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Virtual sensors and actuators for -all-in-one mode AOCS

@ Project description

Motivation and aim of the activity

Mode Manager

|
v

Background e AOCS Mode N
A Conventional AOCSSWtypically employs multiple modes applicable to different mission o cuidance ]
(sub-) phasesto cover the full range of S/C functionality l
: Controller — Qg:;tr?;
A Often, these modes provide similar low-level functionality (suitable control of S/C MSens_or N NEavtisatifn/ .
o 040 0h0 appin stimator
attitude and rates, positions/velocities, etc.) \ PP )
A This motivates the investigation of alternative AOCSarchitectures - J
Aim of the activity
A Exploit these similarities in low-level functionality to investigate and mature a novel [ Configuration Logic }
AOCSarchitecture consisting of only a single mode. . . .
N2 N2 N2
. . . . . Lo AOCS Core
A Different S/C configurations and tasks (e.g., rate damping, slews, courseffine pointing,
science, or delta-V manoeuvres) are then to be accounted for using so-called virtual | Gt >
. . . Controller > Virtual
sensors (VS) and virtual actuator (VA) abstractions, as well as advanced control Virtual Sensor|_| — 4 N
techniques allowing for adaptations to different mission phasesand S/C configurations. [ e e T A T el |
| sor Etmaio i — G s T
] Sensor Model Actuator Model L
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@ PrOjeCt descriptiOn Virtual sensors and actuators for -all-in-one mode AOCS
Expected benefits and challenges

Benefit 1 A decrease in verification and testing efforts Challenge 1 Modularity and encapsulation Address the reduced modularity at

due to the reduction of AOCS(sub-)modes the level of system functionality by

and, hence, the reduction of test scenarios
CEUCIIECH A potential reduction in the number of HW (O ENENEW Il Task-specific functionality and performance Aadvanced control solutions
units thanks to a different redundancy
approach through the VSand VA concept

AUsed to break down complex requirements and functionalities into

manageable pieces and reduce the cross-interaction between them. an increased  modularity  and
encapsulation at the technical

functionality level (e.g., via VS and

VA concepts which reduces the
AThe different modes are isolated, allowing for mode-independent design gyerall design complexity) .

and analysis, limiting the interaction to reasonably few well-defined
mode switches.

AClassically, this is (partly) realized using operational modes allowing for

An enhanced HW modularity ~through the a practical abstraction and compartmentalization .

simplification of the replacement of one HW
unit by another (i.e., the VSand VA abstract
layers would only need to be parametrically
adapted to different unit types and

configuration) ATnis is different in a single-mode architecture where modularity and

encapsulation are less pronounced at the level of system functionality .

ATraditional modes aid tailoring the design to a specific task at hand. Aadaptive state estimation and

AConsequently, the performance is highly tuned for specific tasks. advanced sensor fusion

Aoptimized control allocation

Benefit 4 A simplified FDIR (less monitors, recovery
actions, and mode dependencies) OLEIETIGIRCI Solution complexity Reduce complexity by avoiding

modes and sub-modes while
Benefit 5 Simplified operations (less TCs, procedures,
operational constraints)

Benefit 6 Easier re-use of AOCSSWcomponents

Benefit 7 Increase of the s p a ¢ e c autriomnyd s

Traditional mode structures aid reducing the complexity of the technical

AOCSsolution, e.g., by enabling the use of relatively simple LTI filters and €MPloying advanced but structured
controllers . and modular solutions on a technical

level
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@ Project description
Study logic

The study is organized in 5 main tasks following a gradual development process
A Task 1: Missionuse case selection and requirements definition
A Task 2: Literature review and trade-off analysis of relevant advanced techniques
A Task 3: Virtual sensor/actuator and single mode AOCSdesign and analysis
A Task 4: Validation and verification campaign in functional simulator
A Task 5: Study conclusions and recommendations

In the remainder of the presentation, we will present the outcome and obtained results
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Task 2: Literature Review & Trade-off

Task 1: Mission Use Case & Requirements

Mission Use Mission Mission Use Case & Survey of Trade-off and
Case Selection Requirements Requirements Relevant Selection of
Definition Consolidation Advanced Techniques
Techniques

Task 3: Virtual Sensors/Actuators and Single Mode AOCS Design and Analysis

Virtual Sensor Virtual Sensor
Design and Design and
Analysis Analysis

AOCS Simulator
Preliminary

Development
(cont. in Task4)

Single Mode Preliminary
AOCS Design Comparative Analysis
and Analysis and Support to AOCS
Design and Analysis
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: Task 4: Validation and Verification Campaign
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AOCS Simulator Validation and Support to
Development Verification Test Validation and
Campaign Verification Test
Campaign
)

Task 5: Study Conclusion

Study Conclusions Detailed
and Comparative

Recommendations Analysis
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j§ Benchmark miSSiOn Virtual sensors and actuators for -all-in-one mode AOCS
ALTIUS

A The mission use case is intended to provide context and a reference framework for the design
and validation of the single mode AOCS

A 1t should be sufficiently representative and challenging in terms of AOCSrequirements, and
sufficiently generic to demonstrate that the single mode AOCScan be applied EOmissions

A A trade-off was performed, and a selection was made from a series of accessible missions,
namely: Proba-1, Proba-2, Proba-3, Proba-V, OKDSat IOD, SAOCOMS,SBSSand ALTIUS

A ALTIUS (Atmospheric Limb Tracker for Investigation of the Upcoming Stratosphere) was the
mission with the highest trade -off score according to the objectives:

o The number of guidance modes and pointing profiles is high

o The required agility and pointing precision is challenging

o It is representative asa small-sat LEOEarth Observation mission

o It hosts a wide range of sensorsand actuators

o The AOCSSWis fully accessible by Redwire and has already passedthe acceptance review.

A ALTIUSis an ESAlimb-sounding mission aiming at monitoring ozone concentrations in the
atmosphere by meansof a hyper-spectral 2D imager.

A ALTIUSIs currently in phase C/D and the AOCSS/W passedthe acceptance review. Despite not
being spaceborneyet, its AOCSharacteristics make up for this potential drawback.

A ALTIUSHW: 3x STR,2x IMU, 2x GNSS3x MM, 4x TM, 4x RWL, 3x MT, 4x THR
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Virtual sensors and actuators for -all-in-one mode AOCS

@ Benchmark mission
ALTIUS: Modes and hardware

means electronic, mechanical, photocopying or otherwise, either with the prior permission of SENER  aeroespacial S.A. Or in accordance with the terms of ESA contract no. 4000140236/22/NL/MGU.

AOCS mode Sub-modes RW
Inertial mode Fixed Scanning X X (3/4)
Flight mode X X X X (3/4) X

Geodetic mode Yaw steering on/off X X X (3/4)

Earth target mode X X X (3/4)

Sunbathing mode X X X (3/4)
Backward/Left/

Limb looking mode Optimal/Polar X X X (3/4)
Tomography

Occultation mode StandbyTracking X X X (3/4)

by
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@ Proposed architecture

Proposed architecture
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@ Proposed arChiteCtU re Virtual sensors and actuators for -all-in-one mode AOCS
Proposed architecture: Safe mode vs. safe configuration

ALTIUS Safe modes

The ALTIUSAOCSncludes various safe modes, all of which are (quasi) spin-stabilized:
A B-dot/Augmented B-dot mode: UsesMTsand RWLsrunning at constant speed.

A Magnetic mode: UsesMMmeasurements, MT actuation with the RWLsheld at a constant speed and the spacecraft position provided either by two-line elements
(TLE) of GPS

For a single mode AOCSarchitecture, these configurations are not trivial to realize without introducing modes (although not impossible).
Main assumption ->The AOCSONEdesign is 3-axis stabilized under all conditions

AOCSONE Safe configuration

Instead of designing a separate safe mode (which would be violating the single mode AOCShotion), we covered the safety aspect by means of a safe configuration
A The safe mode functionality is essentially integrated in the 6 n o mi AGCE 6

A The AOCSust reconfigures to using a subset of the available hardware
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@ Selected techniques

Overview

Virtual sensors and actuators for -all-in-one mode AOCS

Navigation

Control

Control Allocation

Guidance

X

Multi-sensor nadeset
Federated Kalman Filter
(FKF)

Decentralized and
decomposedKF

Weighted snapshot fusion
Default for local filters: EKF
(Extended Kalman Filter)
Innovation-based adaptive
estimation (IAE) techniques:
covariance matching and
innovation chi-square

testing (ICST)

‘O -control, Youla-switching
Design™O -controllers for
tasks (slew, pointing, safe)
Youla-based controller re -
parameterization

Optimal performance for
each task

(Smooth) switching between
controllers with stability

guarantees

Convex Optimization
Quadratic Programming with
Polytopic Constraints
Developments to formulate
hybridization of actuators
and frequencies

Interior Point Method (IPM),
customized solver for the
application

Based on heritage from
Sener Optimization ToolBox
(SOTB)

Sequential Convex
Programming

Lossless convexifications for
pointing constraints
Geometric computation of
targets in inertial frame

IPM for convex iterations
Based on heritage from
SOTB

STk

means electro

nic, mechan

ested in SENERA

cal, ph t copying or otherwisi !h r with the prior permissio

p ial S.A. This d ume tmy nly be reproduced in whole or
of SENER  aeroes

in parf
pacial S.A. Or in acct

t, or stored in a re val system, or transmitted in any form, o r by any
cordance with !h ! erms fESA ontract no. 4000140236/22/NL/MGU.
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; ; VI rtual Sensor (VS) Virtual sensors énd actuators for -all-in-one mode AOCS
Design summary

INS correctiors

Actuator control [BE TS DM

Model Prop Reference

Navigation

. . . S hot

The Virtual Sensor(VS)acts as an abstraction layer for the sensingand .

[Prediction]

navigation functions, with autonomous reconfiguration capabilities and

adaptability to different scenariosjt providesa uniform interface regardless

INS Calibration
of its internal configuration [Multisensor update] Local Filter

The VSimplementsa decentralizedmulti-sensor hybridization basedon a

federated (FKF)no-reset approachwith decomposedprediction and update

steps Theglobalupdate is performed though a snapshotfusion of the EKF Reference Navigation
Adaptive Snapshot Filter
local updates The reference navigation is computed through the fusion of sl

three independentpropagationmodels with adaptative processnoise and

calibrated with the results of the updated state. At each level there is - el (;‘EfF‘)F“ter

embedded FDIRfor improved robustnessand avoiding fault propagation [Local Update]

downstreamthe GNCsystem

STR Local Filter ) Snapshot fusion
. . == AEKF '
The VS estimatesthe 6-DoF state, and an extended state used to obtain [Locgl Upc)iate] [Global Update]

additional parametersand calibrate the dynamic model It also provides
ancillary servicessuchastime-keeping,eventprediction,etc.
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Propagation
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Multisensor update

IMU Preprocessing

Sensor Preprocessing

INS Calibration

Time Correlation

State Post-processing
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@ V| rtua| SenSOr (VS) Virtual sensors and actuators for -all-in-one mode AOCS
Technique selection: Snapshot weighted fusion

ﬁBD? 4

Previous to the global update, the outputs from the local updates are  checked through a chi-square Bevs
test, which obtains the test statistic 1): N
B oo @ Jod ... ¢ Eq. 121

The test statistic is fuzzified to obtain the probability valuet . In the multi sensor framework these 0.7
probabilities can be combined to obtain the probability space of the fusion, whereeach R i s :
computed by multiplying the validation probabilities used

B Eq. 122 .
625 7.81 11.35

The weight of each combination  ; is computed using the inclusion -exclusion principle. Finally, the (90%) (95%) (99%) g?l’_?
weight of the propagation -only update, meaning that the rest of updates are not valid or have q(‘__’i:
failed, is computed by subtracting the rest of weights to 1. B

Measurement
CNS . validity

»

| z _
| p B
Using the snapshot fusion, the local update can be weighted using the information sharing factors 4

p j Combining the weights for each update the corresponding ISF would be the sum of weights of | z. / j’BDlﬁGPS, e
each group that includes that update divided by the number of updates in said group: '

I B — Eq. 124

Eq. 123

Aoy /I’BDZK\GPSNCNS A

D2~CNS GPSACNS
Finally, the outputs from the local updates are combined through  a weighted snapshot or least-

squares algorithm [RD114] using the ISE. The resulting fused state and covariance matrix are then:

0 ) B(I 0y) Eq. 109

A

CNS

1o 6 B( 55) 1 @) Eq. 110
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@ V| rtua| SenSOr (VS) Virtual sensors and actuators for -all-in-one mode AOCS
Technique selection: Q -adaptation

The adaptation of the process noise covariance matrix U is performed following
the covariance matching technique. The innovation covariance can be estimated
though a window averaging of the innovation as [RD49]

Y —Bii Eq. 83

Then the process noise covariance can be adapted following [RD181]

[S/o] 10118 UOIRWINSS *|9A "Buy

0 0 Eq. 84

Where U is the Kalman gain. Combining both equations one can derive that:

0 0—-Bii )Y -BOi 0 —-BOi®D Eq. 85

Then, by definition Yo 1w U i , which yields:

0 -Blo 10)id T0) Eq. 86

[o] 10118 UORWINSS BpPMIMY

Which can be used to estimate 0 independently for each propagation model using o sS40 o 1500 20 20
the fused a posteriori state Yo and the local a priori propagated state yw by
each propagation model. | |
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@ PrOS & ConS Virtual sensors and actuators for -all-in-one mode AOCS
Virtual Sensor (VS)

Modular and scalable design
High level of autonomy
Less reliant on tuning (lower tuning effort)

Adaptive filter for wide range of scenarios/operational
points

No mode dependency

Abstraction layer with uniform interface for downstream
subsystems

Generality of solution for reusable design

Lower V&YV effort in successive usages of the subsystem
Embedded FDIR

Robustness to faults

\%
\%
\%
\%

< <

< << <
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@ V| rtu a| actuator Virtual sensors and actuators for -all-in-one mode AOCS
VA block

vs_out. mag_field_bod @ | mag_field_Bd (VS)
nw_cmd @ va_out . rw_tor_cmd
- rw_cmd - -
F clr -
<sc_for_bod_cmd>|
con_out <sc_tor_bod_cmd>| et
vs_out. rw_stor_mom @ P rw_h mt_cmd »@ va_out. mt_active_cmd
mt_cmd
flg. mt @ P mt_fit
flg . thr @ P! thr_fit
fig . tac . ¥ tac thr_cmd P RCS_Throttle
thr_throttle_cmd
fig P rw_fit - -
RCS_OnTime_Cycle f——»@ va_out . thr_for_cmd
flg. ro @——»{rw
VA
Pulse Width Modulator
MNZC_flag

S‘ * R ] b_Earth Pb_Earin T rw_cmd

mag_field_Bd (VS)

4 um T (2
T VA_call_ZC -mag mt_cmd
@

7 P rw_fit
rw_fit
5 } - mag_fit
mt_fit uthr u_thr
thr_cmd
(6 F P thr_fit
thr_fit
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j; V| rtu a| actuator Virtual sensors and actuators for -all-in-one mode AOCS
Technique selection

Convex Optimization
Force Actuat
ctuator
Torque VA i i LUTRU + TU+1(h heet) "W (h = h )+1(f BU)"L (f - BU) (10a)
min - r - — Are! — Ire - - - a
State aCtIOnS Ue Rn, he R”R 2 2 f f 2
Trade_off s.t. u; " <up <wup, ie{l,---,n}, (10b)
High-level perspective: hj=hoj+At-uj, je{l,--- ,ng}, (10c)
A Abstraction layer W<y < B e (Lo ng). (10d)
A Actuation provider "Q | Command (Force and Torque) 'Yy i) | Weighting matrices
A Actuator manager 0 Actuation variables Q Current stored momentum in RWLs
Q Stored momentum in RWLs 30 Control time step
Specific: Q Reference preferred 6 I Control constraints
momentum
i N Q  HQ RWLs momentum constraints
A Generic. 0 Force and torque control
A Implement FDIR functionalities. matrix
_ Achievable objectives with the selected proposal :
A Autonomous and independent.
. 1. Optimal allocation of command while using the cheapest actuator available exploiting null space.
A Flexible.
A Real fi 2. Error minimization in case commanded torque/force is not feasible
eal ime.
o 3. Autonomous continuous RWLs desaturation.
A V&V compatibility.
A Extraf i lit 4. Autonomous management of failed actuators  to provide commands with minimum error.
Xtra tunctuonalties.
5. Hybridization .
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- Virtual sensors and actuators for -all-in-one mode AOCS
@ Virtual actuator . |
Generic formulation

Developments for computational load reduction: General VA problem formulation:
A Stored momentum variables removed using equality constraint.
A Momentum and torque saturation bounds merged into a single (RWLs- a Q¢ B() @ (I)(’)r]
wise) constraint. N S
A Actuation variables normalized to avoid numerical issues and ease the igs p o pn (0 "M
tuning process. T 6 pn CY'ON
A Cost function grouped into quadratic and linear terms to be updated . (Q Q . ) . (Q Q. o
with inputs. aw o5 h p 60 anQ Tf’p n (Y ali)N
A Constant parts of the cost function removed. ' '
A Separation in torque and force contribution to ease tuning with:
T @R O 0 Y Y 808Y Y bO8Y Y ooY[(;)T ;‘]m’“v
R LY [ IS R S O EPTY B EERscer . . ) 06 1w
i (wJ)LF] g W Yu 0Y (0.0]0) [ wY N
: W+ <« dF <« ° - = n
o(dia ) w E m
. . e E é€ E 1
oo ) om R e
I 1»0 vkt <« oTHIFTHAC - s °
00 T Tt E T
é(dia )
Qe Q
I+« rteto-cRy
gl 0 ) —uel 2 Jg
) QdQl Q )l
‘I o HHO wm < .-D
T=F0 <mmthavY 0
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@ V| rtu a| actuator Virtual sensors and actuators for -all-in-one mode AOCS
VA tailoring for ALTIUS mission

Sketch of dual frequency adaptation, cost

ALTIUS tailoring adds to the generic formulation: function also modified for synchronization:
A Dual frequency adaptation for thrusters ( 1 Hz), magnetic torquers ( 1 Hz), and reaction wheels ( 4 Hz). VA works
at 4 Hz switching between two different formulations depending on the cycle. ~— Problem 1
A Reaction wheels zero-crossing minimization encouraged by use of non-soft cost and preferred working region.
. Problem 2
A Actual torque -momentum constraint envelope. / -
sNeoN Nelelol NeloNal NelNoNeN |
Time
| _ 1
~ min U HU+U+ =y Dy+dy (19a) L —
U,eR"yeR" 2 Reaction —_— Lo
Wheel T o ——
st g-(hoj) < 0 < gu(ho).  j € {1+~ . ng}. (19b) peation | {4 T
~1<@ <1, i€{ng+lo gty (19¢) Toreer
Actuation
O0<u; <1, ie{ng+ny+1,--- ,ng+npy+nr}, (19d)
Thmstgr
viz0, Je{l,--- ,ng}, (19¢) Actuation
hre ] max — hre ] .
- LN iy -y € gy~ heele € {1 ng) (19f) , _ _
|fres ] | |Are] Implementation of the actual torque - Implementation of soft constraint for zero
pun _ h()' . . . .. . . .
¢ (hoy) = min (max( i <1t (o - hm)),o), Fetl g, (9) momentum constraint: crossing minimization:
un
J
. ?mx —ho j . 0.03 - I ; . = E i
g+(hg;) = max | min m—m,l,l—m(hgj+hm) O, je{l,---,ng}. (19h) £
u" z
J 2
Ar - ™ gy (h(” _ hmﬂ] é u.ou;;: ] g
ERUXIVTIS il E
g 3 | i >0 i =0
pl 1 . max 2 max 2 (-=r—fTLB+ & g | " !
H=R+B LB+d1ag((At«ul Y wi,eee (A u™) w,,R,O) ‘Bl
AL W (hong = Nrefng) 7 — tan(a) T |
0 e —hu B 1 @
11 -0.4303 0 0.4303 11 0 Jnin he. h.,.‘. . Joes
Momentum (Nms) Momentum b )
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@ PrOS & COnS Virtual sensors and actuators for -all-in-one mode AOCS
Virtual actuator (VA)

V  Autonomy x  Complexity of (first) design
V  Hybridization and control allocation x  Needing of dedicated SW
V  Flexibility x  Convexity limitations (not with respect to classical
V  Optimality (performance) approach)
V  Actuator constraints consideration x  Computation cost (real -time, but higher than
V  Full envelope exploitation (including torque - classical approach)
momentum relation)
20 Intel 19 3 GR740 - Tntel 19/GR740
V' Null space management [ O R R e
) ) 18 18 } QR bos |
V  Continuous desaturation . 25 ) 5 Ot
V  No mode dependency (but adaptable to modes) 14 ;—' | R o
V  Fault robustness S0 o ] gl2r o ?
3 = . % I o
V  Error minimization for unrealizable commands ge B 2l £
= 8 F ‘6 8+
V  Reusability and ease of use (already being used in . : 1 S ol
other SENER projects) ) pol % .| é é ol
V  Scalability and extendibility 2 % 2
V V&V reduced thanks to reusability 4 B ¢ b "4 B ¢ b A B ¢ b
V  Modularity
V  AOCS . ducti Fig.13 Computational performance for the ALTIUS benchmark problem obtained with the customized solver:
SR BlRt el (A) nominal 1 Hz cycle, (B) nominal 4 Hz cycle, (C) degraded 1 Hz cycle, and (D) degraded 4 Hz cycle
bV}
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- Virtual sensors and actuators for -all-in-one mode AOCS
@ Guidance
Guidance proposed architecture

Configuration Manager
»| Configuration Manager scheduller |—

Events, Failed units ...

VS inputs:
A Propagation of spacecraft (and target) position and velocity . Guidangfscirfglrjoagessmg g
£, w(t), re(t), vilt), d !
A Current spacecraft, Sun, and RWs states r(t) v(t),relt) wa(t), ds Mode

re(t), ve(t)

Configuration Manager (CM) tasks:

A Select target (scheduler/ground command) or send direct -
inertial/Earth target

A Guidance Preprocessing Block (GPB): Computes autonomously target
for PE

AV
Pointing Engine (PE) tasks: :|—> Virtual Sensor (VS) »|  Pointing Engine (PE)

o, o, hogwe q, Ty W

A Based on onboard optimization dg,r(t) x ¥

Direct commands VS GPE selector
0:(t), Oy(2)

h 4

A Generates smooth guidance feedforward profiles in terms of
guaternion, velocity, and torque

A Generation (optimization) triggered by configuration manager (e.g.,
target change) and/or execution of previous profile

do

A Continuous smooth profiles (avoid control jumps) accounting for A Guidance of the GNC is reduced to the PE
system and mission constraints A The GPB collects the mission targets, becoming the mission-
A Target agnosticism dependent block that interacts with the all  -in-one AOCS.
A Acquisition (slew) + tracking merged A The GPB can be updated during mission without changes on the

GNC.
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- Virtual sensors and actuators for -all-in-one mode AOCS
@ Guidance
Guidance Preprocessing Block

Configuration Manager

»| Configuration Manager scheduller |—

@ Preprocessing |

. o o W\ \ o ‘ : " Elock (GPE) [
A Generates two target directions ( 0 (Oh) 0)in rl8): vithre(t). val2), ds \ ” ode

Events, Failed units ...

: : . . 1(£), ve(t)
inertial frame (original guidance frames removed)

L i . Direct commands VS GPB selector

A Not necessarily continuous ’ 05(t), 04(2)

A Not necessarily feasible 04 (t), 0,(t) AV

A Receives required information from VS(current Y
implementation) / Ground (potential enhancement) [ ] vraisensorvs) »|  Pointing Engine (PE) comol  |——{ |

o, o, hogwe Gy Ty
dg,r(t) ) H Yy

h 4

A Can be updated without affecting the GNC

A For the same platform, this is the only block that o
need to be changed for different mission profiles
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- Virtual sensors and actuators for -all-in-one mode AOCS
@ Guidance strategy
PE tal|0rlng fOl‘ ALTI US m|SS|On Note: This tailoring is yet generic and can be used in many other missions

Sequential Convex Programming (SCP) + lossless

tial P | 108 Pyt 2ronn
COI"IVGXIfIC&tIOI"I on pOIﬂtlng constraints and objectlves C C

Inital Guess

1

Dynamics Optimize
Linearization Subproblem

A

Solution
Satisfy Linear
Dynamics?

Yes

Unique non-convexity

Reduce Trust
Region

O ] n n Quaternion of body frame w.r.t.
) . Update Trust 4 > inertial frame
“ Update Dynamics |« Region e Convergence? _[—8 —
1 Spacecraft angular velocity in body
i frame
S T ‘? 08 t Control torque
Solution found ST 3 current
( > 05 Py "\ T ‘0 Inertia matrix
04 £ f ‘\‘\\ 1 - :giﬁi W
A TR Q RW stored momentum
Achievable objectives with the selected proposal : ALTIUS velocities envelope PR — —
nhhQ Initial conditions
1. Autonomous trajectory generation for acquisition and tracking. 0015 E Stage in the horizon
2. Pointing constraint consideration, target tracked only if feasible 001 Horizon length
. : , 0.005 OhoRY | Weighting matrices
3. Reference frames removed . Guidance works in Inertial Frame. | -
’ “Yh Matrices for pointing constraints
4. Flexibility to different target and operations. -0.005 S RW actuation envelope
-0.01
5. Agility exploitation, actuation envelope considered in generation. “Y Ak | Magnetic torquer actuation envelope
-0.015
6. Modularity and compatibility with single mode AOCS. wm Y Thruster actuation envelope

0. ! »
w, [rad/s] w, [rad/s]
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Virtual sensors and actuators for -all-in-one mode AOCS
@ Pros & cons
Guidance

V  Autonomy in trajectory generation x  GPB needs to be designed for each mission
V  Unique guidance frame: inertial x  Conservatism in actuation constraints for
V  Agility exploitation modularity
V  Explicit consideration of pointing constraints x  Performance hindered by single mode
V  Prediction capabilities, relaxation of requirements on schedule implementation
V  Continuous smooth profiles, jumps avoided for control x  Computationally expensive
V  Autonomous generation of feasible feedforward control actions x  More work required in blinding constraints
V  Adaptation to HW availability
V  Mission extendibility, straightforward addition of targets
V  Monitoring of unavoidable blinding events, minimization of
exposure
V  Target robustness, i.e., priority of constraints (tuneable)

V  Reusability and flexibility to different constraints
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Virtual sensors and actuators for -all-in-one mode AOCS
Control

Design approach (1/2)

W———» —» 7
G
A Asingle-mode AOCSrequires a control solution which is capable of reconfiguring and/or adapting to o h, K,
different operating regimes without jeopardizing stability and while maximizing tracking and
disturbance rejection performance aswell asrobustnessto uncertainties . - h, Ko
A Several techniques were investigated such as linear parameter varying (LPV) control, classical G
adaptive control, and fault -tolerant and reconfigurable control. - <
A Systematic control design and analysis for these approaches is most adequately done within the LFT -
framework with a direct connection to the powerful robust control methodology. | nifed contrel lock
A This framework offers the means to provide (global) guarantees for stability, robustness and
performance which is highly relevant for a single-mode AOCS W z

A Specifically, it was traded-off that the best way forward is:

o To design controllers for specific tasks (e.g., slewing, pointing, safety)
0 Subsequentlyinterconnect them via an intelligent switching scheme.
o Canbe done by meansof the Youla-based control switching approach

o Allows to re-parameterize controllers 0 as 0 W0 , to obtain the control switching scheme 0
OWOwthdo | 0 | 0O E | 0.

0o Here Wdenotes the star product between 0 and 0. The advantage of this approach is that the
control switching schemeis guaranteed to be stable for any| ~ [rip], B | p.
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@ Control

Design approach (2/2)

Design and reparameterization

3 controllers were synthesized: 1 for slewing, 1 for pointing (science), and 1 for safety.
Reparametrizing the controllers into the Youla domain proceeds as follows:

A Let'O | (6MMRO) with (6F5) and (6FY) are stabilizable and detectable .

A Compute the coprime factors 'O 00 00 h which satisfy the Bezout

identity
(% uw)(ﬂ 5 ©

A Note: All 8 transfer matrices are in 'YO . Canbe done with IQClah

A Now possible to obtain an entire family of controllers that internally stabilize "Q,
. RN 0 0 \.=
0 (W LDV LUV (0 B )WU8

A Here 0 can be any transfer matrix in YO . This is the celebrated Youla
parameter.

A For a give controller 0 that internally stabilized "Q even if U is unstable, it is
possible to obtain an 0 and O through the coprime factors of 0 “Y ®» 8

A Thenthe Youla parameter can be taken as
0 (@Y @) 07Y O w) (0 @ 6o 0)
A For the three designed controllers (0 , U , U ). These can then be

reparametrized as described above to obtain the unified controller 0W
¢ 0O | O | 0)withB | ph| 8
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Virtual sensors and actuators for -all-in-one mode AOCS

4
D

Wzl Zyy

|=;

Wzg Z3y

Implementation

A Implementation is straightforward, not different from the
implementation of any other linear controller .

A Switching between controllers is taken care of by an internal
function and based on size of control error and guidance angular
rate. The safe controller is activated if the thresholds are
exceeded. Every transition is done smoothly.

A The control block also includes a feedforward compensator as
well asa 36 controller .
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Virtual sensors and actuators for -all-in-one mode AOCS
@ Pros & Cons
Control

V  Systematic and task specific design approach with x  Somewhat Higher order controllers (in terms
guarantees for performance based on "O -synthesis and of states)

robustness analysis techniques x  No flight heritage (although the
Systematic integration of different task specific controllers implementation is just a state -space)
based on Youla-parameterizations x  Dedicated knowledge required

<

Smooth switching between configurations/tasks
Guaranteed stability during switching

Possibility to perform robustness analysis during switching
Light on needed resources for implementation

Can be integrated with fault tolerant control schemes
Availability of powerful techniques and tools

<K <K<K <K<K LKL

Compatible with powerful V&V approaches for certification
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@ Configuration manager

Design summary

The all-in-one AOCS requires a manager capable of ensuring an autonomous and continuous performance of the
system by means of the following tasks:

A Information manager : Receive information from VS, GUI, CTRL and VA, and manage it to determine system
status

A Status checker: Continuously check sensors and actuators availability

A Target scheduler: Autonomously command target considering received timelines and current availability status
A Pointing performances: Provide required data for performing autonomous attitude control and pointing

A Safe configuration triggering:  Autonomously determine if the spacecraft should go into safe configuration.

The achievement of these functions is due to a flags -based structure:

0 Readinessflag (GUI+CTRL)triggers target pointing considering GUl status and current CTR

o HW availability flags (SEN& ACT) determine operative status of units by comparing OBCand ground
station status sources

o0  Systemconfiguration flags (VS& GUI). command system configuration

Task selector function schedules and sets the operation configuration given a timeline of desired targets and
performances. Two types of timelines are allowed:

4JAO0QAO 4A0QAODS 4A O QA 4A0OQAO 4AO0QAODS 4A O @A
4EI Al PITAETOET BT ETOENTE 01 ETOEINL 1 O4ET Al 18I GAA OEIT A O A OWEIT & 3 O A OGEI| AC
’ Ya Va 8 Yo

Yo Yo 8 Yo Yo Yo
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0
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Virtual sensors and actuators for -all-in-one mode AOCS
@ Pros & Cons

Configuration manager

Operational:

V  Replaces modes by tasks, providing greater flexibility and
possibility of mission upgrade with new compatible
objectives.

V  Automatic execution of target schedules.
V  FDIR functionalities encapsulation.

V&V:
V  Validated at unit level
V  Facilitates testing and V&V of the rest of the system.

Reusability:
V  Can be extended as required.
V  Can be reused as a framework.
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Operational:

x  Complexity of FDIR operations limited to compatibility with
the all -in-one AOCS architecture, i.e., limited to target
request and reconfigurations.

V&V:
x  Response needs to verified at system level.

Reusability:
x Interfaces with the rest of the GNC shall be maintained.

x  Missionization requires more work than just
parametrization.
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@ TeSt rESUItS Virtual sensors and actuators for -all-in-one mode AOCS
Summary of test campaign

A Simulator development

A Test campaign (8 tests):
o PERFO01l: Maneuverability and pointing performance during limb -looking activities (100 sims, parametric perturbations)
o PERFO02: Maneuverability and pointing performance during occultation observations (100 sims, parametric perturbations)
o PERFO03: Propulsive manoeuvring performance (200 sims, parametric perturbations)

o LEOPOl: Detumbling after launcher separation (50 sims, parametric perturbations)

o FDIRO1: Robustness to sensor outages/failures (1 sim)
o FDIRO02: Robustness to actuator outages/failures during science (1 sim)
o FDIRO3: Robustness to actuator outages/failures during propulsive manoeuvres (1 sim)

o FUNCO1l: Functional test for verifying secondary guidance profiles and ancillary services (100 sims, parametric perturbations)

A Next: Selected overview of results and comparison to ALTIUS mission
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@ Simulation environment

I AOCS-ONE Simulator
Design summary
AOCSONEsimulation environmentis basedon DSHDesign& Simulation e e
Facility),an in-housetool for supportingthe designand developmentof R |—’- - R
simulationenvironments Themainfunctionsit providesare: - | -
0 0ng . . dke_oul
A Anintuitive modetbasedframeworkbuilt uponvalidatedmodels >
7 “‘ - ac_ou
A Implementationand customizatiorof different usecasesor scenarios -/ o
A Flexibilityto customizeinput and output profilesfor eachmodelands - R .
cenariofor tailored and precisesimulationresults e .m
A Runningscenariosn normal/accelerator/rapidacceleratormode -
Design & Simulation Facility (DSF)
A Executingoatchesof simulations either individuallyor in parallel,to o ‘ oo e E oo oo e e,
ptimize efficiencyand streamlineoutputs AOCS-ONE main model ’a
. . i i . . . -Inputcase#1 : ( B :
A RunningMC simulationsby adjusting specificinput parameterswith ‘ =3 o [w ] ; | i
targeteddistributionsfor preciseand optimizedoutcomes @ ACT DKE }
i > 4 SEMERIC GNCLab SENERIC GNCLab :
A Flexibility to implement customized post-processingfunctions for [ case 42} - models ’ [ models e
H CTRL
outputs analysis : senERic anclap ™
To streamlinethe developmentof the simulation environment, validated (—"
modelsand functions were used, ensuringefficiencyand reliability in the SENER.{‘jEFCLab b
designandtestingphase e ; ___________________________________________________ )
3 &
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@ Test results and comparison with baseline
Some notes on functional performance

It was argued that a single -mode AOCS requires a 3-axis stabilization strategy (mostly to ensure a genuine single  -mode AOCS architecture)
A We developed a different safe mode that relies on 3 -axis stabilization rather than the Bdot modes that are considered in the ALTIUS AOCS.
A Likely possible to include spin -stabilized solutions too (potentially at the price of having a less genuine single -mode AOCS arbitecture).
Also observed limitations of the single -mode AOCS during the rate -damping after launcher separation
A The single mode AOCS always tracks attitude errors, and not rate errors. Makes rate damping with initial rates of 5 deg/s dif ~ficult.
A Also, here likely possible that the solution can be generalized to include a proper rate damping functionality.

The single -mode AOCS is highly flexible in terms of configuration management, and reconfiguring to any HW availability. In the b aseline
AOCS, this would potentially require including additional modes to be able to cover the same functionality

A This makes the single-mode AOSC very robust to HW failures. It was demonstrated that the single -mode AOCS could continue to operate in
severely degraded scenarios. This is further addressed later.

A This increases the autonomy of the system.
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;@ Test results
Detumbling performance (LEOPO1) wa | | | | | ]

A Due to the 3-axis stabilization constraint, the initial tumbling

velocities were reduced from v A ATCto p A ATC o | | | | | i _

;%02 -

A The AOCSONE successfully detumbles the SC without using THRs, "o —— T —— S
although the RWL torque commands start to saturate they reach '
normal levels once stabilized and the VA manages to desaturate the w l l ; :

wheels once the velocity is reduced.
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@ Test results and comparison with baseline

Tomography modified

Tomography

OLL

PLL South

PLL North

LLL5°toV

LLL

LLL5°to-V

RLL

FLL

BLL

Agility (slewing) performance (1/2) (PERFO01)

Achieving agility requirements was equally challenging for both ALTIUS baseline and AOCS ONE designs

PERFO01: Configuration manager commanded target
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@ Test results and comparison with baseline
Agility (slewing) performance (2/2) (PERF02)

p S ST S

Torque RWL#1 (Nm)

Torque RWL#3 (Nm)

VA RWL envelope exploitation in nominal simulation

Torque RWL#2 (Nm)
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Guidance trajectory with 4 (blue) and 3 (orange) RWLs available

FOM44: Guidance quaternion profile
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@ Test results and comparison with baseline
Pointing performance (PERFO01)

A The (AKE, APE, RPE) pointing performances are also similar.
A The difference was in the considered STR noise levels, baseline [0.9,1.6,13.5] arcsec and AOCS-ONE [3,3,30] arcsec.

A Did not perform an exhaustive tuning of the single -mode AOCS> Primary focus was functional performance. A dedicated fine tunin g with
the correct noise levels would yield similar results.

PERFO1: Nominal simulation attitude AKE PERFO1: Nominal simulation attitude APE PERFO1: Nominal simulation attitude RPE 1s

FOM21: Estimated attitude error (AKE) FOM25: Attitude performance . FOM26: RPE 1s attitude error + requirement
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@ Test results and comparison with baseline
Fuel consumption

There is no relevant difference in terms of fuel consumption:

A This is because of the thruster layout (i.e., there are only 4 thrusters located in the x-y plane)
A However, the VA minimizes the fuel consumption by design.

A Hence, even if there is no noticeable reduction in fuel consumption with respect to the benchmark mission, there would be a p otential
improvement for missions with more complex thruster configurations.

A Moreover, the VA is a generic solution that can be easily adapted to any mission, which would reduce the engineering effort.
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@ Test results and comparison with baseline
FDIRO1 dsensor outages (1/4)

Description
Test sensor outages

1. Reach a Limb Looking attitude
and with full HW availability.

2. At O z 0 resp.inject
(cumulative) outage for: STR1,

1, IMU-2.

STR2, STR3, GNSE GNSS2, IMU-

ALTIUSbaseline response

A
A

The AOCSeaches Limb Looking mode

Once the 39 STR fails, the attitude is
propagated for about 1min, then a safe mode
reconfiguration is triggered (augmented Bdot
algorithm) .

As GNSSnd IMU are not used in safe mode, the
outage does not have any effect .

Assuming the S/C is put back in Limb Looking
mode after the safe mode reconfiguration, the
GNSSoutage would result in on-board orbit
determination to switch to TLE (as long as TLE
age is not exceeding ~2weeks).

The IMUoutage d o e shave &a noticeable effect
in Limb Looking mode (if STRare available).

AOCSONEresponse

A The AOCSeaches Limb Looking mode

A Once the 3 STRfails, the safe configuration is
triggered which meansthat a slew is performed
towards the Sunbathing frame (SBF)

A Subsequently, also the GNSSsand the IMUs
become unavailable.

A The VS then continues operating by means of

the SAS, MMs and TLEs for attitude and
position/velocity determination in combination
with the propagation model that is embedded in
the VS
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@ Test results and comparison with baseline

F D I RO 6 t (2/ ) FOMO2: Sensors availability flags
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@ Test results and comparison with baseline
FDIRO1 dsensor outages (3/4)

FOM21: Estimated attitude error (AKE)
2 T T T =

x (deg)

y (deg)

-05—

z (deg)
o
I
|

4= | | | | | | | | —
1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s)

> odh a N o
» < P«

(%)
X
*

Mg s

42 ¢ sener @Rreowire

The copyright in this document is vested in SENERAeroespacial S.A. This document may only be reproduced in whole or in part, or stored in a retrieval system, or transmitted in any form, o r by any
means electronic, mechanical, photocopying or otherwise, either with the prior permission of SENER  aeroespacial S.A. Or in accordance with the terms of ESA contract no. 4000140236/22/NL/MGU.



@ Test results and comparison with baseline

FDIRO1 dsensor outages (4/4)

FOM23: Estimated position error
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@ Test results and comparison with baseline
FDIROZ2 d actuator outages during pointing (1/3)

Description
Test actuator outages during pointing

1. Reach a Limb Looking attitude
and with full HW availability.

2. At 0O z 0 resp.inject
(cumulative) outage for: RWL -1,
RWL:2, all MTs.

Note: Thrusters can be used for
attitude control.

ALTIUSbaseline response
A The AOCSeaches Limb Looking mode.

A Oncethe 1st RWLfails, it continues operating with
the remaining 3 RWLs

A After the second RWL failure, safe mode
reconfiguration is triggered by system FDIR

A Two options exist:

o either the remaining two RWLsare a valid
set to support safe mode, or they are not.

o In the latter case, safe mode reconfiguration
will fail and an OBCreboot will occur. Upon
repeated failure to enter safe mode, an OBC
lane switch-over will be commanded. Upon
persistent double RWL failure, mission will
be lost unlessground finds a solution.

A Assumingsafe mode is recovered with 2 remaining
RWLs,the MT failure will trigger a new safe mode
reconfiguration with the redundant RTU/MT caoils.

AOCSONEresponse
A The AOCSeaches Limb Looking mode.

A Oncethe 1st RWLfails, it continues operating with
the remaining 3 RLWs

A After the 24 RWLfails, the AOCScontinues using
the 2 remaining RWLsin combination with the
THRsto realize 3-axis stabilization .
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@ Test results and comparison with baseline
FDIRO2 d actuator outages during pointing (2/3)

FOMO1: Configuration manager commanded target FOMO3: Actuators availability flags
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After RWLA and RWL#2 failed, the system switches to Sunbathing frame, which is successfully acquired by using the remaining 2 RWLsand
the THRs
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@ Test results

FDIRO2 d actuator outages
during pointing (3/3)

A After RWLA and RWL# failed, the system
switches to Sunbathing frame, which is
successfully acquired by using the remaining 2
RWLsand the THRs

A The VAreconfigures and start using thrusters.
A The APEremains (relatively small)

Note: Canonly be sustained for a short period due to
limited fuel supply

Note: Usingthrusters implies propulsive action in this
benchmark.
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@ Test results and comparison with baseline
FDIRO3 d actuator outages during propulsive manoeuvres (1/2)

Description ALTIUSbaseline response AOCSONEresponse

Test actuator outages during

T

1. Reachaw attitude with full HW

availability and performa 1@ a fi 3w
manoeuvre

At 0 inject an outage on THR-1 and
perform a T® & Fi 3w manoeuvre
At 0 inject an outage on THR-2 and
perform a T8t W fi 3w manoeuvre
At 0 inject an outage on THR-3 and
perform a T8t W fi 3w manoeuvre
At 0 inject an outage on all 3 MTs
and performa 18t W fi 3w
manoeuvre

The AOCSfirst reaches the FLT frame and respectively
performs the following orbital raises:

1 @& 71 with 4 THRs

T @ m@arfi with 2 THRs(2 valid THRson a diagonal
are used, achievable delta-V before wheel saturation
dependson thruster alignment and CoMlocation)

 m@ta i with 2 THRsor no propulsion (depending
whether remaining 2 THRare on same diagonal)

1 FLT mode is maintained, but propulsion manoeuvre
is not performed

1 FLT mode reconfiguration is triggered upon MT|
failure, leading to switch to redundant RTU/MT
coils, no propulsive manoeuvre is executed

Note that it would be ground responsibility to trigger a
switch-over to the redundant RTU to exercise the
redundant propulsion drivers. This is not done
autonomously on-board.

Short 0.05m/s manoeuvres can in principle be achieved
with a single thruster, but this would be done via

dedicated ground commands

The AOCSfirst reaches the FLT frame and respectively
performs the following orbital raises:

1 m®& fi with 4 THRs

1 m®& fi with 3 THRs

T m8t o Fi with 2 THRs

M m8t & Fi with 1 THRs

M 8t & fi with 1 THRs& no MTs

The VAensuresthat the generated thrust is smeared out
over a larger time window in case the RWLsreach their
saturation level.

This differs from ALTIUSbaseline, where manoeuvre is
stopped if APE exceed a certain value due to cluster
saturation to prevent further error increase. The VA,
instead, keep operating without inferring in an APH
increase, autonomously deciding thrust times and
desaturation times basedon cluster status.

Alternatively, the RWLscan be desaturated first and
then perform a 3w manoeuvre with sufficiently limited
magnitude to prevent RWLsaturation .
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@ Test results and comparison with baseline
FDIRO3 d actuator outages during propulsive manoeuvres (2/2)

FOM45-48: AV magnitudes (m/s)
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Propulsive manoeuvres are performed with 4, 3, 2, and 1 THRsrespectively. For the last manoeuvre with 1 THRthe RWLsare already nearly
saturated. Then the VAsmearsout the execution over a longer period. Alternatively, the RWLcan (should) be off-loaded first .
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FOMO06: Configuration manager actual state
Achieved target flag
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Ancillary services: acquiring targets 1 ST S |
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Virtual sensors and actuators for -all-in-one mode AOCS
@ Test results
Ancillary services: pointing performance

FOM21: Estimated attitude error (AKE)
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@ Test results

Ancillary services: flyby predictions

Flybys:

1. Kourou @~3000s for ~500s eclipsed

2. New Norcia @~6000s for ~500s illuminated
3. Kourou (predicted)
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FOM29: Prediction of flyby of ground stations
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FOMB38: Target flyby predictions for Earth target pointing and ground station contact
Target position prediction
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@ Test results

Ancillary services: crossing predictions

FOM27: Spacecraft eclipse enfry and exit
Eclipse entry prediction

Eclipse exit prediction
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FOM28: Conventional day entry and exit

Conventional day entry prediction
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