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Technical Assessment Report

1.0 Notification and Authorization

This assessment was requested by the NASA Engineering and Safety Center (NESC) Guidance,
Navigation, and Control (GN&C) Technical Discipline Team (TDT), which identified the topic
as an unrecognized critical need for the Agency’s future space science observatory-class space
platforms. In 2017, the TDT identified a lack of understanding in the GN&C community of
practice of micro-thruster technology application as a potential reaction wheel alternative for
accomplishing observatory-class spacecraft fine pointing with low induced jitter. An initial low-
fidelity feasibility study of the use of cold-gas micro-thrusters as a replacement for reaction
wheels was performed in 2017 as a GN&C TDT discretionary activity [ref. 37]. The assessment
documented in this final report was initiated in 2018 as a follow-on high-fidelity study with the
principal focus of understanding the relative benefits of using cold gas and colloid micro-
thrusters for precision observatory-class spacecraft attitude control functions. The beneficiaries
of the work done in this assessment are future Science Mission Directorate (SMD) missions with
demanding pointing stability requirements.

The key stakeholders for this assessment are the NASA SMD Chief Engineer, SMD

Astrophysics Division leadership, and the teams generating architectures for future space
observatory missions.
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4.0 Executive Summary

Pointing repeatability and stability (i.e., jitter) requirements are key for space telescope missions
of the future. Managing jitter is essential to being able to “image” planets on future exoplanet
coronagraph missions. Jitter requirements for missions in this class are difficult to meet with
current reaction wheel-based architectures. The reaction wheels are typically the largest pointing
disturbance on the spacecraft. Disturbances from reaction wheels can be mitigated, typically by
mechanically isolating the wheels, which imposes system complexity and cost.

Thrusters capable of thrust forces in the micronewton (uN) range (referred to as micro-thrusters
or micronewton thrusters) have been developed to support the Laser Interferometer Space
Antenna (LISA) mission, which requires drag-free control to place a test mass in near-perfect
free-fall [ref. 1]. LISA continues to develop micro-thruster technology with the main objective of
increasing reliability and extending lifetime to meet mission requirements (a 4-year baseline with
a planned 6-year extension). Beyond the drag-free control application, micro-thrusters could be
used as a substitute for reaction wheels or as a supplement to wheels for fine pointing control.
Used in this fashion, micro-thrusters have potential for reducing the cost and technical risks of
achieving demanding pointing stability performance on observatory-class missions. Use of
micro-thrusters has also been suggested for other applications (e.g., precision formation
flying/constellation maintenance and precision orbit maintenance). This assessment includes
some preliminary analysis on the use of micro-thrusters for formation flying; however, the
principal focus is on pointing stability.

Micro-thrusters come in different varieties, using different types of propellant. This assessment is
focused on the following types, both of which have flown in space:

e Cold-gas micro-thrusters, using a precision piezoelectric valve for fine flow-rate
control.

e Colloid micro-thrusters, a type of electrospray thrusters that apply a high electric
potential difference to a conductive charged liquid at the end of a hollow needle emitter
in such a way that a stream of charged droplets is accelerated to generate thrust.

Cold gas micro-thrusters designed by Leonardo S.p.A (formerly Finmeccanica) have been used
for attitude control and fine pointing on three recent European Space Agency (ESA) missions:
Microscope [ref. 10], Space Technology 7 (ST7)/LISA Pathfinder (LPF) [refs. 1, 23], and the
Global Astrometric Interferometer for Astrophysics (Gaia) [refs. 18, 22]. Colloid micro-thrusters
have also flown on LPF as part of NASA’s technology demonstration payload ST7 [ref. 1]. On
Gaia, micro-thrusters were used for fine pointing and spin-rate management. The Microscope
and ST7/LPF missions used micro-thrusters for drag-free propulsion to “fly” the spacecraft
around test masses, while these masses were in free-fall. LPF demonstrated Leonardo cold-gas
micro-thrusters as part of ESA’s LISA Technology Package, and colloid micro-thrusters
developed by Busek Co. under NASA sponsorship as part of the Disturbance Reduction System
(DRS) [ref. 4].

In 2017, a preliminary feasibility study [ref. 37] conducted by the NESC Guidance, Navigation,
and Control (GN&C) Technical Discipline Team (TDT) showed improved jitter performance
with cold-gas micro-thrusters in simulations of a large, observatory-class spacecraft. However,
an accurate assessment of the potential benefits of micro-thrusters required higher-fidelity
modeling and simulation of pointing noise sources.
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The objective of this assessment was to assess the benefits of micro-thrusters for application on
fine-pointing space observatory missions for fine pointing, in comparison to traditional
architectures using reaction wheels alone. Therefore, higher-fidelity modeling of system
performance was the primary focus. This work improved modeling fidelity and studied
architectures, examined multiple mission application use cases, and addressed trades per the
technical recommendations and feedback received on the initial 2017 feasibility study results.
The scope of this assessment did not include mass or power trades of micro-thrusters vs. reaction
wheels, which are to a great extent dependent on individual system implementation.

To achieve the objective, the simulation originally built by The Aerospace Corporation
(Aerospace) for the 2017 preliminary feasibility study was augmented with high-fidelity
disturbance models for reaction wheels and micro-thrusters. The high-fidelity simulation was
used to perform a variety of scenarios representative of operational modes of space observatory
missions. Flex-mode models of two representative spacecraft were obtained and used in the
simulations.

In summary, the high-fidelity simulations conducted in this assessment found that using cold-gas
or colloid micro-thrusters as the sole method of control actuation improves fine pointing
performance by roughly an order of magnitude compared with the Hubble Space Telescope
(HST), which uses reaction wheels for attitude control with carefully designed mechanical
isolation. Performance using micro-thrusters was found to be roughly two orders of magnitude
better than a wheels-only system without mechanical isolation. Future multi-year astronomy and
astrophysics missions requiring precision pointing stability may need microthrusters with higher
maximum thrust level, longer lifetimes, and higher bandwidth than have been demonstrated on-
orbit to date. The simulation developed in this assessment is available for use NASA-wide.
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5.0 Assessment Plan
The assessment plan had two main phases:

e Upgrade and augmentation of the Aerospace simulation built for the 2017 NESC GN&C
TDT preliminary feasibility study, including:

o Higher-fidelity modeling of reaction wheel disturbances.
o Modeling of colloid micro-thrusters (including disturbances).

o Modeling of reaction wheels and micro-thrusters operating simultaneously,
including during shutdown of wheels and transition from wheels to micro-
thrusters.

o Modeling of spacecraft flexible body dynamics.
e Simulation studies.
Detailed descriptions of each are provided in the following paragraphs.

Simulation upgrade/augmentation. The Aerospace simulation was augmented with the
reaction wheel disturbance model proposed by Rebecca A. Masterson as part of her thesis,
described in Section 7.1.2.2 [ref. 6]. This was the only complete and detailed reaction wheel
noise model the assessment team could find available in the public domain. All other models the
team was aware of were restricted due to proprietary information concerns.

The simulation was upgraded to model operation of reaction wheels and thrusters
simultaneously, allowing modeling of the transition from wheels to thrusters, including
momentum dumping.

Upgrades included the addition of the Busek colloid micro-thruster model described in Section
7.1.3.8, provided by John Ziemer of the Jet Propulsion Laboratory (JPL), who led the
development of colloidal micro-thrusters for ST7 and LISA. The colloid micro-thruster model
was taken from JPL’s performance model, which has been verified by on-orbit measurements
[ref. 9]. The model includes the Busek micro-thruster control algorithm [ref. 1] with
representative time response characteristics and noise models for the current, voltage, and thrust
they produce. The control algorithm was developed for LISA with a low-noise bandwidth of 0.03
to 1 hertz (Hz), and a control cycle of 10 Hz.

This assessment planned to leverage work separately funded by LISA to test Busek colloid
thrusters, with the goal of obtaining data at frequencies to 1000 Hz to augment the existing noise
model. This was of interest to the Habitable Exoplanet Observatory (HabEXx) concept study team,
to assess the contribution of the thrusters to jitter at high frequencies. However, limitations of the
testing instrumentation prevented gathering useful data above ~500 Hz. Measurements of thrust
noise at frequencies up to 500 Hz showed levels at or below the previously measured noise from
0.01 to 5 Hz. Therefore, this higher frequency noise was not added to the simulation.

Inquiries were made to ascertain the availability of a higher-fidelity noise model for cold-gas
micro-thrusters flown on ESA missions. The highest fidelity model found was incorporated into
the Aerospace simulation and used in the NESC GN&C TDT preliminary 2017 study.
Consequently, no upgrade was accomplished for the cold-gas thruster noise model.
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To explore the effects of interaction between reaction wheel noise and spacecraft flexibility, the
assessment team planned to obtain a flexible body dynamics model based on a modal
representation (flexible mode model) of at least one representative observatory-class spacecraft.
The team succeeded in obtaining flex-modes models from the both the Large Ultraviolet
(UV)/Optical/Infrared (IR) Surveyor (LUVOIR) concept study team and the Nancy Grace
Roman Space Telescope project (formerly identified as the Wide Field Infrared Survey
Telescope (WFIRST). LUVOIR and The Roman Space Telescope are illustrative of different
spacecraft sizes and morphologies. The mass of LUVOIR is roughly 35,000 kg, and the Roman
Space Telescope mass is roughly 7,400 kg (see also Tables 7.1-1 and 7.1-3). LUVOIR has a
shape representative of a spacecraft class, dominated by a telescope with a segmented mirror and
a sunshade (see Figure 7.1-1). The Roman Space Telescope is a “barrel-shaped telescope,”
roughly similar in shape to the HST and other observatories (see Figure 7.1-4). The availability
of these two flex-mode models enabled the team to use simulation to explore the response and
behavior of different vehicle scales and shapes.

The LUVOIR concept study provided the assessment team with a finite element model (FEM) of
the 15 m-aperture LUVOIR concept vehicle. In a planned collaboration, the team working NESC
assessment T1-18-01312, Flexible Multibody Dynamics Modeling for Space Vehicles, used its
toolset and methodology to create a GN&C flex-modes model from the LUVOIR FEM.

The implementation of the LUVOIR and the Roman Space Telescope flex-mode models was not
identical to that of the LUVOIR concept study team or the Roman Space Telescope project, and
was not intended or expected to produce identical performance. Differences included, but were
not limited to:

e Reaction wheels and reaction wheel disturbance model.

e Controllers.

o Micro-thrusters, which are not used on either spacecraft.

Consequently, for the remainder of this report, the LUVOIR-like spacecraft model with a
segmented mirror is referred to as “Observatory 1,” and the barrel-shaped Roman Space
Telescope-like spacecraft model is referred to as “Observatory 2.”

Simulation studies. The simulation was used to study the following topics of interest to
stakeholders:

e Sensitivity analyses investigating comparative benefits of micro-thrusters for spacecraft
of different size and scale. This topic was of primary interest to the SMD Astrophysics
Division and was the motivation for pursuing the two flex-modes models discussed
above.

e Potential benefits of continuous wheel momentum management using micro-thrusters.
Continuous operation of micro-thrusters and wheels should allow the wheels to operate
within a narrow revolutions per minute (RPM) range selected for low wheel noise.
Continuous momentum management should increase the time available for uninterrupted
science observations since there should be no need to disrupt fine pointing for momentum
unloading.

e Impact on pointing performance and science observing time of transitioning from
reaction wheels to micro-thrusters (e.g., after a slew).
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e Comparison of performance on cold-gas micro-thrusters, colloid micro-thrusters, and
reaction wheels for science observations.

e Potential benefits of micro-thrusters for formation flight of a primary spacecraft with a
secondary spacecraft (e.g., a Starshade) using micro-thrusters, including effects of small
accelerations from micro-thruster firings and the effectiveness of micro-thrusters for
formation flight.

Schedule. This task successfully absorbed two significant delays due to factors beyond its
control with no increase in funding. The first was a 91-day delay due to the December 2018—
January 2019 government shutdown and its extended ramifications, which affected finalizing
contracting arrangements with Aerospace. The assessment team had planned for Aerospace to be
on contract by December 17, 2018. The shutdown started December 22, further complicating
plans. The second major delay was necessary to resolve issues Aerospace team members were
able to identify with the flex-modes model received from the Roman Space Telescope project.
This resulted in delivery of a revised model and an internal re-assessment of the project’s model
checking processes. This delay lasted 109 days. During these delay periods, the team was able to
stand down to conserve funds. Table 5.1-1 shows the original schedule, the revised schedule at
the March 25, 2019, kickoff, and completion dates of various milestones.

Table 5.1-1: Task Schedule (Original, Revised at Kickoff, and Completed)

Original schedule Revised schedule at kickoff Actual i ¢
Start date  End date DT (days) Start date  End date DT (days)
Request received by NESC 7/9/18 7/9/18 7/9/18
NRB - initiai evaluation presented 7/12/18 7/12/18 7/12/18
NRB - approval to proceed 7/12/18 7/12/18 7/12/18
NRB - plan approval 11/15/18 11/15/18 11/15/18
Technical assessment
Stakeholder planning meetings 8/1/18 10/31/18 91.0 8/1/18 10/31/18 91.0 10/31/18
Model aggregation r 12/3/18 3/29/19 3/18/19 6/28/19 8/5/19
Reaction wheel disturbance models 7/8/19
Reaction wheel disturbance models 12/3/18 2/15/19 74.0 3/18/19 5/31/19 74.0 8/5/19
Implementation of GNC flex mode model 1/14/19 3/29/19 74.0 4/15/19 6/28/19 74.0 7/8/19
Thruster testing and noise model development 1/28/19 2/15/19 18.0 4/29/19 5/17/19 18.0 ??
On contract with Aerospace 12/17/18 3/18/19 3/18/19 91-day delay due to govt shutdo
Kickoff 12/17/18 3/25/19 3/28/19
Simulation Architecture TIM 1/8/19 4/15/19 4/15/19
Model Integration 2/19/19 3/29/19 38.0 5/21/19 6/28/19 8/5/19
Incremental Progress Reports (contributions to final report)
Initial simulation checkout and validation 4/1/19 5/17/19 46.0 7/1/19 8/16/19
S/C jitter performance simuylation studies 5/20/19 8/16/19 88.0 8/19/19  11/15/19
Midterm review 6/17/19 9/16/19 10/4/19
First indication of issues with WFIRST lex-modes model 11/1/19 109-day delay to resolve issues
Revised WFIRST model received 1/11/20
WFIRST model required mods & checkout complete 2/18/20
Team review of draft Aerospace rept w/completed WFIRST cases 4/20/20
Peer review of final report 9/3/19 12/3/19 thd
Export control review of final report 9/3/19 12/3/19 thd
NRB - approval of final report 9/19/19 12/19/19 thd
Stakeholder briefing to customer 9/25/19 12/25/19 thd

6.0 Problem Description and Background

The trend in astrophysics observatory missions is toward tighter and more demanding
requirements for pointing stability and jitter management. Managing and mitigating jitter has
proved costly to past projects, necessitating the formation of dedicated teams of specialists. More
challenging jitter requirements require higher model fidelity, more detailed error budgets, and
more attention to the identification of error sources. Microvibration is a system-level problem.
The tougher the requirements, the stronger the inter-subsystem dependencies, and the harder it
becomes to solve a problem inside a single subsystem. The project team working on
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microvibration requirements can drive system-level design, architecture, and testing, which can
impact technical content, cost, and schedule. Table 6.0-1, taken from Reference 11, shows how
increasingly demanding pointing stability requirements can drive design decisions and
complexity.

Table 6.0-1: Rules of Thumb for Design of Fine-Pointing Spacecraft

Stability/ Keys/Drivers to Micro-Vibration Design

Accuracy/
Reconstruction

Case

Model/
Simulation
ACS
Structural
Instrument
Control
Testing

(arc-seconds, 1-0)

Thermal, ACS & Med. Freq & HW, CSI Mid Freq Modal + Functional + Subsystem V&V @
3 0.1> 10 Jitter Fidelity, @ Asymp Compensati 18T
PDR
Thermal, ACS & High Freq & HW, CsI High Freq Modal + Functi I+ Subsy @ I&T,
4 0.01>0.1 Jitter Fidelity @ Operational Asymp Comp tion Component @ CDR

PDR

Drives
System

Passive mitigation measures are generally preferable to active jitter suppression. These can
include avoiding microvibration-producing events during science observations when possible, or
momentum management of reaction wheels to avoid specific wheel speed ranges producing
undesired structural modes.

If passive measures are not sufficient to meet the requirement, other actions can be taken to
improve the performance of microvibration sources. Balancing of reaction wheels can be
improved, the frequency content of forcing functions of other input sources can be changed to
avoid problem modes, or problem modes can be shifted in frequency by tailoring structural
dynamics (e.g., adding isolation or stiffness control at critical interfaces). Adjustable and
swappable structural mount components can be added at critical interfaces to tune jitter modes,
or tuning masses or mass dampers can be added at critical response areas. The more difficult the
jitter requirement is to meet, the more complex the implementation of a solution can become,
increasing cost, technical risk, and schedule length.

The HST serves as a performance benchmark for a fine-pointing system using reaction wheels
for attitude control. HST met a pointing stability requirement of 7 milliarcseconds (mas) over a
period of 60 seconds to 24 hours [refs. 38, 39]. This falls in the second-to-last row of Table 6.0-
1. This was accomplished by mechanically isolating the optical telescope assembly from the
outer body on which the wheels and other active mechanical devices were mounted. Before
launch, all active components were individually tested and modified as required to suppress
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potential sources of vibration. A system-level jitter test was performed in which the spacecraft
was suspended from an isolating air bag and all active components were exercised.

The Roman Space Telescope has also baselined reaction wheels for Attitude Control System
(ACS) with a total pointing stability requirement of 14 mas, which, interestingly, is double that
of HST.

Over the past few decades, pointing stability and jitter requirements for astrophysics missions
have become more demanding as goals and objectives grew more ambitious. This trend is
expected to continue. Pointing stability requirements for the four recent NASA astrophysics
mission concepts studies (HaBeX, LUVOIR, Origins Space Telescope (OST), and the Lynx X-
ray Observatory) all fall in the range shown in the last row of Table 6.0-1, essentially challenging
the current state of the art. Because reaction wheels can be a significant and sometimes dominant
source of microvibration, finding a substitute control actuator that can meet the requirements of a
fine-pointing control system and produce significantly less disturbance at reduced system
complexity and cost is highly desirable. Micro-thrusters show potential to fill this need.

As discussed, cold-gas and colloid micro-thrusters have flown in space. The ST7 LPF mission
demonstrated both micro-thruster types: cold-gas thrusters developed by Leonardo were part of
ESA’s LISA Technology Package flown on that mission, and colloid micro-thrusters developed
by Busek Co. were part of NASA’s ST7 DRS. The ST7 colloid micro-thrusters operated for
more than 2,400 hours (100 days) in flight during commissioning activities, a 90-day experiment
and the extended mission. This mission was the first validated demonstration of electrospray
thrusters in space, providing precision spacecraft control and drag-free operation in a flight
environment with applications to future gravitational wave observatories like LISA. LISA
continues to develop colloid micro-thrusters to meet its 10-year mission lifetime requirement.

Retiring reaction wheels allows mission architects to bypass the use of isolation and other
mitigation approaches involving structural design modifications or adaptations to avoid
undesired resonant structural modes. This reduces the associated system engineering effort and
cost and affords structural designers more flexibility. In addition, micro-thrusters allow on-orbit
modifications to system-level response and behavior by modifying a control algorithm, while
modifications to isolators and similar systems are difficult or impossible to implement in flight.

It is possible to envision the use of micro-thrusters in several operating scenarios:

1. Reaction wheels are used for large slews, but spun down during science observations,
with micro-thrusters used as the sole control actuator for fine pointing. Any need to
isolate the reaction wheels is eliminated because the wheels are shut down during fine
pointing.

2. Traditional reaction control system (RCS) thrusters (hydrazine or biprop) are used for
large slews, with micro-thrusters used as the sole control actuator for fine pointing.
HaBeX is baselining this architecture.

3. Reaction wheels are used for large slews, with frequent large slews required,
prohibiting the spinning down of the wheels. Micro-thrusters are the sole control actuator
while wheels are spinning at a quiet constant speed or in conjunction with wheels, with both
actuators used simultaneously for fine pointing. This architecture could prove suitable for
OST, which has an operational mode requiring frequent slews exceeding the control
authority of micro-thrusters.
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During the course of this study, the assessment team identified a relevant example of a spacecraft
ACS architecture using micro-thrusters for precision control actuation in tandem with reaction
wheels used for slews, but shut down during science observations. The team learned that the
ESA Euclid spacecraft design is incorporating the Leonardo nitrogen cold-gas micro-thrusters
for fine pointing during science observations, in a fashion similar to Scenario 1. Euclid is a
cosmology mission dedicated to the investigation of the properties of dark energy and dark
matter, and will operate in a quasi-halo orbit about the Sun-Earth L2 point [ref. 34]. The Euclid
observatory’s image quality requirements demand precise pointing and ultra-low jitter, while its
sky survey requirements call for fast and accurate attitude slews. Euclid has a relative pointing
error requirement of 75 mas (3-c) normal to the instrument’s boresight, a more than 700-second
science observation period. The cold gas micro-thrusters, with their micronewton resolution,
provide an appropriate level of attitude control actuation torque to maintain the observatory’s
fine pointing without introducing undesirable jitter. The micro-propulsion subsystem employed
for fine attitude control has two redundant manifolds with six cold gas micro-thrusters in each.
Four tanks provide storage for 70 kg of nitrogen, sufficient for 7 years’ operation of the Euclid
observatory with a nearly 100% margin. Four reaction wheels on the Euclid spacecraft execute
all the attitude slews (i.e., 50 to 100 arcsec observational dithers, small field slews, and large
attitude slews between different sky zones). After each slew maneuver, the reaction wheels are
controlled to slow until friction stops their rotation. Maintaining the reaction wheels at rest
during science observation periods ensures noise-free science exposures by eliminating the
microvibration primarily associated with reaction wheel flywheel static, dynamics mass
imbalances, and wheel bearing mechanical noise. The last, but critical, elements of the Euclid
spacecraft ACS architecture are two redundant hydrazine RCS manifolds, each manifold
comprising 10 20N thrusters used to unload momentum from the reaction wheels and execute
observatory trajectory correction maneuvers [ref. 35].

Sections 6.1 and 6.2 present detail on the design and operation of existing colloid and cold-gas
micro-thruster systems.
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6.1 Busek Colloid Micronewton Thrusters (CMNT)
As mentioned above, these thrusters have flown as part of the ST7-DRS demonstration.

Figure 6.1-1 shows a single ST7 colloid thruster emitter, a single thruster “head,” and a thruster

“cluster” as flown on ST7 with four heads [refs. 12, 13]. In the ST7-DRS configuration, a
thruster head contains nine emitters.

. Particle beam
| —pccel. grid

LY we—Eyiraction grid

9 emitters

Single emitter

Taylor cone

Emitter

Flow regulation

Propellant reservoir

Single ST7 Colloid
Thruster “head”

Cluster of four

colloid thruster
heads flown on
ST7 LPF

Figure 6.1-1. Cluster of Four Colloid Thrusters Flown on ST7 LPF

The demonstrated performance of these thrusters is listed in Table 6.1-1 [ref. 1].

Table 6.1-1. Busek CMINT Specs
Top Level DRS Colloid Thruster Requirements and Delivered Performance

Requirements Demonstrated Performance
Thrust Range T=5-30 UN T=5-35.8uN
(Tosax/ Tonin = 6) =36uUN for short periods
(Tmsx" Tmm“"_)
Thrust Resolution and AT =0.1 uN AT ~ 0.01 uN
Adjustability
Thrust Noise AT =0.1 uN AT =0.01 uN

i frequency interval of
1 to 4.000 mHz

in frequency interval of
1 to 3.000mHz and
AT =0.1 uN
in frequency interval of
3.000 to 4.000mHz

Life and Starts

2.200 total operating hours
10 starts/stops

3.500 hours and hundreds of
starts/stops

Specific Impulse =150sec 240sec.
400sec possible under some ops conditions
Plume Half Angle <35degrees. 95% of beam current <23 degrees

The resolution of the colloid micro-thrusters is illustrated in Figure 6.1-2, which shows that these

thrusters can be commanded to a resolution of 5 to 10 nanonewtons (NN).
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Current (nA)

Micro-Valve Resolution

Single step
resolution
requirement

Incremental 1 nA Steps each 30 s
Controlled by Micro-Valve

Each nA Corresponds to 5-10 nN
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Time (s)

Figure 6.1-2. Busek CMNT Resolution

Figure 6.1-3 shows the power spectral density (PSD) of the colloid thruster noise level from

1 mHz to 5 Hz from direct current (DC) thrust commands of 5 and 30 uN. The noise level of the
micro-thrusters is under 0.01 pN of thruster noise below 3 Hz, and under 0.1 pN of noise
between 3 and 4 Hz. Thrust noise is calculated from measurements of beam current and voltage
using a physics-based model of thruster performance that has been validated on orbit [ref. 9].
Busek has conducted more recent measurements of thrust noise based on beam current and
voltage measurements at higher frequency, shown in Figure 6.1-4 [ref. 9]. Since the thrust noise
did not significantly increase above 1 Hz, the response and noise of the system above the control
bandwidth was not considered significant.

Thrust Noise (uN/rtHz)

1

3 — Thrust Command Mode: S5pN 2 e e S dibae s e e
J — Thrust Command Mode: 30uN. 3 i

T LI SN B FUR | T LS X0 I B IR | T | SR R K I LA | T T G\

0.001 0.01 0.1 1
Frequency (Hz)

Figure 6.1-3. Busek CMNT Thrust Noise

Page #: 18 of 100



EN

—_
o

11

—_
o
[N

Lol Lol

vl

Amplitude (Linear) Spectral Density (uN / VHz)

L onnl

Avg. Thrust: 24.0 uN

10 T LR T T T LR | T LAY T T T T 1717171

10° 10" a4 10° 10* 10
Frequency (Hz)

Figure 6.1-4. Colloid Micro-Thruster Thrust Noise from 1 Hz to 10 kHz
Note: Above 500 Hz, beam current electrometer circuitry may be interacting with power processing
unit electronics, artificially affecting noise measurements. Data above 500 Hz should be considered.

5

6.2 Leonardo’s Cold Gas Micro Propulsion System

No known commercial cold gas thruster system has the combined range and resolution of
Leonardo’s Cold Gas Micro Propulsion System [ref. 2]. The official data sheet is provided in
Table 6.2-1, and an example thruster is shown in Figure 6.2-1 [ref. 37].
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Table 6.2-1. Data Sheet for Leonardo Cold Gas Micro Propulsion System

Parameter Value Notes/Remarks
Operating Gas N, (nominal) Compatibility with He, Ar, Kr, Xe
Inlet Pressure (P) . 310 bar, at BOL (Be%m of Life] Max Operating Pressure (MEOP] at the high pressure MPFM |
. 3 bar, at EOL (End of Life) inlet
. 4 bar, at EOL L‘End of Life) MEQOP at the MTA inlet (GAIA,
. 1 bar, 1,5 bar LISA Pathfinder, Microscope) * for EUCLID
Leakage . <107 scc/s gaseous He (lnternal} Referred to a single MT
. < 107 sce/s gaseous He (external
Thrust Range 0 to 1000 uN At P, = 1bar; commandable in 0.1 uN steps
Thrust range extendable varying inlet pressure
Max thrust resolution 0.1 N
Thrust Accuracy =1% of thrust Tevel Referred to the thrust scale factor knowledge error
Mass Flow Range 0to 100 scc/m Gaseous N,, for a single MT
Mass flow range extendable up to 200 scc/m
Specific Impulse >50 sec at thrust 2 10 pN For N,
Thrust Noise =1 uN/VHz from 0.01 Hz to 1 Hz and 0.045 IN/[_Hz
above 1 Hz
Total Impulse 10000 Ns For each thruster
Lifetime in orbit >5 years No stopping factor for achieving a higher figure
[ Physical Properties Micro Thruster (MT)]

: . . Mass: 39 with Cables
(GAIA Like Configuration) . Dimens.:184,3 x 62 x 52,5 each

. approach based on a Mechanical Pressure Regulator. An
i\mcmr\ﬁ;’;’f:_"é Eeed Medule (MPFM) Electronic Pressure Regulator is considered for future MPS

e Dimens.: 850 x 340 x 200 product evolutions
Mlicro Propulsion Electronics (MPE)

. Mass: 4.9 k
. Dimens.: 250 x 150 x 120

Inlet filtration 2 pm

Temperature Range Operating: 0 to +50°C Non-Operating: -30 to +60°C
Time response 250 ms@63% of the new commanded thrust level at a command frequency of 4 Hz
On-off Cycles >100000 demonstrated by test

Power Demand 8.4 W (idle], 22.1 W [max. operat.) 28 W (warm-up)

Figure 6.2-1. Leonardo Cold Gas Thruster

While most thrusters are designed with a solenoid valve that releases pressurized gas, which
expands in the chamber and exits through a throat of constant cross-section, Leonardo’s thruster
valve is similar to a proportional valve in that it varies the throat cross-section to modulate the
thrust. This description can be found in Reference 3:

“The basic principle is that gas at constant pressure is fed to the thruster. This gas
expands through a nozzle, thus creating a thrust. This thrust ought to be adjustable, and
that action is performed using a needle that will let flow the needed quantity of gas,
hence managing the thrust.”
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and

“The TV (thruster valve) is maintained normally closed using pre-load springs. Its throat
section is adjusted with a needle to let flow the needed amount of gas. This needle is
actuated by a stack of piezoelectric disks. Several disks compensate the spring load and
are submitted to a constant voltage, Vrase. Other disks regulate the needle displacement
and are fed by an adjustable voltage, Vreq. The valve’s nozzle is millimeters long and its
throat diameter is around several hundreds of microns.”

Coupled with the 0.1 uN resolution and 0 to 1000 uN thrust range is a very low noise profile
(Figure 6.2-2). The profile in Figure 6.2-3 is provided as part of the same document that gives

the data sheet [ref. 2].
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Figure 6.2-2. Thruster Noise
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Figure 6.2-3. Thrust Profile from Leonardo

Finally, the thrusters were designed to comply with a response time requirement of 0.25 sec at
63% of the command thrust step in the thrust range from 0 to 1000 pN (Figure 6.2-1).
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7.0 Data Analysis

7.1  Simulation Modeling and Design

A block diagram showing an overview of the simulation built and used in this assessment appears in Figure 7.1-1.

- Load
0.0e+000 time Initial Conditions & Parameters

Plant

— Error Signals desiredTorque —®» - |——® Desired Torque Thruster Forces —————®{thrusterForces

» Angle Rate Error

»| Rate Angle Error

» Rate Error toThrusters Boresight Rates C]

distTorque*1 Ext Body Torques

» Angle Error toWheels

Desired Torque To Wheel

Commander

Actuator Selector

Wheel Torques

A

L » Error Signals desiredTorque —» . |/ desiredTorque ~ WheelTorques

M-

wheelDisturbance
—» wheelSpeed IMU Rates ——

wheelSpd T

Wheel Disturbances

N
w|—=

Figure 7.1-1. Overall Simulation Model
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7.1.1 Candidate Reference Missions and Respective Environments

The assessment team considered two space observatory missions for the analysis: Observatory 1,
a large spacecraft with a segmented mirror like LUVOIR or the James Webb Space Telescope;
and Observatory 2, a barrel-shaped telescope spacecraft like the Roman Space Telescope or
HST.

7.1.1.1 Observatory 1 Spacecraft Model

Observatory 1, shown in Figure 7.1-2, is a large L NASA space observatory concept spacecraft.
Its mass properties are provided in Table 7.1-1.

Figure 7.1-2. Observatory 1

Table 7.1-1. Observatory 1 Mass Properties

Mass [kg] 34711
Center of Mass from O, [m] [0.0141, -3.5443, 1.4666]
Bus Moment of Inertias [Ix, lyy, I.2], [kg m?] [1498543, 912915, 1456938]
Bus Products of Inertia [ly, lx, Iy.], [kg m?] [5162, -26738, 112991]

For Observatory 1, the assessment team assumed 16 micro-thrusters with the location and thrust
vectors specified in Table 7.1-2. The number of thrusters and their locations and thrust vector
orientations were chosen to provide full three-axis control. The thruster configuration was not
optimized or studied extensively in this assessment. However, an in-depth study would be an
integral part of architecture for any future observatory mission and would be critical to ensure
adequate control torques and control saturation.
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Table 7.1-2. Observatory 1 Thruster Locations and Force Vectors

Thruster Location from O, [m] Force Vector
1 [0, -11.101, 0.062] [-0.707 0.500 0.500]
2 [0,-11.101, 0.062] [0.707 -0.500 0.500]
3 [-1.602, -11.101, 0.626] [-0.146 0.500 0.854]
4 [-1.602, -11.101, 0.626] [0.854 -0.500 -0.146]
5 [-2.266, -11.101, 2.328] [0.500 0.500 0.707]
6 [-2.266, -11.101, 2.328] [0.500 -0.500 -0.707]
7 [-1.602, -11.101, 3.930] [0.854 0.500 0.146]
8 [-1.602, -11.101, 3.930] [-0.146 -0.500 -0.854]
9 [0,-11.101, 4.594] [0.707 0.500 -0.500]
10 [0,-11.101, 4.594] [-0.707 -0.500 -0.500]
11 [1.602, -11.101, 3.930] [0.146 0.500 -0.854]
12 [1.602, -11.101, 3.930] [-0.854 -0.500 0.146]
13 [2.266, -9.138, 2.516] [-0.500 0.500 -0.707]
14 [2.266, -9.138, 2.516] [-0.500 -0.500 0.707]
15 [1.602,-11.101, 0.726] [-0.854 0.500 -0.146]
16 [1.602,-11.101, 0.726] [0.146 -0.500 0.854]

An example of thruster placement on the main bus is provided in Figure 7.1-3.

Solar Torque

Y X

Z

Figure 7.1-3. Example of Observatory 1 Thruster Location

Since Observatory 1 is in a Sun-Earth L orbit, solar radiation pressure caused by solar wind is
the only significant environmental disturbance. The disturbance torque on Observatory 1 caused
by solar radiation was set to:

T, =[1x1073,0,0] N - m
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The Observatory 1 FEM used in this simulation was a 432-state flexible state-space model with a
cutoff frequency of 15 Hz. To give a better idea of the flexible modes that exist in this FEM,
Figure 7.1-4 shows the plot of the singular value of the frequency response from the 3-axis
torque inputs to the output rates.

Singular Values
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Figure 7.1-4. Singular Values of Observatory 1 Frequency Response

The spikes between 0.05 and 10 Hz are the flexible modes that exist in the FEM, which will
present a challenge in the controller design.

7.1.1.2 Observatory 2 Spacecraft Model

Observatory 2, shown in Figure 7.1-5 [ref. 5], is an L NASA space observatory and is
considerably less massive than Observatory 1. Its mass properties are given in Table 7.1-3.

Figure 7.1-5. Observatory 2
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Table 7.1-3. Observatory 2 Mass Properties

Mass, [kg] 7438.48
Center of Mass from O, [m] [2.5969, 0.0293, 0.0180]
Moment of Inertias [lu,lyy, |2], [kg m?] [19030.95, 34895.87, 34809.16]
Products of Inertia [lxy, lx, lyz], [kg m?] [658.85, 914.83, -237.00]

The spacecraft has eight micro-thrusters used for attitude control. The thruster locations and
thrust unit vectors are given in Table 7.1-4. Approximate locations of thrusters are shown in

Figure 7.1-6.

Table 7.1-4. Observatory 2 Thruster Location and Force Direction

Thruster Location from O (m) Force Vector

1

[0.756, -1.075, -1.827]

[-0.574,0.174, 0.801]

[0.756, 1.057, -1.829]

[-0.574,-0.174, 0.801]

[0.760, 0.931, 1.974]

[-0.588, -0.174, -0.624]

[0.760, -0.922, 1.962]

[-0.588,0.174, -0.624]

[1.934,0.931, 1.974]

[0.574,-0.174,-0.801]

[1.934,-0.923, 1.962]

[0.574,0.174, -0.801]

[0.559, -0.174, 0.657]
[0.5590.174, 0.657]

[1.930, 1.049, -1.830]
[1.947, -1.075, -1.827]

V(N LB W|N

X

coord sys origin P,

Figure 7.1-6. Example Approximate Observatory 2 Thruster Locations

Like Observatory 1, Observatory 2 is assumed to be in a Sun-Earth L> orbit, so the only
environmental disturbance is the torque due to solar pressure. For simplicity, the solar radiation
torque disturbance for Observatory 2 was set to:

T, = [0,1% 1073,0] N - m

Page #: 26 of 100



The Observatory 2 FEM provided for this simulation was a 342-state flexible state-space model
that included 171 modes. In this delivered model, the frequency response had unusual behavior
at low frequencies. The plot of the singular value of the frequency response of the original FEM
from the three-axis torque inputs to the output rates is shown in Figure 7.1-7.

Singular Values
100

£ 100

ik

-200 \f | 3
|

Figure 7.1-7. Singular Values of Frequency Response of Original Observatory 2 Model

Due to the low frequency of the unusual dynamics, the assessment team suspected the error was
due to numerical issues in the generation of the state-space model. The Roman project (from
which the team received the Observatory 2 model) was unable to generate a revised model on the
timescale needed for this assessment. However, in consultation with the project, the assessment
team implemented an ad-hoc method in which a singular value decomposition was applied to the
state space “A” matrix, the 12 smallest singular values (i.e., magnitudes smaller than 1e-4) were
set to zero, and the “A” matrix was reconstructed. The frequency response of the resulting
system is shown in Figure 7.1-8.
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Figure 7.1-8. Singular Values of Frequency Response of Modified Observatory 2 Model

Although the method did not result in a pure double integrator response at low frequencies, it
removed the unusual dynamics. The assessment team judged it suitable and used the model for
simulations.
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7.1.2 Reaction Wheel Modeling
Figure 7.1-9 shows the reaction wheel model used in the simulation.

Mapping from 3 axis
command torque to
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Friction Model )
tWheelSpeed [—+ wheelSpd
» wheelSpeed_rps  Wheel Dist »(2)
wheelDisturbance
Disturbances - Wheel Frame LuGre Friction

Empirical wheel
disturbance model

Figure 7.1-9. Reaction Wheel Model

For Observatory 2, the wheels have inertia 0.4 kg - m? while the wheels for Observatory 1 are
20 kg - m?2. Such large inertia was assumed for the Observatory 1 wheels because of the
vehicle’s high mass properties. The assessment team acknowledges that the Observatory 1
wheels are unrealistically large, and a spacecraft this large would likely use control moment
gyros in a final design.

7.1.2.1. Wheel Control Design

In our simulations, both Observatory 1 and Observatory 2 use a simple proportional-integral-
derivative (PID) reaction wheel controller cascaded with filters to notch out specific resonant
modes or roll off the response at higher frequencies (Figure 7.1-10).

4

- Y(s)
‘
Error Signals %—. ¥(s) K*u
| Uls) desiredTorque
> Ts (z+1 »  Kirwa'u @
2e-1) Y UG "

Figure 7.1-10. Reaction Wheel Controller

For Observatory 1, the reaction wheel PID gains were chosen to achieve a controller bandwidth
of 0.01 Hz, resulting in the following values:

Kprwe = [0.0013,0.0013,0.0013]

Kip,e = [0.1300,0.1300,0.1300] x 10~*

Page #: 28 of 100



Kd,,, = [0.0500,0.0500,0.0500]The Observatory 2 reaction wheel gains were chosen to
achieve the same 0.01-Hz controller bandwidth as Observatory 1, resulting in the following
values:
Kpywe = [0.6317,0.6317,0.6317] x 1073
Kinpe = [0.3158,0.3158,0.3158] x 1075
Kd,,q = [0.0422,0.0422,0.0422]

7.1.2.2. Wheel Disturbance Model

The wheel disturbance model is an empirical disturbance model [ref. 6]. The governing equation
for the disturbance inputs is given in Figure 7.1-11.

n
m(t) = Z Ci02 sin(2whi QU + o)

i=1
* m(t) --the disturbance force & torque in N, or Nm

* n --the number of harmonics included in the model

*+ (; --the amplitude of the ith harmonic in N2/Hz, or Nm2/Hz
* (2 --the wheel speed in Hz

* h, --the harmonic number

* ¢« --arandom phase (uniform distributed between [0, 2pi].

Figure 7.1-11. Governing Equation for Wheel Disturbance Model

Empirically derived coefficients for the Ithaco B and Ithaco E wheels were identified as model
inputs in Reference 6. These are given in Figures 7.1-12 and 7.1-13.

Table 3.3: Empirical Model Parameters for Ithaco B Wheel
Radial Force, mpgq = 13 Radial Torque, nger = 11 Axial Force, ngz; — 4
Harmonic Amplitude Harmonic Amplitude Harmonic Amplitude
Number, h; Coeflicient, €; Number, h; Coeflicient, €; Number, A; Coeflicient. 5
N/rpm? x10e 7 N/rpm? x10e— 7 N/rpm? x10e 7
0.99 0.2134 0.99 0.0630 0.99 0.0727
1.99 0.0510 1.99 0.0314 1.41 0.0497
2.46 0.0609 3.16 0.0089 2.82 0.0975
3.16 0.0783 4.56 0.0119 5.95 0.1989
3.87 0.0528 5.28 0.0261
4.56 0.0905 5.97 0.0372
5.28 0.1752 6.23 0.0237
5.98 0.3040 6.68 0.0276
6.71 0.2053 T.38 0.0335
S8.09 0.3246 5.09 0.0477
8.83 0.3517 8.80 0.0400
9.54 0.2991
10.25 0.3183

Figure 7.1-12. Ithaco B Wheel Disturbance Coefficients
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Table 3.4: Empirical Model Parameters for Ithaco E Wheel

Radial Force, npgg =7 Radial Torque, ntor = 6 Axial Foree, ngzi = 5

Harmonic Amplitude Harmonic Amplitude Harmonic Amplitude
Number, h; Coeflicient, €; Number, h; Coeflicient, €; Number, h; Coefficient, C;

N/rpm? x10e~7 N/rpm? x10e~" N/rpm? x10e=7

1.00 0.4155 1.00 0.2205 1.00 0.3038
2.00 0.0832 2.00 0.0609 1.98 0.2818
3.00 0.0543 3.00 0.0242 2.96 0.0719
4.00 0.0621 4.00 0.0243 4.00 0.0685
4.42 0.1097 4.42 0.0455 4.33 0.1011
5.37 0.0542 5.58 0.0498

5.57 0.0690

Figure 7.1-13. Ithaco E Wheel Disturbance Coefficients

Since deriving coefficients for new wheel models would require extensive wheel data and
additional post-processing, the simulations in the following sections will use the existing Ithaco
B wheel disturbance model. Note that the disturbance model was kept the same for Observatory
1 and Observatory 2, and was not scaled for the size of the Observatory 1 wheels. Because the
wheel disturbance is the same, it is expected that the wheels impart more disturbance to
Observatory 2 due to its smaller mass properties.

7.1.2.3 Wheel Speed Bias Loop

The primary function of the wheel speed bias loop is to drive the wheels from zero shaft speed.
To accomplish this, the wheel speed bias loop commands a zero net torque increase in the wheel
speeds until the average speed is equal to the bias speed. Specifically, the equation used is:

Thias = Kpias - (nrwa " Wpigs — W ° Sign(vnull))vnull
where Kp;, is the gain (1 x 1073 for Observatory 2, 1 x 10! for Observatory 1), n,,, is the
number of reaction wheels (i.e., six for Observatory 2, and four for Observatory 1), wp;4s IS the
desired bias speed, w is the current wheel speeds, and V,,,,;; is a vector in the null space of the
wheel configuration matrix. For every simulation with a nonzero bias, the desired wheel bias
speed was set to be 100 RPM. This speed was chosen as a speed that was sufficiently far from
zero RPM, but not large enough to impart consequential disturbance on the vehicle. The
magnitude of the wheel disturbance in the model used increases proportionally to the square of
the wheel speed.

7.1.2.4 LuGre Friction Model

To model all the friction effects that may exist in reaction wheels, the assessment team included
a LuGre friction model in the simulation [ref. 7]. This dynamic friction model can be described

by:
F=ouz+aZ+
= 00Z + 01+ 03V

where F is the friction force, v is the rate, g, g;, and o, are constant coefficients, and z can be
obtained from the differential equation:

dz v| —(1)2
w - VT iwm? 00g(v) = F¢ + (Fs — Fc)e \vs
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Here, F, is the Coulomb friction level, F; is the stiction force, and vyis the Stribeck velocity. For
Observatory 2 and Observatory 1: o, = 2.0 Nm/rad, o, = 3.0e 3Nms/rad , v = 0.4rad/s ,
F,=0.66x 1073 N,and F. = 5.0 x 1073 N [ref. 8]. The viscous friction coefficient (a,) was
set to 6.4 X 10™°> Nms/rad for Observatory 2 [ref. 8], and 5.12 X 10~2 Nms/rad for
Observatory 1. The viscous friction coefficient for Observatory 1 was increased to allow the
disproportionately large wheels to decrease in speed in a reasonable amount of time.

7.1.2.5. Wheel Isolator Model

A wheel isolator model was included in the simulation to compare the effectiveness of current
passive disturbance rejection methods against micro-thrusters. The design of the isolator takes
the form of a filter between the wheel disturbance model and the flexible spacecraft model. The
original isolator filter design was intended to have 0 dB DC gain with a -20 dB/decade decrease
starting at 4 Hz and remaining -20 dB gain at frequencies > 40 Hz. However, due to the
relatively low sample time of the simulation, the assessment team shifted the filter to avoid
aliasing effects in the transfer function. The applied filter has 0 dB DC gain with a -20 dB/decade
decrease starting at 1 Hz and has a -20 dB gain at frequencies > 10 Hz. The bode plot for this
filter is shown in Figure 7.1-14.

Bode Diagram

Magnitude (dB)

Phase (deg)

60 - N N . . . .
10 107 10° 10’ 102
Frequency (Hz)

Figure 7.1-14. Isolator Filter
Note that this isolator filter is applied only in a subset of Observatory 2 cases.
7.1.3 Thruster Modeling
A visual representation of the thruster model is shown in Figure 7.1-15.

desiredTorque Fnom » Fnom F_cmd =_-’_->—h T Ci T_Di 4>D—' {

Desired Torque |
Colloid Thruster Model

Thruster Mapping

|
Bound, Resolution, and Residuals usterTyps 4J '

Cold Gas Thruster Model Thruster Forces

»T_Ci T_Dif—» F_nom F_actual —»

Figure 7.1-15. Thruster Model

Page #: 31 of 100



Due to the control authority needed to reject transient disturbances and the small thrust force
from a single ST7 colloid thruster head (35 UN), the assessment team increased maximum force
by including a multiplier (i.e., 4 for Observatory 1 and 30 for Observatory 2, since the
disturbances on the smaller Observatory 2 were expected to be larger than on the more massive
Observatory 1) for the colloid thrusters. This could be interpreted as collocating multiple ST7-
style colloid thruster heads in a single location or assuming a single larger thruster head
(configured differently than ST7) in that location. For simplicity, this was implemented in the
simulation as an increase in the maximum force.

In the simulation, the minimum deliverable force and thrust resolution remained as specified
above. If multiple thruster heads using the existing ST7 design are collocated in a group, the
minimum thrust would increase. However, other micro-thruster architectures are available that
allow a wider dynamic range. For example, each ST7 thruster head has 9 emitters, producing a
total of 35 N maximum thrust. A grouping of four ST7 heads has a total of 36 emitters—the
maximum and minimum thrust would increase by a factor of 4. However, a thruster head with 1,
3, 12, and 36 emitters allows spanning the full dynamic range from 1 to 170 &N (1 uN from
running only one emitter, 170 xN from running all in parallel).

7.1.3.1 Thruster Mapping

Mapping for the thrusters was determined using a non-negative least squares method. In this
method, the component torques provided by each thruster are placed into a matrix and then a
thruster mapping that can provide a unit torque in a given direction is determined by solving a set
of linear equations.

7.1.3.1.1 Non-negative Least Squares

Given the normalized thruster (force) vector, ﬁi, and the position of the thruster relative to the
center of mass 7;, the unit torque provided by a unit force can be given by:

-

‘?i = ﬁ' X Fi
Stacking the torques from each thruster into a matrix results in:
Tconfig = [7?)1' ---'fnthr]

The necessary force from each thruster, Fyp,,.¢, 10 Obtain a desired torque, Tjesireq, 1S given as
the solution to the following linear equation:

Tconfig Fthrust = Tdesired' Fthrust =0

With 1y, thrusters and three rotational axes, a solution is guaranteed if T¢,,, ;4 is full row rank.
This problem can be restated as:

AX=B, X=0,

If A has full row rank, then there is guaranteed to be a solution to AX = B. Otherwise, the
optimization problem can be converted into

mXinIAX—BI s.t.X=>0
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which would find the X that minimizes AX — B. Efficient algorithms exist for solving these
problems. Note that this approach can be applied to the translational motion, but translation was
not considered in this assessment.

7.1.3.1.2 Solving for Forces from Thrusters

In this simulation, the assessment team took a non-negative least squares approach to obtain
thruster mapping, or solving for the Fy;,: that satisfies the equations.

+1 0 0
Tconfig Fenrust = Taesirear Taesirea = 1| 0 |, [£1],] O }
0 0 +1

The full thruster mapping is shown in Figure 7.1-16.

D > » .‘l""‘.

desiredTorque

y
=

e s

Figure 7.1-16. Thruster Mapping

In Figure 7.1-16 the left half of the model multiplies the commanded torque by the unit torque
thruster mapping. The contributions from each axis are summed to obtain the necessary total
force from each thruster. The right half includes the addition of a thrust bias, which is applied in
the null space of the thruster configuration matrix (T¢onsig) (i.€., thrusters are fired to achieve

zero torque) with the minimum force being greater than the bias. The remaining section scales
the commanded thrusts to prevent saturation of the thrusters.

The thrust bias for both vehicles and micro-thruster types was set to 5 pN.
7.1.3.2 Thruster Control Design

The control design for the thrusters used PID control in the same manner as the reaction wheel
controller. The block diagram for the thruster PID control is shown in Figure 7.1-17.
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Figure 7.1-17. Thruster Control

For Observatory 1, the thruster PID gains were chosen to achieve a controller bandwidth of 0.05
Hz, resulting in the following values:
Kpgse = [0.0065,0.00325,0.0065]
Kig: = [0.3250,0.3250,0.3250] x 107
Kd g = [0.3500,0.1750,0.3500]

For Observatory 2, the thruster PID gains were chosen to achieve a controller bandwidth of 0.1
Hz, resulting in the following values:
Kpger = [0.062,0.0632,0.0632]
Kigee = [0.9475,0.9475,0.9475] X 1073
Kd g = [0.4398,0.4398,0.4398]

7.1.3.3 Thrust Bound, Resolution, and Residual Feedback

Along with the thruster control, mapping, and transient, bounds were added on the commanded
thruster force, command resolution, and residual feedback (Figure 7.1-18).

>
Fnom P Fin Flim round
>+ F_cmd

Limit

Lo

N|—m‘

Figure 7.1-18. Residual Feedback, Bound, and Resolution

First the command was bound to a given thruster by the minimum and maximum forces, then the
resolution of output was limited by multiplying against the inverse of the desired max resolution,
rounded, and multiplied by the desired resolution. For example, a command force of

0.25 mN with a resolution of 0.1 mN would be rounded to a commanded force of 0.3 mN;
round(0.25 x 10) x 0.1 = 0.3 mN.

Finally, the assessment team implemented a pulse accumulated residual feedback, which fed
back the difference between the desired value from the controller and the final commanded value
after bounding and resolution.
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7.1.3.4 Colloid Thruster Model

Outside the general thruster mapping and controller, each thruster had its own micro-thruster-
specific model. In the case of the Busek CMNT, the inner loop controller implemented to control
the desired thrust to true commanded thrust was the same controller used on-orbit for ST7-DRS.
The primary elements of the controller are shown in Figure 7.1-19 [ref. 9].

Read back delivered (measured)
values of Iy, Vi, from the PPU
| To=Cy lpo™® Vapi 12
Calculate delivered thrust (with limited I). (E) = M T= thrust
Receive thrust command from 1AL dt/, At I = beam current
Calculate thrust change between \f = beam voltage
commanded and delivered thrust. ('F,_-]} :.Thruq[ rfnning average
= T |?
Bi <= | At=0.
Calculate the beam current, |y, then limit ' Ci+ Venom :; =G[];_,3iws time ste
it and the change in it in 1 cycle. 1 v, p—nominal bearn soltage
BNOM =

Subscript € = commanded

dVg; 2 dT 3 ydl ) ’
B _ Vag-1) L_u (_) (_B)[ Subscript D = delivered

dt dt/, _E dt Subscript a = actual
¥
Calculate the beam voltage, Vg, then limit _ ) dVgi
it and the change in it in 1 cycle. Voi = V(i) + =70t

Igervi = Ipi — Iapi

Calculate the valve voltage, Vy, then limit Voir = |Kplper i‘l + [K, Z Igervi
it .
i

A
‘ VE! = KGam"BDI + Koffsez
v ’ )

Send set points
Vpi, Vi, Vi to PPU

v

| Wait for next thrust command |

Figure 7.1-19. Primary Elements of the CMNT Thrust Control Algorithm

The controller converted the commanded thrust to desired voltages and currents. Noise was
added to these voltages and currents, and the resulting value was converted to the force applied
to the vehicle. The characteristics of the noise and the thruster performance model were validated
on-orbit during ST7 [ref. 9]. Figure 7.1-20 shows a typical time series during ST7 in science
mode, with a minor micrometeorite impact, showing the typical colloid micro-thruster response
and the difference between commanded and achieved thrust [ref. 9]. The figure shows a
comparison of commanded and direct thrust measurements based on applied electrostatic forces
and test mass displacements during an intentional excursion in thrust commands during “attitude
only” mode on ST7. In this mode, the capacitive sensing and forcing signals were in a low-
resolution, high-force mode with a higher level of noise than in science mode. The measured
thrust noise in science mode was shown to be lower than 0.1 uN/rtHz, meeting requirements over
the measurement bandwidth.
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Figure 7.1-20. Colloid Thruster Commands (solid lines) and Response (dots), Based on Current and
Voltage Measurements from all Four Thrusters on Cluster 4 During Science Mode on ST7
Note: Around 10:29 am, a micrometeorite impact caused a deviation in thruster commands where
the thruster response was accurate enough to maintain spacecraft and test mass stability.

7.1.3.5 Cold Gas Thruster Model

By comparison, the model for the cold gas micro-thruster is simpler than the colloid thruster. It is
described by additive white noise and a time lag for the transient response.

7.1.3.5.1 Additive Noise Model

The thruster noise was implemented as simple additive white noise, as shown in Figure 7.1-21,
with T_Ci being the commanded thrust and T_Di being the delivered thrust.

T Ci
Uniform Random
Number @

Figure 7.1-21. Additive Noise to Cold Gas Thrusters

Specifically, the input noise was designed such that the PSD would match the specified
maximum RMS value for the thruster noise 3.22 uN that was specified as a requirement in
Microscope’s design [ref. 10]. The PSD for the additive white noise is shown in Figure 7.1-22.
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Figure 7.1-22. PSD for Cold Gas Thruster Additive White Noise

110
In the Figure 7.1-22 PSD, the noise level is calculated to be ,/ 10710 =3.16 x 107°. In
comparison, the measured axial thruster noise of the Microscope thrusters during satellite
thermal vacuum is given in Figure 7.1-23 [ref. 3].
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Figure 7.1-23. Axial Thrust Noise During Satellite Thermal Vacuum

To further compare the additive noise to the commanded thrust, Figure 7.1-24 shows the thrust
resolution of a Leonardo cold gas thruster inside a thermal vacuum [ref. 3] while Figure 7.1-25
displays the thruster command after the PID controller, mapping, and transient, and the realized
thrust after applying the additive noise.
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Figure 7.1-24. Cold Gas Thrust Resolution Inside Thermal Vacuum
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Figure 7.1-25. Cold Gas Thruster Command After PID and Mapping (L), Realized Thrust
Command from Thrusters (R)

The magnitude of noise added is significantly higher than observed for the Leonardo cold gas
thrusters. This was intentional, to compensate for potentially unmodeled effects.

7.1.3.5.2 Transient Response
The implementation of this first-order filter is given in Figure 7.1-26.

C1 )y
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>
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Figure 7.1-26. Implementation of Thruster Transient
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In the Figure 7.1-26 block diagram, a nominal desired force is sent from the controller and
passed through a continuous time representation of a low pass filter. Based on the data provided
by Leonardo, the time constant for the low pass filter was determined to be 7 = 0.08 sec.

7.2 Evaluation and Analysis
7.2.1 Stability Analysis

The linear stability analysis for the control design for each of the actuators was performed by
breaking each loop individually, linearizing the resulting system, and generating the Bode and
Nichols plots.

For example, evaluating the open-loop transfer function and corresponding gain and phase
margins for the thruster X-axis torque loop would involve breaking the closed-loop system
between the thruster PID and mapping for the X-axis torque, as shown in Figure 7.2-1.

— Error Signals desiredTorque —» — Desired TorqueThruster Forces -

8

Figure 7.2-1. Example of Evaluating Thruster X-axis Torque Loop

The linearization of the Simulink model was performed by using the built-in MATLAB function
dlinmod to obtain a discrete-time linear state-space model of the system. Finally, the analysis
was done using the built-in MATLAB functions Nichols and margin, which provide the Nichols
plots and bode plots, respectively. The evaluation for all the control loops can be found in
Appendix B.

7.2.2 Time-domain Simulations

The following time-domain simulations cover a wide range of possible scenarios to evaluate the

effectiveness of various attitude control actuators. Specifically, the simulations include:

e Fine pointing controlled by a single actuator (i.e., reaction wheels or micro-thrusters).

e Fine pointing controlled solely by micro-thrusters, with wheels spinning at 100 RPM as
discussed in Section 7.1.2.3. It is assumed that some operational restriction prevents shutting
off the wheels.

¢ Fine pointing controlled by micro-thrusters and reaction wheels simultaneously. (As in the
previous scenario, it is assumed that some operational restriction prevents shutting off the
wheels; however, here both wheels and micro-thrusters are used for fine pointing control,
with each actuator using the same attitude knowledge information but operating at different
control bandwidths, nominally 0.01 Hz for wheels and 0.1 Hz for micro-thrusters). Wheel
speed bias was set to 100 RPM; the wheel controller typically varies speed slightly for fine
pointing.
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e Slewing with reaction wheels, then transitioning to fine pointing controlled by micro-
thrusters only with wheels shut down.

e Slewing with RCS thrusters, then transitioning to fine pointing controlled solely by micro-
thrusters.

e Slewing with reaction wheels, then transitioning to fine pointing controlled by micro-
thrusters and reaction wheels at 100 RPM simultaneously.

e Slewing with reaction wheels, then transitioning to fine pointing controlled solely by micro-
thrusters, with wheels spinning at 100 RPM.

All the slew cases follow the same ramp-up/ramp-down profile of [-5, 10, 15] degrees (i.e., no
coasting) before transitioning to the specified actuators for fine pointing.

Each simulation lasts for 5,000 seconds, except cases 17 and 25. For those cases, the simulation
was run for 7,500 seconds to allow some operating time after reaching wheel speed of 0 RPM.
Any actuator changes included in the scenario (e.g., transition from wheels to micro-thrusters)
occurred at 2,500 seconds.

7.2.3 Pointing Analysis

To evaluate the pointing performance of the different test cases, the assessment team took the
pointing error of the last 1,000 seconds of the simulation and performed a 10-second root-mean-
square (RMS) sliding window analysis of the error. The assessment team calculated the RMS
angle error over a given 10-second window, shifted the window by one sample point, and
repeated the process. For brevity, only the 95" percentile RMS values were included for each of
the axes. The pointing performance for every tested scenario is shown in Tables 7.2-1, 7.2-2, and
7.2-3, and illustrated in Figure 7.2-2. Detailed results plotted for each case can be found in
Appendix A.

7.2.4 Discussion of Results of Fine-Pointing Simulations

The simulation utilized for this study was “generic” in scope. Resource limitations prohibited
detailed tailoring or optimization of model parameters, controller gains, and other features
individually for the two Observatories. Nevertheless, results of our simulations with micro-
thrusters indicate an improvement of at least an order of magnitude compared with HST’s 7 mas.
Improved tailoring of controller parameters could possibly further improve performance results
with micro-thrusters only.

In concert with the analysis plan, the team implemented a simulation of a “continuous”
momentum management mode using the micro-thrusters to unload the wheels. This mode fired
the thrusters if the wheels exceeded a threshold speed, and turned them off once it fell below
another threshold speed. However initial simulations in this mode showed no improvement in
pointing performance because the pointing error was dominated by the wheel disturbance. Thus,
use of this mode was discontinued in favor of a simultaneous wheel/micro-thruster operating
mode. Consequently, results in the continuous momentum management mode are not shown in
Tables 7.2-1 through 7.2-3 and Figure 7.2-2 below.

The “wheels-only” results (842 mas for Observatory 2 without isolators, 573 mas for
Observatory 2 with isolators, 37.8 mas for Observatory 1) are worse than the observed
performance of HST (7 mas) and the Roman Space Telescope’s requirement of 14 mas. Both
HST and the Roman Space Telescope incorporate mechanical isolation, and HST’s wheels were
carefully balanced. The assessment team lacked access to the HST wheel disturbance model, but
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it is likely that the “generic” wheel disturbance model used in the simulations is “noisier” than
the model that applies to HST. Therefore, it is also likely that the simulation results in cases
using both wheels and micro-thrusters could be pessimistic compared with potential real-world
performance with well-balanced wheels operated at low RPM.

In addition, the wheel-only PID control law for Observatories 1 and 2 was chosen to have a
bandwidth of 0.01 Hz. The thruster PID gains for Observatory 1 had a bandwidth of 0.05 Hz, and
Observatory 2 had a bandwidth of 0.1 Hz. Comparing Figures A.1-3 and A.1-4, the difference in
frequency content is apparent. The 5x to 10x difference in controller bandwidth may be a
contributing factor to the large difference in pointing performance between wheels and micro-
thrusters observed in the simulations.

7.2.4 Potential Requirements of Future Fine-Pointing Missions on Micro-Thrusters

For future observatory missions, higher maximum thrust than demonstrated on ST7/LPF may be
needed with lifetimes roughly equivalent to LISA’s. For example, HaBeX is working toward a
maximum thrust of 350 uN on each S/C axis [ref 42]. For “DC” solar pressure torque
stabilization, worst case analysis shows that one or more spacecraft axis will need >300 pN.

To reach 350 uN while allowing the lowest possible minimum thrust, it is necessary to arrange
multiple thruster heads in a “thruster head assembly” or THA, with different numbers of emitters
per head pointing in the same direction, as discussed in section 7.1.3. The current HaBeX
configuration defines a THA consisting of a primary and redundant set of thruster heads with
~200 total emitters per THA, split between 8 thruster heads (4 primary, 4 redundant). One
primary and one redundant thruster head in each THA has 90 emitters (10 times as many as
ST7). The current HaBeX configuration has 12 thrust directions. With 200 emitters pointing in
each direction, this adds up to 2,400 total emitters on the S/C [ref 43].

Micro-thruster technology development work may be needed in a few areas to meet the needs of
HaBeX. Scaling the number of emitters per thruster head by a factor of 10 could lower the TRL
of the thruster head, requiring technology development preparatory to flight. Building emitters is
a time-consuming process done largely by hand. Currently it takes ~ 6 months to build 100
emitters, so building the 2,400 emitters required for HaBeX would be prohibitive, This provides
motivation for investigating alternatives to the emitter design (possibly with higher maximum
thrust per emitter, which would reduce the total number of emitters required) or developing new
manufacturing techniques for the existing ST7-style emitters.

HaBeX is also looking at other thrusters with higher maximum thrust, but those will also be
lower TRL for this application as they are most commonly not designed for precision thrust, but
for accomplishing delta-v on smallsats.

7.2.4 Analysis of Potential Benefits of Micro-Thrusters for Formation Flying — Starshade

Various modes of formation flying have been used or proposed for different missions. Formation
flying generally requires maneuvers for small attitude and/or velocity changes to maintain a
constellation of multiple spacecraft within specified position and/or attitude requirements. The
requirements can vary significantly depending on the mission. The plan for this assessment
included preliminary evaluation of the use of micro-thrusters for an example formation flying
mission. The example chosen was a Starshade mission concept studied by GSFC [ref 40].

This mission pairs a space-based telescope observatory with a separate Starshade spacecraft for
observations of planets orbiting about distant stars. The Starshade is used to occult the star,
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blocking its light to enable observations of the darker planet or planets orbiting the star using the
telescope observatory. The separation distance required between the telescope and Starshade is
10,000 to 50,000 km (depending on concept details).

The pointing requirement for the Starshade is ~1 deg (not stringent). However, the Starshade
must observe a more stringent requirement of staying within a 1-m radius of the line of sight to
the telescope observatory [ref. 41]. Thrusters must be strong enough to balance differential solar
pressure accelerations and gravity gradient accelerations due to the separation between the two
spacecraft (10,000 km to 50,000 km, depending on concept details). Differential gravity gradient
acceleration was estimated at 1e-5 m/s"2, and acceleration due to differential solar radiation
pressure was less than that.

In the GSFC Starshade mission concept, the telescope observatory is the position sensor,
relaying measurements to the Starshade via inter-spacecraft radio frequency (RF)
communications link. Consequently, there is no need for onboard accelerometer measurements
onboard Starshade.

Mass of the Starshade is estimated to be 2500 kg. Assuming a thruster head of perhaps 50 ST7
emitters, each of which produces a maximum thrust of (30/9)=3.3 uN for a total of 166.7 uN or
1.67e-4N, the maximum acceleration produced by a single thruster head is 6.7e-8 m/s”2. This is
roughly 3 orders of magnitude less than the estimated 1e-5 m/s”2 required to balance differential
gravity gradient acceleration (equivalent to 7,500 emitters, or approximately 3 times the number
of emitters required for HaBeX) This indicates that micro-thrusters probably are not a good fit
for this Starshade formation flying concept. However, progress made in packaging large numbers
of emitters for HaBeX, or in increasing the maximum thrust per emitter, could change this.

A statement that micro-thrusters are not a good fit for Starshade should not be taken as a blanket
statement applying to formation flying missions in general. A wide variety of mission concepts
employ different modes of formation flying, many of which could have requirements that differ
considerably from those of Starshade. Formation flying missions with tight fine-pointing
requirements could benefit from micro-thrusters in the same way as the two Observatory
concepts examined in this assessment. Less massive spacecraft with smaller disturbance forces to
overcome could also use micro-thrusters for position control. For concepts like this, micro-
thrusters could require less frequent firing and reduced propellant requirements compared to
larger thrusters.
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Table 7.2-1. Pointing Stability Performance: Observatory 2 Cases Without Isolator

10s Sliding Window Angle Error RMS - 95%

X-axis Y-axis Z-axis RSS xyz
Case # Case
(mas) (mas) (mas) (mas)
8 Colloid micro-thrusters only 0.016 0.06 0.016 0.064
9 Wheels only 585.758 537.408 278.483 842.302
10 Cold gas micro-thrusters only 0.095 0.224 0.097 0.262
Colloid micro-thruster fine
11 pointing with constant 100 14.079 9.702 7.723 18.761
RPM wheel speed
12 Colloid micro-thruster + wheel | ¢, 9.178 9.198 20.724
fine pointing
Cold gas micro-thruster fine
13 pointing with constant 100 13.952 9.741 7.359 18.539
RPM wheel speed
14 Cold gas micro-thruster + 12.823 8.067 6.671 16.553
wheel fine pointing
16 RCS thruster slew to colloid 0.123 0.756 0.055 0.768
micro-thruster fine pointing
18 Wheel slew to colloid 0.011 0.069 0.005 0.070
micro-thruster fine pointing
20 Wheel slew to colloid micro- 13.77 8.547 7.023 17.663
thruster + wheel fine pointing
Wheel slew to colloid micro-
thruster fine pointing with
22 constant 100 RPM wheel 13.709 9.017 7.372 17.989
speed
24 RCS thruster slew to cold gas 0.143 0.799 0.077 0.815
micro-thruster fine pointing
Wheel slew to cold gas micro-
26 thruster fine pointing with 0.091 0.235 0.094 0.269
0 RPM wheel speed
28 Wheel slew to cold gas micro- | ) ) 8.107 7.109 17.743
thruster + wheel fine pointing
Wheel slew to cold gas
micro-thruster fine pointing
30 with constant 100 RPM wheel 13.551 8.388 7.585 17.650
speed
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Table 7.2-2. Pointing Stability Performance: Observatory 2 Cases with Isolator

10s Sliding Window Angle Error RMS — 95%

X-axis Y-axis Z-axis RSS xyz
Case # Case
(mas) (mas) (mas) (mas)
9 Wheels only 270.19 494.175 104.92 572.905
Colloid micro-thruster fine
11 pointing with 100 RPM wheel 8.691 5.497 4.839 11.365
speed
12 Colloid micro-thruster + wheel | g g, 5.201 4.212 10.497
fine pointing
Cold gas fine pointing with 100
13 RPM wheel speed 8.681 5.543 4.94 11.423
14 Cold gas micro-thruster + 7.988 5.289 4.57 10.614
wheel fine pointing
Table 7.2-3. Pointing Stability Performance: Observatory 1 Cases
10s Sliding Window Angle Error RMS - 95%
Case # Case X-axis Y-axis Z-axis RSS xyz
(mas) (mas) (mas) (mas)
Colloid micro-thrusters only 0.249 0.023 0.028 0.252
Wheels only 14.054 9.585 33.802 37.841
Cold gas micro-thrusters only 0.296 0.167 0.088 0.351
Colloid micro-thruster fine
4 pointing with constant 100 2.574 3.11 4.613 6.130

RPM wheel speed

c C.oIIO|d.m|.cro—thruster + wheel 2731 257 4.089 5.548
fine pointing

Cold gas micro-thruster fine
6 pointing with constant 100 2.685 3.001 4.658 6.157
RPM wheel speed

Cold gas micro-thruster +

. o 2.316 1.933 3.777 4.834
wheel fine pointing

15 RCS thruster slew to colloid 0.426 0.042 0.13 0.447
micro-thruster fine pointing

Wheel slew to colloid micro-
17 thruster fine pointing with 0.252 0.026 0.031 0.255
0 RPM wheel speed

19 Wheel slew to colloid micro- 2.32 1.453 3.163 4.183
thruster + wheel fine pointing

Wheel Slew to colloid
micro-thruster fine pointing
with constant 100 RPM wheel
speed

21 2.706 3.471 6.314 7.697
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23

RCS thruster slew to cold gas
micro-thruster fine pointing

0.389

0.164

0.133

0.443

25

Wheel slew to cold gas micro-
thruster fine pointing with
0 RPM wheel speed

0.297

0.099

0.107

0.331

27

Wheel slew to cold gas micro-
thruster + wheel fine pointing

2.957

2.09

2.983

4.692

29

Wheel Slew to cold gas micro-
thruster fine pointing with
constant 100 RPM wheel
speed

3.719

4.211

4.379

7.123
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Steady-State Fine Pointing, Single- Post-Slew, Single-Actuator
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Figure 7.2-2. Graphical Representation of Results Shown in Tables 7.2-1, 7.2-2, and 7.2-3

NESC Document #: NESC-RP-18-01375 Page #: 46 of 100



8.0
8.1

Findings and Observations
Findings

The assessment team identified the following findings:

F-1.

F-2.
F-3.

F-5.

F-6.

F-7.

F-9.

8.2

Using either cold gas or colloid micro-thrusters instead of reaction wheels as the sole
control method for fine pointing improves pointing stability performance by roughly an
order of magnitude compared with the HST (a system with wheels-only control and
tailored isolation), or almost two orders of magnitude compared with simulations of two
representative wheels-only systems without isolation.

Cold-gas and colloidal micro-thrusters produce similar pointing stability performance.

If reaction wheels cannot be shut down due to operational constraints (e.g., for frequent
slews), micro-thrusters can be used with wheels to achieve improved pointing stability
performance roughly equivalent to the HST, without wheel isolation.

Colloidal micro-thrusters have a higher specific impulse (Isp ~200 sec) and consequently
a lower propellant requirement than cold-gas micro-thrusters (Isp ~60 sec), which may be
a discriminating factor for some missions.

Thrust precision and noise of current-technology cold gas and colloid micro-thrusters
(~0.1 uN) are adequate for improved pointing stability of observatories in the class of
those examined.

A separate control method (e.g., wheels or RCS thrusters) is likely to be required for
large attitude changes due to the limited control authority of micro-thrusters.

It is likely that refinements to the “generic” reaction wheel disturbance model with
information that is currently proprietary could improve estimates of pointing stability
with reaction wheels. In addition, resource limitations prevented study of alternative
architectures with large reaction wheels and smaller “vernier” wheels, mass and power
trades associated with wheels vs micro-thrusters, and impact on reaction wheel lifetime
due to frequent stops and starts of the large wheels. These are candidates for investigation
as part of future studies of observatory attitude control systems.

The simulation developed in this assessment is suitable for use in mission studies
involving reaction wheels and micro-thrusters, and is available for use NASA-wide.

Future multi-year astronomy and astrophysics missions requiring precision pointing
stability may need microthrusters with higher maximum thrust levels, longer lifetimes,
and higher bandwidth than have been demonstrated on-orbit to date. Technology
development would be required to achieve these goals.

Observations

The following observations were identified:

O-1.

Micro-thrusters may impose less systemwide implementation complexity than other
methods of achieving fine pointing (e.g., extensive system-level jitter testing, detailed
disturbance characterization testing, or reaction wheel isolation), with the potential for
improved performance.
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0-2.

9.0

Micro-thrusters make it easier to “test as you fly” than systems like isolators, whose
behavior in flight may not be replicated in a ground-testing environment.

Micro-thrusters allow on-orbit modifications to system-level response and behavior by
modifying a control algorithm, while modifications to isolators and similar systems are
difficult or impossible to implement in flight.

Micro-thruster placement and number are critical to ensure adequate control torques and
control saturation.

While this assessment explored one formation flying mission concept and found micro-
thrusters unsuitable for that concept, it is possible that they could be a good fit for other
formation flying concepts, especially with technology advancements.

Alternative Viewpoint(s)

No alternative viewpoints were identified during the course of this assessment by the NESC team
or the NESC Review Board quorum.

10.0 Other Deliverables

No deliverables aside from the final report were produced during this assessment.

11.0 Lessons Learned
No lessons learned were generated during the course of this assessment.

12.0 Recommendations for NASA Standards and Specifications

No recommendations for NASA standards and specifications were identified as a result of this
assessment.

13.0 Definition of Terms
Finding A relevant factual conclusion and/or issue that is within the assessment

scope and that the team has rigorously based on data from their
independent analyses, tests, inspections, and/or reviews of technical
documentation.

Observation A noteworthy fact, issue, and/or risk, which may not be directly within the

assessment scope, but could generate a separate issue or concern if not
addressed. Alternatively, an observation can be a positive
acknowledgement of a Center/Program/Project/Organization’s operational
structure, tools, and/or support provided.
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14.0 Acronyms and Nomenclature

ACS
CMNT
dB

DC
DRS
ESA
FEM
GAIA
GN&C
GSFC
HabEXx
HST
Hz
JPL
LISA
LPF
LUVOIR
mas
N

nN

N
NESC
NGIS
OST
PID
PSD
RCS
RMS
RPM
SMD
ST7
TDT
TV
WFIRST

Attitude Control System

Colloid Micronewton Thrusters
Decibel

Direct Current

Disturbance Reduction System
European Space Agency

Finite Element Model

Global Astrometric Interferometer for Astrophysics
Guidance, Navigation, and Control
Goddard Space Flight Center
Habitable Exoplanet Observatory
Hubble Space Telescope

Hertz

Jet Propulsion Laboratory

Laser Interferometer Space Antenna
LISA Pathfinder

Large UV/Optical/IR Surveyor
Milliarcseconds

Micronewtons

Nanonewtons

Newtons

NASA Engineering and Safety Center
Northrop Grumman Innovation Systems
Origins Space Telescope
Proportional-Integral-Derivative
Power Spectral Density

Reaction Control System
Root-Mean-Square

Revolutions Per Minute

Science Mission Directorate

Space Technology 7

Technical Discipline Team

Thruster Valve

Wide Field Infrared Survey Telescope
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Appendix A: Plots of Simulation Results

A.1 Observatory 2 without Isolator
Case 8: Colloid Thruster Pointing
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Figure A.1-1. Case 8 Steady-State Pointing Error in mas
e Noslew.
e Colloid micro-thrusters for fine pointing only; wheels off.
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Figure A.1-2. Case 8 Steady-State Thrust Commands
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Case 9: Reaction Wheel Pointing

Observatory 2

Case 9 - Pointing Error
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Figure A.1-3. Case 9 Steady-State Pointing Error in mas
e Noslew.

e Reaction wheel fine pointing only with 100 RPM bias; micro-thrusters off.

Case 10: Cold Gas Thruster Pointing
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Figure A.1-4. Case 10 Steady-State Pointing Error in mas

e Noslew.
e Cold gas micro-thrusters for fine pointing only; wheels off.
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Observatory 2
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Case 11: Colloid Thruster Pointing with Constant Wheel Speed
Observatory 2
‘Case 11 - Pointing Error
25 T T T T
20~ ‘7;" -

Angle Error, [mas]

25

4000

e No slew.

4100

4200 4300 4400 4500

Time, [s]

4600 4700 4800 4900

Figure A.1-6. Case 11 Steady-State Pointing Error in mas

e Colloid micro-thrusters for fine pointing only; 100 RPM wheel bias.
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Observatory 2
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Figure A.1-7. Case 11 Steady-State Thrust Command
Case 12: Simultaneous RWA and Colloid Thruster Pointing
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Figure A.1-8. Case 12 Steady-State Pointing Error in mas
e Noslew.

e Colloid micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
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Observatory 2
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Case 13: Cold Gas Thruster Pointing with Constant Wheel Speed
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Figure A.1-10. Case 13 Steady-State Pointing Error in mas
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Cold gas micro-thrusters for fine pointing only; 100 RPM wheel bias.
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Figure A.1-11. Case 13 Steady-State Thrust Command
Case 14: Simultaneous RWA and Cold Gas Thruster Pointing
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Figure A.1-12. Case 14 Steady-State Pointing Error in mas

e Noslew.
e Cold gas micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
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Observatory 2

%10 ‘Case 14 - Thrust Command
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Figure A.1-13. Case 14 Thrust Command
Case 16: RCS Thruster Slew to Colloid Thruster Pointing
Observatory 2
‘Case 16 - Pointing Error
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Figure A.1-14. Case 16 Steady-State Pointing Error in mas

e Slew by RCS thrusters to [-5,10,15] deg; transition to colloid thruster pointing.

e Wheels off.
e Increased maximum thrust to avoid saturation (see below).
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Observatory 2

12 x1073 *Case 16 - Thrust Command
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Figure A.1-15. Case 16 Thrust Command
Case 18: RWA Slew to Colloid Thruster Pointing (Zero Wheel Speed Bias)
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Figure A.1-16. Case 18 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to colloid thruster fine pointing.
0 RPM wheel speed bias.
¢ Increased maximum thrust to avoid saturation (see below).
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Observatory 2

9 %107 ‘Case 18 - Thrust Command
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Figure A.1-17. Case 18 Thrust Command
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Figure A.1-18. Case 18 Wheel Speed

NESC Document #: NESC-RP-18-01375 Page #: 61 of 100



Case 20: RWA Slew to Simultaneous Colloid Pointing

Observatory 2
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Figure A.1-19. Case 20 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to simultaneous colloid thruster fine pointing.

e 100 RPM wheel speed bias.
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Figure A.1-20. Case 20 Thrust Command
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Case 22: RWA Slew to Colloid Thruster Pointing (Wheel Speed Hold)
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Figure A.1-.21 Case 22 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to colloid thruster fine pointing.
e 100 RPM wheel speed bias held at transition.
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Figure A.1-22. Case 22 Thrust Command
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Case 24: RCS Thruster Slew to Cold Gas Thruster Pointing
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‘Case 24 - Pointing Error
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Figure A.1-23. Case 24 Steady-State Pointing Error in mas

e Slew by RCS thrusters to [-5,10,15] deg; transition to cold gas thruster pointing.
e Wheels off.

e Increased maximum thrust to avoid saturation (see below).
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Figure A.1-24. Case 24 Thrust Command
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Case 26: RWA Slew to Cold Gas Thruster Pointing (Zero Wheel Speed Bias)
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Figure A.1-25. Case 26 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to cold gas thruster fine pointing.
0 RPM wheel speed bias.
e Increased maximum thrust to avoid saturation (see below).

Observatory 2
‘' Case 26 - Thrust Command

0.01 ‘ ‘
G0 Thr-1
Thr-2
0.008 — Thr-3| —
Thr -4
Thr-5
0.007 — Thr-6| —
= Thr -7
z
5 Thr-8
5 0.006 - r-s
s
Q
£
£ 0.005 - | |
o
[&]
k]
2 0.004 |
F
=
0.003 |
i
|
0.002 (S
0.001
0 « = i i - e St —
2000 2500 3000 3500 4000 4500 5000

Time, [s]

Figure A.1-26. Case 26 Thrust Command
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Observatory 2
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Figure A.1-27. Case 26 Wheel Speed

Case 28: RWA Slew to Simultaneous Cold Gas Pointing
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Figure A.1-28. Case 28 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to simultaneous cold gas thruster fine

pointing.

e 100 RPM wheel speed bias.
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Case 30:
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Figure A.1-29. Case 28 Thrust Command
RWA Slew to Cold Gas Thruster Pointing (Wheel Speed Hold)
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Figure A.1-30. Case 30 Steady-State Pointing Error in mas

Slew by RWA to [-5,10,15] deg; transition to cold gas thruster fine pointing.
100 RPM wheel speed bias held at transition.
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Observatory 2

%10 ‘ Case 30 - Thrust Command
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Figure A.1-31. Case 30 Thrust Command
A.2 Observatory 2 with Isolator
Case 9: Reaction Wheel Pointing
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Figure A.2-1. Case 9 with Isolator Steady-State Pointing Error in mas

e Noslew.
e Reaction wheel fine pointing only with 100 RPM bias; micro-thrusters off.
e With isolator.
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Case 11: Colloid Thruster Pointing with Constant Wheel Speed
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~ Case 11 - Pointing Error
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Figure A.2-2. Case 11 with Isolator Steady-State Pointing Error in mas

e Noslew.
e Colloid micro-thrusters for fine pointing only; 100 RPM wheel bias.
e With isolator.
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Figure A.2-3. Case 11 with Isolator Steady-State Thrust Command
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Case 12: Simultaneous RWA and Colloid Thruster Pointing
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Figure A.2-4. Case 12 with Isolator Steady-State Pointing Error in mas

e Noslew.

e Colloid micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
e With isolator.
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Figure A.2-5. Case 12 with Isolator Thrust Command
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Case 13: Cold Gas Thruster Pointing with Constant Wheel Speed
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Figure A.2-6. Case 13 with Isolator Steady-State Pointing Error in mas

e Noslew.
e Cold gas micro-thrusters for fine pointing only; 100 RPM wheel bias.
e With isolator.
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Figure A.2-7. Case 13 with Isolator Steady-State Thrust Command
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Case 14: Simultaneous RWA and Cold Gas Thruster Pointing
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Figure A.2-8. Case 14 with Isolator Steady-State Pointing Error in mas
e Noslew.

e Cold gas micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
e With isolator.
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Figure A.2-9. Case 14 with Isolator Thrust Command
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A.3 Observatory 1

Case 1: Colloid Thruster Pointing
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Figure A.3-1. Case 1 Steady-State Pointing Error in mas
e Noslew.
e Colloid micro-thrusters for fine pointing only; wheels off.
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Figure A.3-2. Case 1 Steady-State Thrust Command
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Case 2: Reaction Wheel Pointing
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Figure A.3-3. Case 2 Steady-State Pointing Error in mas
e Noslew.
e Reaction wheel fine pointing only with 100 RPM bias; micro-thrusters off.
Case 3: Cold Gas Thruster Pointing
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Figure A.3-4. Case 3 Steady-State Pointing Error in mas
e Noslew.
[ ]

NESC Document #: NESC-RP-18-01375

Cold gas micro-thrusters for fine pointing only; wheels off.
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Observatory 1
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Figure A.3-5. Case 3 Steady-State Thrust Command
Case 4: Colloid Thruster Pointing with Constant Wheel Speed
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Figure A.3-6. Case 4 Steady-State Pointing Error in mas

e Noslew.
e Colloid micro-thrusters for fine pointing only; 100 RPM wheel bias..
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Figure A.3-7. Case 4 Steady-State Thrust Command

Case 5: Simultaneous RWA and Colloid Thruster Pointing
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Figure A.3-8. Case 5 Steady-State Pointing Error in mas

e Noslew.
¢ Colloid micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
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Figure A.3-9. Case 5 Thrust Command
Case 6: Cold Gas Thruster Pointing with Constant Wheel Speed
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Figure A.3-10. Case 6 Steady-State Pointing Error in mas

e Cold gas micro-thrusters for fine pointing only; 100 RPM wheel bias.
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Figure A.3-11. Case 6 Steady-State Thrust
Case 7: Simultaneous RWA and Cold Gas Thruster Pointing
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Figure A.3-12. Case 7 Steady-State Pointing Error in mas

e Noslew.
e Cold gas micro-thrusters and RWA used for fine pointing; 100 RPM wheel bias.
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Figure A.3-13. Case 7 Thrust Command
Case 15: RCS Thruster Slew to Colloid Thruster Pointing
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Figure A.3-14. Case 15 Steady-State Pointing Error in mas

e Slew by RCS thrusters to [-5,10,15] deg; transition to colloid thruster pointing.
e Wheels off.
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Observatory 1
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Figure A.3-15. Case 15 Thrust Command
Case 17: RWA Slew to Colloid Thruster Pointing (Zero Wheel Speed Bias)
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Figure A.3-16. Case 17 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to colloid thruster fine pointing.
e 0 RPM wheel speed bias.
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Observatory 1
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Figure A.3-17. Case 17 Thrust Command
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Figure A.3-18. Case 17 Wheel Speed
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Case 19: RWA Slew to Simultaneous Colloid Pointing

Observatory 1
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Figure A.3-19. Case 19 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to simultaneous colloid thruster fine pointing.
e 100 RPM wheel speed bias.
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Figure A.3-20. Case 19 Thrust Command
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Case 21: RWA Slew to Colloid Thruster Pointing (Wheel Speed Hold)

Observatory 1
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Figure A.3-21. Case 21 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to colloid thruster fine pointing.
e 100 RPM wheel speed bias held at transition.
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Figure A.3-22. Case 21 Thrust Command
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Case 23: RCS Thruster Slew to Cold Gas Thruster Pointing

Observatory 1
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Figure A.3-23. Case 23 Steady-State Pointing Error in mas

e Slew by RCS thrusters to [-5,10,15] deg; transition to cold gas thruster pointing.
e Wheels off.
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Figure A.3-24. Case 23 Thrust Command
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Case 25: RWA Slew to Cold Gas Thruster Pointing (Zero Wheel Speed Bias)
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Figure A.3-25. Case 25 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to cold gas thruster fine pointing.
0 RPM wheel speed bias.
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Figure A.3-26. Case 25 Thrust Command
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Observatory 1

6 Case 25 - Wheel Speed
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Figure A.3-27. Case 25 Wheel Speed
Case 27: RWA Slew to Simultaneous Cold Gas Pointing
Observatory 1
Case 27 - Pointing Error
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Figure A.3-28. Case 27 Steady-State Pointing Error in mas

Slew by RWA to [-5,10,15] deg; transition to simultaneous cold gas thruster fine
pointing.
100 RPM wheel speed bias.
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Observatory 1
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Figure A.3-31. Case 27 Thrust Command

Case 29: RWA Slew to Cold Gas Thruster Pointing (Wheel Speed Hold)

Observatory 1
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Figure A.3-29. Case 29 Steady-State Pointing Error in mas

e Slew by RWA to [-5,10,15] deg; transition to cold gas thruster fine pointing.
e 100 RPM wheel speed bias held at transition.
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Figure A.3-30. Case 29 Thrust Commands
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Appendix B: Bode and Nichols Plots for Micro-Thruster
and Reaction Wheel Control

Observatory 1 Micro-Thruster Bode and Nichols Plots

Bode Diagram
Gm =11.8.dB (at 2.03 radis) , Pm = 5.7 deg (at 0.284 radis)
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Figure B-1. Observatory 1 Micro-Thruster X-axis Bode Plot

Nichols Chart

Open-Loop Gain (dB)

Open-Loop Phase (deg)

Figure B-2. Observatory 1 Micro-Thruster X-axis Nichols Plot
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Bode Diagram
Gm=7.3dB (at 1.91 radis), Pm = 43.1 deg (at 1.71 rad/s)
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Figure B-3. Observatory 1 Micro-Thruster Y-axis Bode Plot
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Figure B-4. Observatory 1 Micro-Thruster Y-axis Nichols Plot
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Observatory 1 Reaction Wheel Bode and Nichols Plots
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Figure B-7. Observatory 1 Reaction Wheel X-axis Bode Plot
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Figure B-8. Observatory 1 Reaction Wheel X-axis Nichols Plot
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Bode Diagram
Gm =10.6 dB (at 2.49 radls) , Pm = 55.1 deg (at 0.0546 rad/s)
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Figure B-11. Observatory 1 Reaction Wheel Z-axis Bode Plot
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Figure B-12. Observatory 1 Reaction Wheel Z-axis Nichols Plot

NESC Document #: NESC-RP-18-01375 Page #: 94 of 100



Observatory 2 Micro-Thruster Bode and Nichols Plots
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720

Bode Diagram
Gm = 26.2 dB (at 117 radis), Pm = 71.1 deg (at 0.456 radis)
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Figure B-13. Observatory 2 Micro-Thruster X-axis Bode Plot
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Figure B-14. Observatory 2 Micro-Thruster X-axis Nichols plot
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Bode Diagram
Gm =27.8 dB (at 29.7 radls) , Pm = 70.9 deg (at 0.456 raci's)
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Figure B-15. Observatory 2 Micro-Thruster Y-axis Bode Plot
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Figure B-16. Observatory 2 Micro-Thruster Y-axis Nichols Plot
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Bode Diagram
Gm=23.5dB (at 20.6 radis), Pm =71 deg (at 0.456 rad/s)
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Figure B-17. Observatory 2 Micro-Thruster Z-axis Bode Plot
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Figure B-18. Observatory 2 Micro-Thruster Z-axis Nichols Plot
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Observatory 2 Reaction Wheel Bode and Nichols Plots
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Figure B-19. Observatory 2 Reaction Wheel X-axis Bode Plot
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Figure B-20. Observatory 2 Reaction Wheel X-axis Nichols Plot
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Figure B-21. Observatory 2 Reaction Wheel Y-axis Bode Plot
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Figure B-22. Observatory 2 Reaction Wheel Y-axis Nichols Plot
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Bode Diagram
Gm = 35.5 dB (at 39 rad/s) , Pm = 71.6 deg (at 0.0446 radis)
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Figure B-23. Observatory 2 Reaction Wheel Z-axis Bode Plot
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Figure B-24. Observatory 2 Reaction Wheel Z-axis Nichols Plot
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