. Co-cured viscoelastic 624 

damping can achieve significant damping levels across a broad range of frequencies. Using the 625 

Modal Strain Energy approach, it was estimated that between 0.5% critical to almost 3.5% critical 626 

damping could be added across a broad range of modal frequencies. With passive tuned mass 627 

dampers (TMDs), a mass-spring-dashpot system is added to the structure in an advantageous 628 

location to target a specific structural mode with the size of the TMD set according to the modal 629 

dynamic properties of the host structure. Typically, one TMD is required to damp each targeted 630 

mode. In this study, TMDs were evaluated assuming that they would be mounted in a location 631 

behind the secondary mirror, i.e. at the end of the long cantilever truss support structure. It was 632 

found that to achieve 5% critical damping in all of the significant secondary mirror bending modes 633 

up to 50 Hz, a total of 10 TMDs would be required with a total added mass of more than 1500 kg. 634 

On the other hand, an active TMD can target multiple modes simultaneously and is sized based on 635 

disturbance levels in the host. For this study, a pair of active TMDs located behind the secondary 636 

mirror could damp the same 10 secondary mirror truss bending modes with damping levels ranging 637 

from 1.4% to 7.8% of critical with an added mass of only 70 kg. The active TMDs are clearly the 638 

much better option for targeting these modes and have been recommended for further pursuit. 639 

Figure 15 shows the open and closed-loop responses for one axis of the active TMD illustrating 640 

the broadband and high damping levels that are achievable. It should be noted that the 5 Hz 641 

resonance in Figure 15 is the internal resonance of the active TMD while the higher resonances 642 

are the bending modes of the secondary mirror tower of the observatory. 643 
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 644 

Fig. 15 Open and closed-loop response plots showing benefit of active tuned mass damping for secondary mirror 645 

support structure. 646 

In the second part of the study, attention was turned to the mirror support-positioning system, 647 

which consists of a hexapod mount and two-stage positioning system. The two-stage system is 648 

somewhat notional at this point but was assumed to be a coarse positioning stage and a fine 649 

(picometer) positioning stage. For the picometer stage, it was assumed that the actuation would be 650 

performed with either piezoelectric or electro-strictive actuators capable of the high force, but low 651 

strain required for picometer positioning. The frequency bandwidth of these actuators is way 652 

beyond that needed for the positioning application and extends well past the suspension modes of 653 

the mirror. Since all the corrupting energy from the telescope structure must pass through these 654 

actuators to reach the mirror segments, this offers the potential for utilizing the extra actuator 655 

capability to add damping to these optically significant mirror suspension modes. In the study, 656 

active damping control was evaluated using the piezoelectric actuators and a collocated strain 657 

sensor.39,40 As shown in Figure 16, significant damping was added to all the mirror suspension 658 

modes up to 100 Hz, with closed-loop damping levels between 4.2% to 9.5% critical for the six 659 

suspension modes. It was also demonstrated that the required piezoelectric actuator forces during 660 

slewing and steady-state operations is well within the capabilities of these actuators. 661 

During this damping augmentation study, it was shown that there are several viable damping 662 

augmentation technologies that can be readily brought to bear on the HWO. Further, it was shown 663 

that all of the optically significant modes of the telescope assembly could be augmented with 664 

damping levels ranging from at least 1.4% to as much as 9.5% critical. Early examination of these 665 
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damping technologies ensures that they can be more easily designed into the system up front rather 666 

than the after-the-fact ad hoc approach typically employed. 667 

 668 

Fig. 16 Open and closed-loop response plots showing benefit of active damping control for picometer positioning 669 

system. 670 

3.4 Cryogenic Detector Cooling For Mission Yield Enhancements 671 

The primary mission of the Habitable Worlds Observatory (HWO) is to directly image 672 

25 potentially earth-like planets orbiting nearby stars using coronagraphy, and to measure the 673 

spectra of the atmospheres of those planets, looking for signatures of possible life such as O2, O3, 674 

and CH4 in the presence of O2 or O3. 675 

The publication by Howe, Stark and Sadleir4 details the predicted benefit of an energy 676 

resolving detector (ERD) which allows multiple planetary spectra to be measured simultaneously 677 

while observing a star’s planets.  The paper concludes that the number of spectra measured for 678 

earth-like planets will be approximately 30% higher with ERDs than without.  This predicted 679 

benefit may become the difference between meeting the primary science criterion or failing to 680 

meet it.  Candidate ERDs are Transition Edge Sensors (TES)41 and Magnetic Kinetic Induction 681 

Detectors (MKID),42 which operate below 1 K and thus require active cooling, so if they are to be 682 

considered for HWO, a means to provide the cooling without introducing unacceptable vibration 683 

during observations is required.  On this effort, we identified several cryocooler configurations 684 

and formally scored them following the Kepner Tregoe Analysis (KTA) of alternatives process to 685 

arrive at a preferred cooling configuration. 686 
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Cooling below 1 K requires two stages of cooling, typically an adiabatic demagnetization 687 

refrigerator (ADR) or dilution refrigerator (DR) precooled by liquid helium and/or a mechanical 688 

cryocooler such as a Stirling, Brayton, or Joule Thomson (JT) cryocooler.  While an ADR should 689 

have no perceptible vibration, mechanical cryocoolers are a source of vibration, ranging from tens 690 

or hundreds of mN for Stirling or JT cryocoolers such as that used on the Mid-Infrared Instrument 691 

(MIRI), or several mN for Brayton or sorption-type JT cryocoolers. 692 

We selected the continuous ADR (CADR) as the detector cooler, due to the maturity of the 693 

CADR developed by NASA’s Goddard Space Flight Center.  While the Planck space telescope 694 

used a DR to cool a detector to 100 mK, we see no compelling reason to pursue the DR option at 695 

present.  There are two CADR options, rejecting heat either at around 4 K or at around 10 K.  The 696 

latter CADR is still under development but has been demonstrated in the laboratory.43 697 

The options for the precooler included a solid hydrogen cryostat, basing parameters such as 698 

mass and lifetime on the WISE44 and Spirit III45 solid hydrogen dewars, and Brayton cryocoolers, 699 

which offer relatively low exported vibration.  For Brayton cryocoolers, we included a 3-stage 700 

Brayton providing cooling at 10 K46 and a 4-stage Brayton or Brayton/JT hybrid providing cooling 701 

at 4 K.47 702 

We also included an option to duty-cycle the precooler by using it to cool a thermal storage 703 

device, a block of solid hydrogen in the case of a CADR rejecting heat at 10 K, or a block of 704 

gadolinium oxysulfide (GOS) rare earth material with high heat capacity at 4 K for the CADR 705 

rejecting heat at 4 K.  For duty-cycled cooling, the CADR runs continuously, while the precooler 706 

is turned off during observations.  We assumed that the precooler is on for 5% of the time and off 707 

for 95%, and that a maximum observation period of 5 days would be required, based on parameters 708 

in signature science case #1 of the LUVOIR Final Report.15  This duty cycle and observation time 709 

affect the mass and volume of the thermal storage device (if any), and the mass of a solid hydrogen 710 

precooler as well as the mass and electrical power of a Brayton precooler. 711 

We based our trade of alternatives on two “must have” capabilities and 12 desired features 712 

used for scoring the various options. Table 3 summarizes our scoring results. The scores in that 713 

KTA table should be interpreted strictly as representing relative rankings from low to high. An 714 

option receiving the highest score against “ease of packaging” for instance means we assess that 715 

option as being easier to package than the others; it does necessarily mean that option is easy to 716 

package. 717 
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 718 

The configuration with the highest score is the 4 K Brayton cryocooler with a 5% duty cycle, 719 

cooling a rare earth thermal storage device into which a 4 K CADR rejects its heat continuously. 720 

Figure 17 summarizes its main characteristics. We selected that cryocooler configuration for 721 

packaging feasibility studies on the coronagraph instrument as the next step. That packaging needs 722 

to consider electrical power dissipation and power dissipation fluctuations. As shown in Figure 17, 723 

while preferred, we anticipate that option will be challenging to package within a serviceable 724 

coronagraph instrument due to the amount of power dissipation (375 W) and its envelope 725 

dimensions (26 in x 11 in x 20 in). 726 

The recommended cryocooler configuration requires some technology maturation to bring the 727 

system to TRL 5.  First, the 4 K Brayton precooler requires complete cryocooler development and 728 

testing.  A 10 K Brayton has been tested,46 and a 4 K turboalternator has been tested,47 but a 729 

complete 4 K Brayton cryocooler has not yet been built and tested.  Second, the rare earth thermal 730 

storage device needs to be designed and tested.  The rare earth GOS material must be packaged 731 

with a thermally conductive material such as aluminum, must be designed to survive launch 732 

vibration and thermal cycles between ambient and 4 K, and must include thermal interfaces to both 733 

the CADR and the Brayton.  Finally, the cryogenic detector itself requires maturation, with TES 734 

requiring more pixels than have been previously implemented, and MKIDs requiring higher energy 735 

resolution. 736 

Table 3 Kepner Tregoe Analysis of cryocooler configuration options. 737 

 Score Weight 
Solid H2 + 
10K CADR 

Continuous 
4K Brayton 

+ CADR 

5% Duty 
Cycle 4K 
Brayton 
+ CADR 

Continuous 
10K Brayton 

+ CADR 

5% Duty 
Cycle 10K 
Brayton 
+ CADR 

Must Have        
Instrument Readily 

Serviceable (Cryocooler 
housed entirely within 

instrument) 

  1 1 1 1 1 

Capability to cool to 50 mK   1 1 1 1 1 
Want        

Low Volume 0-10 2 1 7 7 7 0 

Low Mass 0-10 3 0 9 4 8 2 

High TRL 0-10 6 5 10 9 9 4 

Flight Heritage 1-10 4 7 7 4 4 4 

No Solid Cryogens Required 0-10 6 0 10 10 10 0 
Long Instrument Lifetime 

Between Servicing 
0-10 5 1 10 10 10 10 

No Vibration During 
Observations 

0-10 10 10 0 10 0 10 



32 

Instrument Warm When 
Launched 

0-10 4 0 10 10 10 0 

Low Electrical Input Power 0-10 5 10 3 7 4 4 

Small Thermal Swings from 
Power Cycling 

0-10 4 10 10 0 10 0 

Short Time Added Between 
Observations 

0-10 1 10 10 0 10 0 

Ease of Packaging into 
instrument 

0-10 5 1 7 7 7 0 

Total Score   270 379 416 363 216 

Table 4 Kepner Tregoe Analysis Scoring rationale. 738 

Low Volume Linear scale, maximum volume among options = 0, zero volume = 10 
Low Mass Linear scale, maximum mass among options = 0, zero mass = 10 
High TRL Solid hydrogen, 4K Brayton, and 10 K CADR all require higher TRL 

Flight Heritage 
-3 points for each subsystem that has not flown (CADR, Precooler, Thermal Storage 
Device) 

No Solid Cryogens Required 
Solid cryogens can be troublesome: additional vacuum GSE and on-launchpad 
servicing required 

Long Instrument Lifetime 
Between Servicing 

Score = Number of years of instrument lifetime 

No Vibration During 
Observations 

Continuous Brayton is a source of mN vibrations 

Warm Instrument When 
Launched 

If instrument must launch at cryo temperature, it complicates CONOPS and 
outgassing 

Low Electrical Input Power Based on power estimates from Creare LLC 47 
Small Thermal Swings from 
Power Cycling 

Powering the cryocooler on and off introduces temperature swings at cryocooler's 
radiator.  This could be mitigated with trim heaters. 

Short Time Added Between 
Observations 

Recharging thermal storage device adds downtime equal to 5% of observation time 

Ease of Packaging into 
instrument 

Currently uses the same scoring as "Low Volume" 

 739 

Fig. 17 Description of Preferred Crygenic Detector Cooling System Configuration Selected For Packaging Studies. 740 

4 Evaluation of Exploratory Analytical Case 1 Pathfinder Architecture 741 

In this section, we evaluate the performance of the Disturbance Free Payload system, and the 742 

line-of-sight stabilization system as applied to NASA Exploratory Analytical Case 1. That 743 
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evaluation includes rejection of spacecraft vibrations originating from the reaction-wheels, 744 

dynamics line-of-sight stability, and dynamic wavefront stability.  745 

4.1 Structures, Optics, and Controls Integrated Model 746 

For this work, the NASA Integrated Modeling team provided NASTRAN structural dynamics 747 

models of the observatory in the deployed configuration. We decomposed that model into separate 748 

structural dynamics models, one for the spacecraft and one for the payload as depicted in Figure 749 

18. We extracted normal modes up to 200 Hz and performed model reduction on both to achieve 750 

manageable model complexity while retaining the dominant dynamics characteristics. For the 751 

payload, we applied balanced model order reduction using dynamic wavefront error as the scoring 752 

metric and retained the 220 most significant structural modes ensuring that 98% of wavefront error 753 

is captured (threshold below 0.3 pm/uN). For the spacecraft, we applied balanced model order 754 

reduction using spacecraft inertial pose at the mechanical interface between the spacecraft and the 755 

payload as the metric: we retained the 194 most significant structural modes ensuring that more 756 

than 99.98% of the pose errors is captured. The fundamental mode of the spacecraft is 0.048 Hz 757 

and the fundamental mode of the payload is 10.67 Hz (secondary mirror tower bending mode). 758 

 759 

Fig. 18 Overview of Payload and Spacecraft Structural Dynamics Models. 760 

For this work, the NASA Integrated Modeling team also provided a linear optical model and 761 

the optical sensitivities for the line-of-sight and the optical path difference for one of the 762 

coronagraph instrument visible channels up to the focal plane mask. We coupled those optical 763 

sensitivities with the payload structural model and replaced one of the fixed mirrors in that 764 
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coronagraph optical train by a heritage passive reaction-cancelling Fast-Steering Mirror for line-765 

of-sight stabilization (that fixed mirror was already designated to become a steering mirror). We 766 

model the Fast-Steering Mirror exported forces and torques. Finally, the NASA Integrated 767 

Modeling team also provided the line-of-sight optical sensitivities for two guider instruments, 768 

which we interfaced to the structural dynamics model for payload attitude determination. 769 

Our dynamics modeling and simulation environment includes large-angle flexible-body 770 

capabilities to simulate large angle slews. Since they do not capture non-linear kinematics, Finite-771 

Element structural models are not suitable for large-angle flexible-body dynamics and therefore 772 

not suited for slew simulations in their native form. Our dynamics models combine large-angle 773 

rigid-body dynamics and small-deflection flexible-body dynamics to support slew simulations and 774 

settling analyses past the end of the slew. The Finite Element analysis provides the inputs necessary 775 

to construct the flexible-body dynamics portion of those models. That environment facilitates 776 

switching between pure rigid-body dynamics for control logic synthesis and troubleshooting, and 777 

flexible-body dynamics for high-fidelity time simulations.  778 

Our integrated models include high-fidelity representation of the DFP actuators, relative 779 

position sensors, and control logic. A Payload Attitude Determination System (ADS) using a 780 

multiplicative extended Kalman filter fuses the outputs from the 3 Star Trackers, the 2 Fine 781 

Guidance Sensors, and an Inertial Reference Unit. DFP uses the ADS estimated payload inertial 782 

attitude and inertial angular velocity for payload inertial attitude control. Changes in alignment of 783 

the ADS sensors relative to the Payload reference frame datum due to structural deformations 784 

under dynamic conditions are captured. 785 

Our integrated modeling and simulation environment supports both frequency-domain analysis 786 

for control synthesis and control system stability margin assessment, and time-domain analysis for 787 

dynamic line-of-sight and dynamic wavefront error performance assessment. 788 

4.2 Design Departure Point Overview 789 

Table 5 Design Departure Point Configuration. 790 
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 791 

Table 6 Payload Attitude Determination System Configuration. 792 
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 793 

As part of the process to evaluate whether EAC1 possesses the necessary attributes to achieve 794 

the telescope ultra-stability required for exoplanet imaging, we define a Design Departure Point. 795 

That process involves setting a set of configuration parameters covering the Disturbance Free 796 

Payload System, the power cable at the interface between the spacecraft and the payload, the 797 

spacecraft reaction-wheel assembly, and the Fast-Steering Mirror for line-of-sight stabilization 798 

among others. These configuration parameters are summarized in Table 5 and Table 6. In Table 5, 799 

the parameter values represent the results of sizing; trade analyses; and control system error 800 

rejection and stability analyses. Black boxes in those tables flag parameters, which are particularly 801 

critical to dynamic line-of-sight stability, dynamic wavefront stability, and slew agility 802 

performance; while grey boxes flag parameters, which are not yet included in our integrated model. 803 

As reflected in the use of the term “Design Departure Point”, our performance sensitivity analyses 804 

use those design parameters as nominal values. 805 
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4.3 Disturbance Free Payload System: Projected Telescope Performance Stability and Slew 806 

Agility 807 

4.3.1 Spacecraft vibration mitigation performance projections 808 

Vibration Transmissibility from Spacecraft to Payload 809 

Figure 19 shows the transmissibility of the spacecraft vibrations to the payload. That 810 

transmissibility is referenced to the Payload center of mass as necessary to properly assess 811 

coupling from spacecraft linear velocity to payload angular velocity, the rotation degrees of 812 

freedom being the most critical ones as far as the payload pointing is concerned. Figure 19 contains 813 

two sets of curves. The green set of curves corresponds to the case where the spacecraft and the 814 

payload are treated as perfect rigid-bodies. The blue set of curves corresponds to the case where 815 

the spacecraft and the payload flexible body dynamics are included.  816 

The upper two quadrants show that the coupled system modes at frequencies around 80 mHz 817 

after cable stiffness compensation are well damped with a Q of less than 2. The break in the 818 

transmissibility curve around 1 Hz in those quadrants is due to a second-order roll-off filter used 819 

for gain stabilization in the DFP relative pose control logic. 820 

The lower two quadrants corresponding to transmissibility to payload angular velocity are the 821 

two most important ones from a payload pointing stability performance perspective. The curves in 822 

the lower right quadrant show that the disturbance rejection is limited by the stiffness of the cable 823 

harness at frequencies above 0.1 Hz. The worst-case disturbance rejection is 16 dB at 0.11 Hz. The 824 

DFP system achieves 30 dB of disturbance rejection at 1 Hz and typically 60-dB of disturbance 825 

rejection or more at frequencies above 5 Hz. The residual transmitted vibrations are amplified by 826 

the payload structural dynamics at frequencies above 10 Hz. The effect of the Payload inertial 827 

attitude pointing control logic with a 0.58-Hz-bandwidth 0-dB cross-over including the associated 828 

integral control action is visible at frequencies below 1 Hz. That control logic achieves 60-dB or 829 

more of disturbance rejection below 17 mHz. The impact of the voice-coil actuator back-emf on 830 

the transmissibility is visible at the high-frequency end of the graph in the lower right quadrant: 831 

that effect is about a factor of 10 below the transmissibility due to the interface cable. As the 832 

transmissibility due to the cable increases the benefits of using a high-bandwidth current drive to 833 

reject the back-emf effects in the actuator diminish. On EAC1, we opted to reduce the actuator 834 
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current drive bandwidth to 6-Hz 0-dB cross-over, which is sufficient to support a payload attitude 835 

control bandwidth of about 0.6-Hz, thereby reducing the effective actuation noise bandwidth. 836 

Readers might notice that the rigid-body and flexible-body curves should track and not reverse 837 

trend at frequencies below 10 mHz. We traced these artifacts to numerical accuracy limitations in 838 

Matlab linearization tools when applied to multi-rate mixed discrete-continuous models. 839 

 840 

Fig. 19 Rigid-body and flexible-body spacecraft disturbance transmissibility. 841 

Vibration Transmissibility from Spacecraft To Payload Dynamic Line Of Sight Error 842 

Figure 20 shows the transmissibility of the spacecraft vibrations to the telescope optical line-843 

of-sight. Figure 20 contains two sets of curves. The green set of curves captures the payload inertial 844 

angular velocity in response to the spacecraft inertial linear velocity (left graph) and angular 845 

velocity (right graph). The blue set of curves captures the payload inertial optical line-of-sight in 846 

response to spacecraft change in inertial position (left graph) and change in inertial orientation 847 

(right graph). The spacecraft linear and angular excitation is referenced to a point “fixed” in the 848 

spacecraft nominally coincident with the payload center of mass. The line-of-sight shown is after 849 

stabilization using a Fast-Steering-Mirror (FSM) in the coronagraph optical train with a 2-Hz 850 
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control bandwidth 0-dB cross-over. In the frequence region below 10-Hz where the payload 851 

behaves dominantly as a rigid-body, the change in optical line-of-sight being a component of the 852 

change in orientation of the Payload in the absence of any inertial line-of-sight control, comparison 853 

between the green and the blue sets of curves gives a sense of the line-of-sight error rejection 854 

achieved by the Fast-Steering-Mirror control system. 855 

 856 

Fig. 20 Transmissibility from Spacecraft Vibration to Dynamic Line Of Sight Error. 857 

The graph shows that the Fast-Steering Mirror achieves 40-dB or more error rejection at 858 

frequencies below 0.1 Hz. At frequencies above 10 Hz, the line-of-sight error no longer follows 859 

the rigid-body trends due to the EAC1 payload internal structural resonances. The peak in the 860 

optical line of sight error response is at the secondary mirror tower mode resonance slightly above 861 

10 Hz. In combination (right graph), the FSM inertial optical line-of-sight stabilization and the 862 

DFP vibration isolation and payload inertial attitude control system typically achieve 44-dB 863 

disturbance rejection below 100 Hz. 864 
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 865 

Fig. 21 Transmissibility from Spacecraft External Loads to Dynamic Wavefront Error. 866 

Transmissibility from Spacecraft External Loads To Payload Dynamic Wavefront Error 867 

Figure 21 shows the transmissibility from external forces (left graph) and external torques (right 868 

graph)  applied to the spacecraft to the dynamic wavefront error in one of the coronagraph 869 

instrument visible channels. While the observatory inertial attitude is under control during science 870 

observation, the observatory inertial position is not. When a constant external force acts on the 871 

spacecraft the entire observatory acquires a constant inertial acceleration. The left graph in Figure 872 

21 shows that the deflections in the optical system under such quasi-static inertial linear 873 

accelerations result in wavefront errors in the range of 40 to (60 pm)/(mN).  874 

The transmissibility from external forces and torques acting on the spacecraft to the dynamic 875 

wavefront errors is typically up to (100 pm)/(mN) and up to (70 pm)/(mN-m). The fundamental 876 

structural natural frequency of the payload being about 10 Hz, the graphs show that the spacecraft 877 

appendage modes poke through the Disturbance Free Payload interface below 5 Hz. These results 878 

also give a rough sense of the maximum allowable exported loads, should cryocoolers be used for 879 

detector cooling.  880 
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 881 

Fig. 22 Transmissibility from Spacecraft Reaction-Wheel Exported Loads to Dynamic Wavefront Error. 882 

Dynamic Wavefront Error Due To Reaction-Wheel Assembly Exported Loads Alone: Worst 883 

Case Uncertainty Analysis 884 

Figure 22 shows the spatial root-mean-square dynamic wavefront error in one of the 885 

coronagraph instrument visible channels in response to forces and torques exported by hard-886 

mounted reaction-wheels (left graph) and the associated backward integrated sum versus 887 

frequency (right graph). Our analyses are based on proprietary waterfall experimental data from 888 

Honeywell on its HR18-250 reaction-wheels. The data Honeywell provided are in the form of 889 

Fourier coefficient magnitude at wheels speeds ranging from 6000 rpm to 0 rpm in 30-rpm 890 

increments. In this analysis, all 8 wheels in the cluster are set to 3330 rpm (55.5 Hz) leading to 891 

excitation in a frequency region of high payload structural dynamics response due the rigid-body 892 

modes of the telescope primary mirror segments on their support structure. 893 

The phase randomization process often used to convert from Fourier magnitude coefficients to 894 

forces and torques time-series for time simulation purposes leads to exported loads uncorrelated 895 

across degrees of freedom and across frequency bands around tones. While customary, that process 896 

is not well adapted because reaction-wheel exported loads are tonal in nature and highly correlated 897 

across degrees of freedom and in frequency bands around tones due to the dominant vibration 898 

sources being mass imbalance and bearing runout/rumble at nearly constant spin rate. A question 899 

that often comes up is: how much worse could the system responses possibly be for other phasing? 900 

We implemented an alternate method in the frequency domain to analyze the dynamic 901 

wavefront error in response to the reaction-wheel exported loads based on principal gain analysis. 902 
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That method provides a guaranteed upper bound on the dynamic wavefront error regardless of 903 

phasing and it also provides phase realizations across degrees of freedom approaching that upper 904 

bound.  905 

Figure 22 shows the difference in dynamic wavefront error as function of frequency depending 906 

on whether the phase is uncorrelated (red curve) or correlated across degrees of freedom. The black 907 

curve is the theoretical upper bound on the error for any phasing, which shows that the dynamic 908 

wavefront error could potentially be up to 4 to 5 times worse than by randomizing phases. The 909 

blue curves are example worst to best phase realizations based on principal vectors across 6 910 

resultant forces and torques degrees of freedom. Those realizations bracket the randomized case 911 

as expected. They also show that our theoretical upper bound is only conservative by a factor of 912 

1.5 to 2. The backward integrated dynamic wavefront error above 5 Hz is about 0.4 pm when 913 

randomizing the phase and about 1.1 pm for the worst-case phase realization based on the 914 

maximum principal vector. The dynamic wavefront error result in the randomized case matches 915 

the one we obtained in time domain simulations as expected when the reaction wheel exported 916 

loads are the sole source of disturbance. 917 

4.3.2 Dynamic line-of-sight and wavefront error steady-state performance projections following 918 

recentering maneuver 919 

In Figure 23, we provide time simulation results to evaluate the dynamic line-of-sight and the 920 

dynamic wavefront error performance of the DFP vibration isolation and precision pointing system 921 

and the line-of-sight stabilization system once steady state is reached following a recentering 922 

maneuver. The simulation demonstrates quick settling back into steady-state operating conditions 923 

following such maneuver—an off-nominal condition. Under DFP nominal operating conditions, 924 

recentering would happen gradually without inducing any dynamic transient. 925 

In this simulation, as in the frequency domain analysis discussed earlier, all 8 wheels in the 926 

cluster are set to 3330 rpm (55.5 Hz) leading to excitation in a frequency region of high payload 927 

structural dynamics response due to the rigid-body modes of the telescope primary mirror 928 

segments on their support structure. All 8 wheels are hard-mounted, and the phases are 929 

randomized. The DFP relative pose and payload inertial attitude functions are all enabled. The 930 

Fast-Steering-Mirror line-of-sight stabilization control is enabled. Sources of noise include the 931 

DFP voice-coil actuator drive, the DFP relative position sensors, the Fast-Steering-Mirror actuator 932 
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drive & local position sensors, and the Payload Attitude Determination System sensors. The Fast-933 

Steering Mirror implementation presumes line-of-sight sensing will be available in the 934 

coronagraph instrument for line-of-sight control: the associated sensing noise is not modeled. The 935 

relative pose between the spacecraft and the payload starts offset from the desired set point with a 936 

relative position error of [0.1,0.2,0.3] mm and a relative attitude error (Body321 Euler angles) of 937 

[0.3,0.2,0.1]*deg. The start away from the desired set point causes a recentering maneuver at the 938 

beginning of the time simulation. The optical telescope does not include an active alignment 939 

system yet: designing and incorporating that system into our integrated modeling infrastructure is 940 

one of our next steps. 941 

The lower left graph in Figure 23 shows that the inertial line-of-sight settles and reaches steady 942 

state within 5 seconds consistently with the 2-Hz Fast-Steering-Mirror control bandwidth. The 943 

upper left graph shows the dynamic line-of-sight errors over the last 200-seconds of the 500-sec 944 

simulation run. The steady-state dynamic line-of-sight errors are 216 and 220 uarcsec (1 ) as 945 

compared to a desired goal of 300 uarcsec (1 ). We confirmed by spectral analysis that the line-946 

of-sight error is broadband not tonal in nature.  947 

The upper right graph in Figure 23 shows the spatial root-mean-square dynamic wavefront error 948 

as function of time over the last 200-seconds of the 500-sec simulation run. We partitioned the 949 

dynamics wavefront error into a high- and a low-temporal component using 5-Hz as the boundary 950 

between the two. Frequencies above 5-Hz include the entirety of the payload structural dynamics 951 

on EAC1, the payload fundamental mode being about 10 Hz. Since the bandwidth of segment 952 

alignment control systems is typically limited to 1/5 to 1/10 of the payload fundamental natural 953 

frequency due to control-structure interaction, we anticipate most of the dynamic wavefront errors 954 

above 5-Hz will remain uncorrected. The dynamic wavefront error is 6.43 pm (1 ) above 5-Hz 955 

and 4.47 pm (1 ) below 5 Hz. Of the dynamic wavefront errors above 5 Hz, a separate simulation 956 

configured to operate Payload attitude control on truth attitude shows that all the sources of errors 957 

other than the ADS account for 0.57 pm (1 ) indicating that the ADS sensors noise dominates the 958 

wavefront error at the 10:1 level. 959 
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 960 

Fig. 23 EAC1 Steady-State Dynamic Optical Stability Performance. 961 

Figure 24 shows the principal gains of the spectrum of the dynamic wavefront error (left plot) 962 

and the associated backward sum as a function of frequency (right plot). The backward integrated 963 

dynamic wavefront error above 5 Hz of 7.3 pm (1 ) in this spectral analysis is roughly consistent 964 

with the 6.43 pm (1 ) reported earlier obtained in the time domain. Most of the power is in the 965 

telescope secondary mirror tower mode near 10 Hz. Interestingly, while the wavefront has many 966 

more degrees of freedom than shown in the left graphic, our principal component analysis shows 967 

that only 6 principal components participate significantly in the response, all the others (not shown) 968 

are multiple orders of magnitude smaller. That is attributable to the number of inputs in the system: 969 

in particular, there are only 6 possible degrees of freedom at the interface that can contribute to the 970 

transmissibility from the spacecraft to the payload, and DFP Payload-attitude control. 971 
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 972 

Fig. 24 EAC1 Steady-State Dynamic Wavefront Error Performance. 973 

Figure 25 shows the Extended Kalman Filter Payload Attitude Determination System performance 974 

over the last 200 sec of the 500 sec simulation: the Payload attitude reconstruction errors are 1.0 975 

marcsec (1 ) in the tip and tilt axes, and 3.4 marcsec (1 ) in the roll axis. The reconstruction 976 

errors are larger in the roll-axis due to the small angular separation (0.6-deg) between the two Fine 977 

Guidance Sensor boresights. 978 

 979 

Fig. 25 Payload Attitude Determination System Performance: Payload Attitude Reconstruction Error. 980 

Figure 26 shows the steady-state Payload inertial attitude control error over the last 200 sec of the 981 

500 sec simulation: the Payload attitude control errors are 2.1 marcsec (1 ) in the tip axis, 1.6 982 

marcsec (1 ) in the tilt axis, and 4.3 marcsec (1 ) in the roll axis. The control errors are larger in 983 

the roll-axis due to the payload attitude knowledge errors being worse in that axis. 984 
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 985 

Fig. 26 Steady-State Payload Attitude Control Error. 986 

4.3.3 Coordinated large angle slew agility 987 

In this section, we now present the results of a large angle slew time simulation demonstrating 988 

coordinated spacecraft/DFP/payload operations achieving the observatory slew agility objectives. 989 

For reference, the observatory field of regard is +/-45-deg and the agility objective is to slew the 990 

observatory by 90-deg in less than 60-minutes over the field of regard corner-to-corner. The 991 

maximum projected slew angle between the reference star for digging the dark hole and the target 992 

star for science observation is 30-deg. Our slew scenario here is commensurate with those general 993 

observatory objectives and is as follows.  994 

We initialize the payload in the [0;0;0] deg start inertial orientation and set the Body321 Euler 995 

angles for the payload terminal inertial orientation to [30;20;10]-deg corresponding to a total slew 996 

angle of ~37.4-deg. The objective is to slew the payload from the start to the terminal orientation 997 

in 38 minutes and then transition the payload to non-zero terminal inertial angular rates of [-3;-2;-998 

1] mdeg/sec as may be required to track a target for instance. We intentionally offset the initial 999 

pose between the spacecraft and the payload from the desired set point so that DFP is near the end 1000 

of its operating range to demonstrate that DFP can successfully execute slews starting from off-1001 

nominal conditions: we set the relative position error to [0.1;0.2;0.3] mm and the relative attitude 1002 

error (Body321 Euler angles) to [0.3;0.2;0.1]*deg. The peak DFP relative position sensor output 1003 
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is then -8.3-mm out of the +/-12-mm available range. The DFP system coordinates its operations 1004 

with the spacecraft and the payload to bring the DFP system back near the middle of its operating 1005 

range while executing the slew. In this simulation, DFP acts as the Master, but the DFP software 1006 

is configurable so that either the payload or the spacecraft could also act as the Master for 1007 

coordinating the slew operations, if desired.  1008 

The observatory model in this slew simulation is configured as described in Table 5 per the 1009 

design departure point and Table 6 for the payload Attitude Determination system. In particular, 1010 

the DFP payload inertial attitude control bandwidth is set to 0.58-Hz allowing tight payload 1011 

attitude control; the payload Line-Of-Sight control is enabled throughout, and the Fast-Steering 1012 

Mirror control bandwidth (outer loop) is set to 2 Hz. Our integrated model simulation includes the 1013 

payload and the spacecraft flexible-body dynamics. Payload inertial attitude control operates on 1014 

the ADS star trackers and IRU during the slew and transitions to operation on the ADS Fine 1015 

Guidance Sensors and IRU upon completion of the slew (we do not simulate/respect the details of 1016 

the Fine Guidance Sensors target tracking rate limitations, or star Identification and  Acquisition 1017 

periods at the end of the slew, which last less than 145 sec combined).48 To avoid creating 1018 

transients, the DFP slew generation code sets the specified payload inertial attitude to the current 1019 

payload inertial attitude as reported by the ADS at the start of the slew and shapes the slew profile 1020 

at both the start and the end of the slew. 1021 
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 1022 

Fig. 27 Coordinated Large Angle Slew with Spacecraft and Payload Flexible Body Dynamics. 1023 

Figure 27 shows the results of our slew simulation. Figure 27 contains three sets of curves: the 1024 

red set of curves corresponds to the truth payload inertial attitude trajectory; the blue set of curves 1025 

corresponds to the specified payload inertial attitude slew profile (visually indistinguishable from 1026 

the truth); and the green set of curves corresponds to the payload inertial attitude control error. The 1027 

insert in that figure zooms on the payload inertial attitude control error near and past the end of the 1028 

slew. The payload inertial attitude control error is less than 5.1 urad during slew, less than 8.1 1029 

marcsec (1 ) past the end of the slew, and less than 3.6 marcsec  (1 ) 330 sec past the end of the 1030 

slew (indicating fully settled conditions). That attitude error is generally consistent with the Fine 1031 

Guidance Sensor noise equivalent angle of 3 marcsec over its 10-Hz Nyquist bandwidth. 1032 
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 1033 

Fig. 28 Past Recentering Maneuver, Sensing Range Required of Relative Position Sensors to Execute Slew is Less 1034 

Than 0.1 mm Out of +/-12-mm Available Range 1035 

Figure 28 shows the range required from all six DFP non-contact inductive position sensors 1036 

arranged in a regular hexapod configuration and used to monitor the relative pose between the 1037 

payload and the spacecraft. That figure compares the truth (blue) and reconstructed (red) position 1038 

sensor outputs; the green set of curves shows the reconstruction errors. Our simulation includes 1039 

detailed models of the DFP relative position sensors anchored in experimental data and the 1040 

reconstruction is based on look-up tables to invert the sensor non-linearity. Figure 28 shows that 1041 

DFP gracefully recenters the relative pose between the payload and the spacecraft during the slew. 1042 

The peak relative position sensor output is -8.3 mm out of the +/-12-mm available range due to 1043 

specified initial conditions as indicated in the slew scenario description. Had the slew been started 1044 

in the middle of the DFP operating range, the relative position range required to execute slew 1045 

would have been <0.1 mm. The lower half of Figure 28 shows that the sensor non-linearity is well 1046 

inverted: the position sensor residual systematic errors are significantly below the random errors 1047 

of  0.38 um (1 ). 1048 
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 1049 

Fig. 29 Past Recentering Maneuver, Winding Current Required of Non-Contact Voice-Coil Actuators to Execute 1050 

Slew is Less Than 30 mA Out of +/-2 A Available Range. 1051 

Figure 29 shows the winding current required of all six DFP non-contact voice-coil actuators 1052 

arranged in a regular hexapod configuration and used to control the inertial attitude of the payload. 1053 

That figure compares the truth (blue) and commanded (red) actuator drive currents; the green set 1054 

of curves shows the control errors. Our simulation includes detailed models of the DFP non-1055 

contract voice-coil actuators anchored in experimental data and the command is based on look-up 1056 

tables to invert the actuator non-linearity. Figure 29 shows that DFP gracefully recenters the 1057 

relative pose between the payload and the spacecraft during the slew. The peak actuator winding 1058 

current is up to 0.8 A 0-to-peak out of the +/-2 A available range due to specified initial conditions 1059 

as indicated in the slew scenario description. Had the slew started in the middle of the DFP 1060 

operating range, the peak actuator winding current to execute the slew would have been < 30 mA. 1061 

The lower half of Figure 29 shows that the actuator non-linearity is well inverted: the systematic 1062 

control errors (not visible) are dominated by residual back-emf and are well below the random 1063 

errors of  4.4 mA (1 ) after 5 seconds. 1064 
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In the next section, we present the dynamic line-of-sight and dynamic wavefront stability 1065 

performance past the end of the slew just described achieved with the DFP system. 1066 

4.3.4 Dynamic line-of-sight and wavefront error performance projection following large angle slews 1067 

Figure 30 describes the dynamic line-of-sight and the dynamic wavefront error performance of 1068 

the DFP vibration isolation and precision pointing system and the line-of-sight stabilization system 1069 

past the end of the slew. All 8 spacecraft-reaction-wheels are hard-mounted, and the exported loads 1070 

modeling is limited to static and dynamic imbalance. Accordingly, those exported loads vary 1071 

consistently with the wheel speeds required to execute the slew. The optical telescope control 1072 

model does not include an active alignment system yet: designing and incorporating that system 1073 

into our integrated modeling infrastructure is one of our next steps. 1074 

The lower left graph in Figure 30 shows that the inertial line-of-sight settles and reaches steady 1075 

state within a few seconds consistently with the 2-Hz Fast-Steering-Mirror control bandwidth. The 1076 

upper left graph shows the dynamic line-of-sight errors over the last 200-seconds of the 46-minute 1077 

simulation run. The steady-state dynamic line-of-sight errors are 223 and 229 uarcsec (1 ) as 1078 

compared to a desired goal of 300 uarcsec (1 ). We confirmed by spectral analysis that the line-1079 

of-sight error is broadband not tonal in nature.  1080 

The upper right graph in Figure 30 shows the spatial root-mean-square dynamic wavefront error 1081 

as function of time over the last 200-seconds of the slew simulation. We partitioned the dynamics 1082 

wavefront error into a high- and a low-temporal component using 5-Hz as the boundary between 1083 

the two. Frequencies above 5-Hz include the entirety of the payload structural dynamics on EAC1, 1084 

the payload fundamental mode being about 10 Hz. Since the bandwidth of segment alignment 1085 

control systems is typically limited to 1/5 to 1/10 of the payload fundamental natural frequency 1086 

due to control-structure interaction, we anticipate that such feedback systems will leave most of 1087 

the dynamic wavefront errors above 5-Hz uncorrected. The dynamic wavefront error is 6.34 pm 1088 

(1 ) above 5-Hz and 3.82 pm (1 ) below 5 Hz. Of the dynamic wavefront errors above 5 Hz, a 1089 

separate simulation configured to operate Payload attitude control on truth attitude shows that the 1090 

ADS sensors noise dominates the wavefront error at the 10:1 level. 1091 
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 1092 

Fig. 30 EAC1 Dynamic Optical Stability Performance Past End of Slew Achieved With DFP System. 1093 

Figure 31 shows the principal gains of the spectrum of the dynamic wavefront error (left plot) 1094 

and the associated backward sum as a function of frequency (right plot). The backward integrated 1095 

dynamic wavefront error of 7.2 pm (1 ) above 5 Hz in this spectral analysis is generally consistent 1096 

with the 6.3 pm (1 ) reported in Figure 30 obtained in the time domain. Most of the power is in 1097 

the telescope secondary mirror bending modes near 10 Hz. As pointed out earlier, interestingly, 1098 

while the wavefront has many more degrees of freedom than shown in the left graphic, our 1099 

principal component analysis shows that only 6 principal components participate significantly in 1100 

the response, all the others (not shown) are multiple orders of magnitude smaller. That is 1101 

attributable to the number of inputs in the system: in particular, there are only 6 possible degrees 1102 

of freedom at the interface that can contribute to the transmissibility from the spacecraft to the 1103 

payload. 1104 
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 1105 

Fig. 31 EAC1 Dynamic Wavefront Error Performance Past End of Slew Achieved With DFP System. 1106 

4.4 Bottoms Up Dynamic Line-Of-Sight and Dynamic Wavefront Error Budgets 1107 

Table 7 and Table 8 present our projected dynamic line-of-sight and dynamic wavefront error 1108 

bottoms up error budgets, respectively, specifically for EAC1.  1109 

Table 7 Dynamic Line-Of-Sight Error Budget. 1110 

 1111 

Black boxes in these tables flag error sources, which are performance drivers, while greyed out 1112 

boxes flag error sources, which are budgeted but are not currently represented in our integrated 1113 
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models. Our error budgeting process involves first identifying and categorizing the sources of 1114 

errors. Next, whenever an error source is represented in our integrated model, we run time 1115 

simulations under steady-state observing conditions with that error source enabled while all the 1116 

other sources of errors are disabled and then evaluate the dynamic line-of-sight and the dynamic 1117 

wavefront error to isolate and quantify the contribution of that error source alone. Whenever an 1118 

error source is not yet represented in our models, we enter an error allocation in the budget table 1119 

based on available information such as vibration transmissibility in the case of spacecraft fuel 1120 

slosh, or vendor datasheet specifications in the case of analog-to-digital and digital-to-analog 1121 

converters distortion (integral non-linearity) for instance, or engineering judgement. 1122 

These tables represent dynamic line-of-sight and dynamic wavefront errors prior to any 1123 

wavefront sensing and control compensation and might therefore best be termed “uncorrected”. 1124 

These tables focus on the “dynamic”, not the “quasi-static” sources of errors such as dimensional 1125 

instability over long time scale (~>10 sec) driven by changes in the operational thermal 1126 

environment for instance. 1127 

Currently, our integrated models do not include an Active Alignment System to maintain the 1128 

optical elements as rigid-bodies in the optical telescope assembly in their desired relative pose and 1129 

keep the telescope phased: designing and incorporating that system into our integrated modeling 1130 

infrastructure is an ongoing activity.  1131 

Dynamic Line-Of-Sight Error Budget. We are currently projecting 350-uarcsec (1 ) 1132 

dynamic line-of-sight errors including a 170-uarcsec (1 ) uncertainty allocation. The Fast-1133 

Steering-Mirror relative position sensor noise, the coronagraph line-of-sight sensor noise, and the 1134 

Attitude Determination System estimation errors are the dominant sources of errors. The dynamic 1135 

line-of-sight errors due to spacecraft vibrations (reaction-wheels) and Disturbance Free Payload 1136 

system are well-controlled. Margin would be desirable at this early stage, which may require a 1137 

Fine Guidance Sensor noise-equivalent angle lower than the 3 masec (1 ) over 10-Hz Nyquist 1138 

bandwidth used in this study. 1139 

Dynamic Wavefront Error Budget. We currently project achieving less than 20 pm (1 ) 1140 

dynamic wavefront error above 5 Hz including a 10-pm uncertainty allocation. Understanding 1141 

better whether that level of dynamic stability above 5-Hz is sufficient for exoplanet imaging is an 1142 

ongoing activity. We used 5-Hz as frequency threshold because, as a feedback system, the Active 1143 
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Alignment System will likely leave these dynamic wavefront errors uncorrected due to control-1144 

structure interaction limiting the achievable error rejection bandwidth of that system. The Attitude 1145 

Determination System and the Active Alignment System (not modeled) are the dominant sources 1146 

of errors. We allocated dynamic wavefront errors on the order of 10-pm to the Active Alignment 1147 

System  to account for a combination of picometer actuation noise, feedback of edge sensor and 1148 

long-distance metrology noise, and dynamic interaction with the optical telescope assembly with 1149 

that system. The dynamic wavefront errors above 5-Hz originating from spacecraft vibrations 1150 

(reaction-wheels), the Disturbance Free Payload system, and the Fast-Steering Mirror are well-1151 

controlled (below the picometer-level individually). These positive results reflect our progress on 1152 

reducing the DFP voice-coil actuator error contribution (by reducing current drive bandwidth) 1153 

discussed in Section 3.1.2. 1154 

At frequencies below 5-Hz, we project less than 20 pm (1 ) dynamic wavefront error including 1155 

a 10-pm uncertainty allocation. As mentioned earlier, these are errors prior to any correction by 1156 

the optical telescope assembly Active Alignment System. As is the case above 5-Hz, the dynamic 1157 

wavefront errors below 5-Hz originating from spacecraft vibrations (reaction-wheels), the 1158 

Disturbance Free Payload system, and the Fast-Steering Mirror are all well-controlled (typically 1159 

below the picometer-level individually). 1160 

Table 8 Dynamic Wavefront Error Budget. 1161 
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 1162 

5 Summary Evaluation Findings and Future Observatory Architecture 1163 

Recommendations 1164 

5.1 EAC1 stiffer payload structure as compared to predecessor concepts LUVOIR-A and 1165 

LUVOIR-B offers major benefits 1166 

Our LUVOIR-B integrated modeling studies [Ref. 18] highlighted the performance 1167 

limitations imposed by the optical telescope assembly low-frequency flexible-body dynamics on 1168 

the achievable dynamic wavefront errors and on the achievable active alignment system control 1169 

bandwidth due to control-structure interaction. To address these limitations, NASA and its partners 1170 

designed Exploratory Analytical Case 1 to achieve significantly higher structural modal 1171 

frequencies. The modal frequency of the secondary mirror tower was increased from 1.5 Hz on 1172 

LUVOIR-B to 10.6 Hz on EAC1, and the modal frequencies of the primary mirror segment rigid-1173 

body modes on their support backplane structure were raised to above 40 Hz on EAC1. While 1174 

additional design fidelity is required in the mechanical interfaces/joints to confirm whether such 1175 

increased modal frequencies are indeed achievable, our EAC1 integrated modeling studies clearly 1176 

demonstrate the benefits of aiming for optical telescope assembly structural modal frequencies 1177 

above 10 Hz and we recommend continuing to aim for that objective in the future. Besides easing 1178 
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system integration and enabling functional testing of the optical telescope assembly in the 1179 

laboratory prior to launch  (for reference, a 1.5-Hz structure would deflect by ~11-cm in 1-G 1180 

without a gravity offload system), our EAC1 integrated modeling studies highlight the following 1181 

benefits of having a stiffer payload, which cut across multiple subsystems including vibration 1182 

isolation system between spacecraft and payload, reaction-wheel local vibration isolation, OTA 1183 

active alignment system achievable control bandwidth, Fast Steering Mirror required bandwidth, 1184 

wavefront sensing required update rate, need or not for structural damping augmentation, need or 1185 

not for feedforward compensation: 1186 

(1) A stiffer payload translates into reduced sensitivity to residual exported loads past the 1187 

vibration isolation system acting on the payload and affecting the dynamic wavefront errors 1188 

above 5 Hz by a factor of about 5. Limiting dynamic wavefront errors above 5 Hz to allowable 1189 

levels is essential as these errors will likely remain uncorrectable by active feedback control 1190 

means due to control-structure interaction limiting the achievable active alignment control 1191 

system bandwidth. Addressing excessive dynamic wavefront errors above 5 Hz would then 1192 

require other mitigation measures such as structural damping augmentation, or mirror 1193 

segment rigid-body-alignment feedforward compensation, with commensurate increase in 1194 

system complexity to manage the optical telescope assembly dynamic dimensional stability. 1195 

(2) A stiffer payload structure allows accommodating stiffer power cables at the vibration 1196 

isolation system interface between the spacecraft and the payload. On EAC1, we estimate the 1197 

coupled system modal frequencies due to the power cable are up to 0.26-Hz. The increase in 1198 

vibration transmissibility due to the electrical power cable on EAC1 remains manageable 1199 

relative to the HWO dynamic wavefront error objectives of ~<10 pm (1 ): dynamic 1200 

wavefront errors due to hard-mounted reaction-wheels exported loads for instance are 1201 

managed to below 1 pm (1 ). Managing the interface cable would have been much more 1202 

difficult had the payload structure been more compliant as in LUVOIR-B due to insufficient 1203 

modal frequency separation between the suspension modes (0.26 Hz) and the optical telescope 1204 

assembly fundamental mode (1.5 Hz). 1205 

(3) A stiffer payload structure allows achieving a higher payload attitude control bandwidth with 1206 

the DFP system, which translates into tighter control of the payload line-of-sight and lower 1207 

transmissibility of spacecraft low-frequency appendage mode vibrations as needed to deal 1208 

with the increase in vibration transmissibility up to higher temporal frequencies from the 1209 
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power cable. We were able to increase the payload attitude control bandwidth from 36.5 mHz 1210 

on LUVOIR-B to 0.58-Hz on EAC1. In the payload attitude degrees of freedom, DFP acts as 1211 

an inertial stabilization system at low frequencies (as opposed to a vibration isolation system). 1212 

The higher the DFP payload inertial attitude control bandwidth, the higher the disturbance 1213 

rejection at low frequencies (low meaning typically below 1 Hz). Those results are predicated 1214 

on the payload coming with an Attitude Determination System with sufficient bandwidth for 1215 

inertial attitude control: the JWST Fine Guidance Sensors with a 20-Hz update rate and 1216 

Inertial Reference Unit with 4-Hz bandwidth and 200-Hz update rate are commensurate to 1217 

achieving the target 0.58-Hz bandwidth just referenced during science observations. 1218 

(4) A stiffer payload structure allows dealing with large offsets (~3 m on EAC1) between the 1219 

vibration isolation system location and the effective center of mass of the combined payload 1220 

and spacecraft. That offset translates into increased transmissibility of spacecraft vibration to 1221 

the payload due to coupling from spacecraft translation accelerations into payload rotation 1222 

accelerations. That effect applies to any type of vibration isolation system. Without the 1223 

addition of a sunshield as in JWST, such large offset will likely be an inherent characteristic 1224 

of any future observatory layout due to the mass/inertia of the payload being significantly 1225 

greater than that of the spacecraft (about 1.5:1 on EAC1). 1226 

(5) A stiffer payload structure as in EAC1 likely renders local reaction-wheel vibration isolation 1227 

unnecessary. As mentioned, the contribution of hard-mounted reaction-wheels exported loads 1228 

to dynamic wavefront errors are projected to be below 1 pm (1 ) and preliminary simulations 1229 

not reported here indicate other sources of errors such as the payload Attitude Determination 1230 

System sensor noise will likely dominate the dynamics wavefront error budget. 1231 

(6) Perhaps counter-intuitively, a stiffer payload structure as in EAC1 allows reducing the 1232 

electrical current drive bandwidth of the DFP voice-coil actuators despite the higher payload 1233 

inertial attitude control bandwidth needed to achieve higher disturbance rejection in the 1234 

presence of stiffer power cables. Uncontrolled, the back-emf in the DFP voice-coil actuators 1235 

effectively acts as a viscous damper and is a source of vibration transmissibility in the 1236 

presence of relative motion being the payload and the spacecraft: current drives limit that 1237 

effect by negating the back-emf electrical current and the higher the back-emf rejection 1238 

required, the higher the current drive bandwidth required. With higher stiffness cables, the 1239 

vibration transmissibility due to the actuator back-emf becomes negligible as compared to the 1240 
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transmissibility due to the cables and the benefit of countering the back-emf effects 1241 

disappears. On EAC1, we opted to reduce the actuator current drive bandwidth from 160-Hz 1242 

0-dB cross-over on LUVOIR-B to 6-Hz 0-dB cross-over at the expense of back-emf rejection. 1243 

That choice has the benefit of reducing the actuator current noise and therefore reducing the 1244 

commensurate  voice-coil actuation noise forces imparted to the payload: that in turn allowed 1245 

us to reduce the dynamic wavefront errors due to the voice-coil actuator noise by a factor of 1246 

at least 5. Being able to limit the voice-coil actuator current drive bandwidth to a frequency 1247 

significantly below that of the primary mirror segment rigid-body modes results in significant 1248 

reduction in the dynamic excitation of those modes.  1249 

(7) A stiffer payload structure allows the DFP design to close with sufficient control system 1250 

stability margin. The interaction between the DFP control logic and the spacecraft flexible 1251 

body dynamics increases as the interface cable stiffness increases because such increase leads 1252 

to increased DFP relative-position and relative-attitude control bandwidth. The DFP control 1253 

logic includes notch filters and gain stabilization filters to mitigate that interaction but for the 1254 

DFP design to close, the payload structural modal frequencies are preferably a factor of 10 or 1255 

more above the “rigid-body” modal frequencies of the coupled spacecraft-payload system due 1256 

to the interface cables. 1257 

5.2 Payload Attitude Determination System is dominant source of dynamics line-of-sight and 1258 

dynamic wavefront errors 1259 

Dynamic line-of-sight errors. The Fine Guidance Sensors alone do not have enough 1260 

resolution to achieve the 300-uarcsec (1 ) line-of-sight stability goal. Within our design departure 1261 

point, the payload attitude tip and tilt pointing errors are about 2.1 marcsec and 1.6 marcsec (1 ), 1262 

respectively, assuming a typical 3-marcsec (1 ) FGS noise-equivalent-angle while operating on 1263 

an 18-magnitude star at 20-Hz update rate.  1264 

Additional design margin is needed at this stage in the project to meet the line-of-sight 1265 

objective. It would be desirable to increase the Fine Guidance Sensor resolution by a factor up to 1266 

10 to achieve the LOS stability goal. Alternatives include reducing the Payload inertial attitude 1267 

control bandwidth currently set to 0.58-Hz 0-dB cross-over and stabilizing the line-of-sight at 1268 

higher bandwidth using the Fast-Steering Mirror in the coronagraph optical path. There is a need 1269 

to explore the design space combining all these options. 1270 
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Assuming the FGS noise spectral density is uniform, the first option would require reducing 1271 

the DFP Payload attitude control bandwidth by about 40x to 15-mHz: that approach is limited by 1272 

the stiffness of the cable across the DFP interface and is undesirable as it forces the DFP system 1273 

to operate at a bandwidth below the coupled spacecraft-payload-system natural frequency in the 1274 

payload attitude degrees-of-freedom. Reducing the DFP attitude control bandwidth also translates 1275 

into increased DFP range required to execute slews: we do not foresee that consideration as being 1276 

necessarily a limitation because DFP has ample operational range margin to execute large angle 1277 

slews; only 0.1-mm out of +/-10-mm operational range is required to execute slews in the current 1278 

configuration. 1279 

The second option, namely the implementation of the Fast-Steering Mirror option explored in 1280 

this study presumes the availability of a line-of-sight sensor in the coronagraph instrument with 1281 

sufficient bandwidth and resolution for line-of-sight control. Our analyses indicate the line-of-1282 

sight control bandwidth would need to be about 2 Hz to achieve the line-of-sight stability objective 1283 

with the current Fine Guidance Sensors, which implies a line-of-sight sensor update rate of about 1284 

20 Hz. 1285 

Dynamic wavefront errors. Now that we have a path to mitigate the impact of the spacecraft 1286 

exported vibrations and the DFP actuation noise (both current drive noise and current command 1287 

distortion in DAC conversion), the Payload Attitude Determination System dominates the dynamic 1288 

wavefront errors above 5-Hz at about the 10:1 level. The ADS dynamic wavefront error 1289 

contribution above 5 Hz is about 7 pm (1 ), which may be acceptable depending on coronagraph 1290 

sensitivity to random errors. Reducing the Payload inertial attitude control bandwidth could be 1291 

explored as a mitigation path but as just discussed above such an approach has limitations. 1292 

5.3 DFP system properly manages impact of spacecraft exported vibrations and DFP-internal 1293 

sources of errors on dynamic line-of-sight and dynamic wavefront errors 1294 

As summarized in our line-of-sight and wavefront error budgets, our integrated modeling 1295 

analyses indicate that the DFP system properly manages the impact of the spacecraft exported 1296 

vibrations and DFP internal error sources.  1297 

Firstly, as explained in Section 5.1, that is in part due to the EAC1 payload structure being 1298 

relatively stiff as compared to predecessor concepts LUVOIR-A and LUVOIR-B. On EAC1, we 1299 

do not project needing vibration-isolation local to the reaction-wheels.  1300 
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Secondly, we now have a viable path to mitigating the impact of the DFP actuator current-1301 

drive noise by tailoring the bandwidth of that drive. 1302 

5.4 Our OTA Active Alignment System sensor configuration analyses indicate a viable path 1303 

exists to eliminate long distance metrology internal to the primary mirror 1304 

We identified a combined edge-sensing and long-distance metrology configuration for sensing 1305 

the OTA deformations, which eliminates the long-distance gauges internal to the primary mirror, 1306 

and which has a good reconstructed-wavefront error (WEM<2) per JPL wavefront error metric 1307 

(WEM) in Ref. 32. That configuration exploits flexibility in optical laser gauge placement for edge 1308 

sensing not available with capacitive sensors (each sensor being approximately constrained to 1309 

collocated orthogonal sense axis triad in that latter case). Our analyses indicate the placement 1310 

flexibility offered by optical gauges is enough to overcome to a sufficient extent the observability 1311 

challenges in sensing the primary mirror power mode. Absent that flexibility, one is led to using 1312 

direct differential displacement measurements between the primary and the secondary mirror using 1313 

long-distance gauges internal to the primary mirror as one’s intuition suggests. 1314 

Such a configuration using optical gauges as edge sensors deserves further consideration as it 1315 

eliminates the design dependency between the laser metrology and the primary mirror segment 1316 

gap affecting coronagraph contrast while greatly simplifying OTA integration.  1317 

5.5 With conventional packaging methods, robustness to installation errors is a challenge for 1318 

the long-distance metrology from the Primary Mirror to the Secondary Mirror to keep power 1319 

losses manageable. 1320 

Our analysis combining sensitivity to mechanical installation errors and link budget for the 1321 

long-distance metrology indicates that the maximum allowable mechanical installation tolerances 1322 

are challenging to meet while closing on link budget. Large power losses originate from 1323 

propagation losses, mechanical misalignment-induced losses, or a combination of both depending 1324 

on the beam diameter. 1325 

We envision the primary mirror segments and the secondary mirror will be brought into near 1326 

alignment based on wavefront sensing so that the gauge mechanical installation errors will 1327 

dominate the static errors and be the main driver on the gauge capture range (including cross input 1328 

axis). 1329 
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Our going-in position is to design the gauges to be robust to mechanical installation errors: in 1330 

that approach the installation tolerances are handled strictly at the individual mirror build level 1331 

with no adjustment required at the higher level of telescope integration (manually accessing gauges 1332 

internal to the primary mirror, if any, for pointing adjustment at the higher level of telescope 1333 

integration would be very challenging, and introducing remotely operable adjustment mechanisms 1334 

would increase complexity and add mechanical interfaces prone to dimensional instabilities at the 1335 

picometer level).  1336 

That  strategy aims for (1) simplest gauge mechanical interface, (2) simplest integration for the 1337 

observatory at the high level of integration, and (3) eliminating sources of dimensional instability 1338 

in interfaces impacting picometer-class displacement sensing stability. 1339 

We are evaluating novel packaging methods to increase robustness to mechanical installation 1340 

tolerances. 1341 

6 Conclusions and Future Work 1342 

We presented progress maturing four critical technologies for HWO, namely “Low-Vibration 1343 

& Pointing Control Systems”, “Telescope Sensing & Control”, “Ultra-Stable Structures”, and 1344 

“Cryogenic Superconducting Detectors”.  1345 

We presented detailed frequency-domain and time-domain integrated modeling analyses on 1346 

EAC1 demonstrating that the Disturbance-Free-Payload system provides a path towards meeting 1347 

the HWO telescope slew agility, inertial stabilization, and precision pointing needs while 1348 

accommodating the harness required for large electrical power transfer across the vibration 1349 

isolation system interface. We presented our approach for reducing the DFP voice-coil actuator 1350 

current drive noise to mitigate DFP actuation disturbances should such mitigation become 1351 

necessary in case the telescope structure is significantly more compliant and susceptible to residual 1352 

exported vibrations than projected on EAC1. The implementation involves simple electrical drive 1353 

circuit tuning. We presented our dynamic line-of-sight and dynamic wavefront bottoms ups error 1354 

budgets supported by integrated structural-optical-control analyses showing that the spacecraft 1355 

exported vibrations and DFP-induced disturbances are well-managed and no longer dominant 1356 

sources of dynamic deformation errors. We highlighted the need for higher-resolution Fine 1357 

Guidance Sensors and discussed the related payload attitude-determination-related trades being 1358 

considered in the context of the DFP architecture to achieve the dynamic optical stability goals. 1359 
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We reported the results of a laboratory experiment conducted by differencing the outputs from 1360 

two Tracking Frequency Gauges on a common-path test-bed in air: the measurement instability 1361 

achieved in that configuration is <3 pm over correlation times ranging anywhere from 3 msec to 1362 

2.8 hours. We presented sensor placement analysis results combining optical edge-sensing and 1363 

long-distance metrology for the telescope Active Alignment System, which indicate that a viable 1364 

path exists to eliminate long-distance metrology internal to the primary mirror, thereby eliminating 1365 

the design dependency between the laser metrology and the primary mirror segment gap affecting 1366 

coronagraph contrast while greatly simplifying OTA integration. We presented our progress on 1367 

quantifying the robustness of heterodyne laser gauges to mechanical installation errors and 1368 

concluded that conventional packaging and installation approaches lead to maximum allowable 1369 

installation tolerances that are difficult to meet in the case of the long-distance metrology from the 1370 

primary mirror to the secondary mirror. 1371 

Should structural damping augmentation become necessary to reduce the sensitivity of the 1372 

optical telescope assembly to residual exported vibrations in case the telescope structure is 1373 

significantly more compliant than projected on EAC1, we devised an approach for augmenting the 1374 

structural damping in the suspension modes of the telescope primary and secondary mirrors, taking 1375 

advantage of the existing picometer actuators used for positioning those elements. We 1376 

implemented and analyzed that approach on EAC1 and achieved significant damping ranging from 1377 

4.2% to 9.5% of critical in all the mirror suspension modes.  1378 

We formulated and traded multiple cryogenic detector cooling options and selected a preferred 1379 

option for packaging feasibility studies on the coronagraph instrument as a next step. 1380 

Future work. Our objectives are to continue maturing those four critical technologies for 1381 

HWO and include the following near-term activities: (1) continue advancing and exercising 1382 

integrated modeling tools to support HWO observatory architecture trades, end-to-end 1383 

performance projections, and requirements decomposition, (2) incorporate OTA Active Alignment 1384 

System into observatory integrated models and evaluate wavefront error rejection on EAC1, (3) 1385 

assess impact of currently observed dynamic wavefront errors above 5 Hz on coronagraph contrast 1386 

and develop recommendation on maximum allowable dynamic wavefront error, (4) define layout 1387 

of cable harness bridging DFP interface; build and characterize representative cable sample to 1388 

anchor integrated modeling activities and system performance projections, (5) quantify force noise 1389 

of Tuned-Mass-Dampers under consideration for damping secondary tower bending modes and 1390 
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evaluate impact on OTA dynamic optical stability, (6) incorporate OTA structural damping 1391 

augmentation in payload structural model and assess dynamic wavefront stability benefits, (7) 1392 

design mounting interfaces between optical laser gauges and host mirrors conducive to picometer-1393 

class measurement stability, (8) explore innovative laser gauge internal packaging to increase 1394 

robustness to mechanical installation alignment errors, and facilitate telescope integration, (9) 1395 

evaluate packaging feasibility of selected cryogenic detector cooling option on coronagraph 1396 

instrument. 1397 
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