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A global high technology group
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Flight Segment
and Robotics

Specialized Team in Portugal:

« Guidance Navigation and Control
Algorithms

« Integrated GNC+Avionics System
Architecture & Design

« ATB/AIV Qualification / V&V
« On Board Software OBSW

« Integrated Modular Avionics / Time
Space Partition

« Robotics
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Separation is complete

Starts the Orbital phase




VV4RTOS team

Organization
Funding and coordination o
Technical Officer: Dr. Valentin Preda \\&x\?esa
Project Consortium m
Project Manager: Dr. Pedro Lourenco gw
GNC Engineers: Hugo Costa
Pedro Cachim
SW Engineers: Carolina Serra
Emanuel Ferreira
V&V experts: Prof. Pierre-Loic Garoche %ﬁ%&e
Dr. Arash Sadeghzadeh %
Optimization Dr. Gianluca Frison @’
Experts: Jonathan Frey IMTEK®
System experts: Dr. Anthea Comellini ThalesAIgr?a
e SPACE
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Responsibilities

«  Project coordination

« V&V gaps

« V&V, FES, G&C
implementation

*  Support V&V gaps
V&V execution

«  SIL/PIL

En . . Formal V&V expertise
REPUBLIQUE

il (v

Egalité

* «  Optimization theory
&MTEK’ ° Optimization software

ThaIesAIerf%

e SPACE
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he context

Launchers Rendezvous & Docking
Satellites OSAM
Interplanetary missions Active Debris Removal

Space Robotics
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A conservative Industry

Controllers flying over the years
— 1960 1990-2000

1990-2000 2004-2011 1998-2014 —>

<

o\

é K
—
US Saturn V Japan M-V i
o] EU Ariane 5 Plus US Ares-l EU VEGA
Rigid:  PID Rigid+Flexible: Rigid:  Hw Mixed Sen S i o
Flexible: Filters Hwo Mixed Sensitivity Flexible: LQG Flexible: Filters Flexible: Filters
Manual gain-sched. Manual gain-sched. Manual gain-sched. Filters tuned through HManinl gatneched:

Constrained Optimization
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Current and future
trends

New tools being considered New concepts and challenges in space
New space

« Democratization of space, commercial access
to launches, with micro- and nano-satellites

New challenges
e« Cost reduction
« Debris removal

’
v’
’
’
v’
’
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Autonomy
Ground operations are
extremely expensive

Mission
requirements

Innovation
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Smaller payloads
Fewer and lighter
sensors used more
intelligently

More intelligent solutions
Optimization; Machine learning;
Computational GNC



Verification & Validation

Overview

ADR
In-orbit 1
service “
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~§_. )
Visual .¢’ In-orbit
assembly

navigation
D
[}

Orbital Robotics

« Advanced control for
capture & detumbling of
debris

«  Visual navigation &
inspection in-orbit

« Robotic assembly of
large and flexible
structures

+ Roboticin-orbit
servicing & refueling

GNC
closed-loop

platform-art® Contact
|f dynamics
9

Orbital
dynamics

* %

o

&

)

[
Sensor —

Testing Mars

Yard
Lo o

Simulation &
Test Facilities

» Orbital dynamics
simulation for RdV and
FF

« Navigation sensors test

*  GNC closed loop
experiments

+ Contact dynamics (ADR,
in-orbit assembly)

» Planetary robotics test
campaigns
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Final GNC SW
at TRL 5 Level

il

Hardware
in the loop
(HIL)

Processor
in the Loop
(PIL)

Software in
the Loop
(sIL)

Auto Code

Generation

Development

GNC Design

GNC
Prototype
Generation

Model in
the Loop
(MIL)
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SW Validation at

level

“Algorthms Validation at system/mission fevel

Daaresuts
ow

Devebpment
Cotng tasks.

Vav Testing
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oot UGN IBG



Hardware-in-the-loop
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The future of the
industry

Up-and-coming tools and technologies ision Vehicle Management

. . . 3 Formal Autonomy Safe Autonomous
« On-board optl mization Management Decision-Making
« Machine Learning

* Robust G&C - Computational G&C - T
- Image Processing, SDR Trajctory Optimization . Reinfersomont L
« Autonomy

C h a I Ie n g es System Identification and Model Reduction
« Computational cost of the algorithms

* Robustness and stability guarantees Computational GNC
« Efficient and representative V&V

Requirement Translation

to Al

Guidance Navigation Control

Images-to-Actions
Mapping: fusing G&N&C

MPC: fusing G&C
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T—

he project

VV4RTOS

Verification and Validation of
Real-Time Optimised Safety-
Critical GNC SW Systems
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VV4RTOS

Objectives

“The activity aims to define
optimisation architectures, GNC
and real-time optimisation
algorithms, and verification &
validation (V&V) processes that
guarantee safe code execution
under resource and timing
constraints.”
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Verification & Validation

Augment traditional GNC DDVV to explicitly
address iterative embedded optimization
algorithms

Guarantee safe, reliable, repeatable, and accurate
execution of the OBSW

Optimization-based G&C

Consolidate process for fast prototyping and
qualification of G&C SW

Theoretical foundations for optimization problem
posing, discretization, convexification, and
transcription into online-solvable programs.
High-to-low level translation of mission
requirements and interface with certified
embedded solvers



T—

echnical approach

VV4RTOS

Verification and Validation of
Real-Time Optimised Safety-
Critical GNC SW Systems
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Technical approach

I v

Multi-Physics Design

User Modelling and . .
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Complexity

Technical approac

Objectives

Optimization-based G&C Enhanced V&V

Classical Global testing

Abstraction
Application-specifc FES.
Real World NC
P Monitor &
Inputs—— Actuators H Dynamics H Sensors ‘ Pml:l;m Set H Transcription H Optérélll“s:;mn Command > Outputs
P Manager
consTRARNTS
M A N'z_gftti’n‘;“l Planning (7 Itis hard to reason analytitically with respect to mathematical Looking only at inputs and outputs of the system does not
objective Problemt reference ‘' properties in the presence of nonlinear and hybrid effects. A provide enough granularity to detect and explore
oo test-driven approach allows to capture the impact of such particularities of the developed software, especially when it
effects and to verify and validate the complete software as includes iterative algorithms such as optimisation
P‘l{::\‘tpflvllbd?] developed ready for application solvers. The black box approach is also severely

shorthanded in the replication and extension of results
for other applications.

CONSTRAINTS

NL Optimal Control

G
Control desired commands

3NC components.
Pnﬂ;l:tm : Optimisation SOI\'E’I'E-L

RIS

Formal methods allow to validate each
component of the software with respect to
the specifications set by its mathematical
description but also by low level
requirements refined from higher level ones
inerementaly.

Mathematical
specification

o e . . " P— Validated
NLP F Condensing Residuals Algorithm | |\ ‘alidation through Software O The formal validation of increasingly
Opptigﬂle'r:m commands routines computation component Formal Methods Component complex components is not always a

feasible option:

- mathematical specifications may not be
directly reflected in source code components

- the theoretical validation problem may
be unfeasible

In these cases, validating local
components as black boxes through testing
is a good option,

CoNSTRAIYTS
Interior Point
Method

Source code

Algorithm:

Translation layer:
Linearization, relaxation, convexification, discretization, transcription,... Mathematical design and development, numerical software
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Technical approach

Objectives

Mixed Formal and Testing Approach to the
DDVYV of optimisation-based G&C software
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Statistical
methods/tools|

Formal V&V
methods/tools

Numerical
software

Mathematical
tools

Mission
Scenario

’ Heritage

’Requiremenls

Application-specific DDVV

G&C Design
Mathematical Optimal
Modelling Control
Problem Transcription

Discretization

, Convexification

Problem
formulation
LP,QP etc

Coding of
problem setup monitor

Coding of
problem
transcription

Development

Functional
Engineering
Simulator

Validation

MIL tests
Monte Carlo analysis
Statistical Model Checi

(Auto)code
generation

PIL tests
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V&Ved
optimisation-

based
G&C SW




Technical approach

Verification & Validation
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Requirements

Means of
compliance

Page. 21

N
e Guidance & Control problem
e First-order methods vs Interior
point methods )
- - - \
e Identify meaningful requirements
e Mathematical properties of the
algorithms
y,
N

e Classical means: testing
e Formal specification and validation
y,
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ptimization
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Classification

Optimization problems

Problem type:

«  QP, QCQP, SOCP
+ Convexity

« (mixed integer)

Problem structure:
« Dense, Sparse
« Optimal control structure

Problem properties:

 Numerical properties (e.g., conditioning)
« Sampling time

« Availability of initial guess

© GMV Property — 13/12/2022 - All rights reserved

Optimization solvers

Solver type:

First order
Active set
Interior Point

Solver properties:

Page. 27

Speed, accuracy, robustness

Average vs worst case solution time
Single/double precision floating/fix point
Memory (amount, static/dynamic)
Warm start capabilities

Code complexity

Ease of V&V (e.g., theoretical bounds)



Analysis of Numerical
Optimization Software

First Order Methods

(\

Simple and concise code

Many but cheap iterations

Slow convergence to high accuracy
Sensitive to scaling

Need low floating/fixed point accuracy

Existence of practically relevant convergence
bounds

“Easy” to formally V&V

00

<\

Y. Yu, P. Elango, U. Topcu, and B. Agcikmese, “Proportional-
Integral Projected Gradient Method for Conic Optimization,”
Automatica, vol. 142, p. 110359, Aug. 2022, doi:
10.1016/j.automatica.2022.110359.
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Interior Point Methods

U

Complex code (e.qg., factorizations)
Few but expensive iterations

Fast convergence to high accuracy
Unsensitive to scaling (Newton)
Need high FP accuracy (ill-condition)

No practically relevant convergence bounds
for state-of-the-art methods

A Difficult to formally V&V

(N NN

https:/ /github.com/giaf/hpipm g'.
G. Frison, J. Frey, F. Messerer, A. Zanelli, and M. Diehl, e
“Introducing the quadratically-constrained quadratic
programming framework in HPIPM,” in 2022 European Control
Conference (ECC), London, United Kingdom, Jul. 2022, pp. 447-
453. doi: 10.23919/ECC55457.2022.9838499.

anwv



HPIPM Analysis

BLASFEO
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Analysis of Numerical
Optimization Software

First Order Methods

(\

Simple and concise code

Many but cheap iterations

Slow convergence to high accuracy
Sensitive to scaling

Need low floating/fixed point accuracy

Existence of practically relevant convergence
bounds

“Easy” to formally V&V

00

<\

Y. Yu, P. Elango, U. Topcu, and B. Agcikmese, “Proportional-
Integral Projected Gradient Method for Conic Optimization,”
Automatica, vol. 142, p. 110359, Aug. 2022, doi:
10.1016/j.automatica.2022.110359.
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Interior Point Methods

U

Complex code (e.qg., factorizations)
Few but expensive iterations

Fast convergence to high accuracy
Unsensitive to scaling (Newton)
Need high FP accuracy (ill-condition)

No practically relevant convergence bounds
for state-of-the-art methods

A Difficult to formally V&V

(N NN

https:/ /github.com/giaf/hpipm g‘.
G. Frison, J. Frey, F. Messerer, A. Zanelli, and M. Diehl, e
“Introducing the quadratically-constrained quadratic
programming framework in HPIPM,” in 2022 European Control
Conference (ECC), London, United Kingdom, Jul. 2022, pp. 447-
453. doi: 10.23919/ECC55457.2022.9838499.

anwv



Analysis of Numerical
Optimization Software

General conic optimization problem

Conic optimization problem is the minimization of a differentjable convex objective function f
subject to conic constraints:

min  f(z) (1)

z,Y

st. Hz—y=g9, yek, =zel

where z € R,y € R™ are the decision variablse, f : R” — R is a continuously differentiable
and convex objective function, K C R™ is a closed convex cone and [) C R™ is a closed convex
set, H € R"™*"™ and g € R™ are constraint parameters.
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Analysis of Numerical
Optimization Software

PIPG convergence result - essentials

Primal dual gap (optimality)

» Convergence with an order of O(k%) to the optimum, in a primal-dual sense

» L(Z,w*)— L(z*,w) is known as the primal-dual gap evaluated at (Z, )

» Thus, (6) provides an upper bound for the primal dual gap of the iterate pair (2%, w").
Feasibility

» constraint violation is brought to zero with an order of O(k%)
Convergence results are shown for the Z* and (Z¥,@"), respectively.

» convex combinations of all iterates up to index & with strictly increasing convex
combination factors.
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Proportional Integral
Projected Gradient

Implementation
T Bl
General urpose im |ementation Parse solver Parse Generate Preallocate SOLVER Prepare
purp P parameters | > | problem data [ 2] initial guess | >| telemetry | >|ITERATIONS [ > outputs
: 1 T T
min EZ Pz+c'z T I R
s. t. Z€ED closed convex set ' Solver restart —» Step size ] PIPG N Convergence L5 Telemetry | Stopping Ly Prepare next
Hz — g €K ClOSGd convex cone computation ITERATION assessment evaluation iteration
Y
E dy (H’zJI —g) <Hr’ —_q,lu)
| . . 2 - -1
where : PR — [

© D=Dg X XD, can be the cartesian s |
product of n subsets

« K=KyXx-xK, can be the cartesian | _,om update »/primal update |_, :

Dual update

tep in dual ; dient d it B
product of m subcones : et o ol e et convencet| | (p] SR incalsosee [
i H
:
E elay :
.
.
.
:
.
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Proportional Integral
Projected Gradient

Analysis
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iteration #
Al
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Proportional Integral
Projected Gradient

Optimal Control

2

1 =1 1
—sTMs +mTs + (ingrleHXk_,_l + iu{Rkuk

minimize k=0
X1y....XN
+ XLlNkUk + q;‘:+1Xk+1 + I';{:Uk
Up, sUN_—1
s

subject to ®rxp + 'rug + ¢ = Xk4+1, (Dynamics), k=0,...,N -1

Xkt+1 EX;H_l, (State), k=0,...,N —1,
ug € Uy, (Inputs), k=0,...,N —1,
s €8, (Slacks),
H x, + H % + H ", + HYs — g, €K, (General), k=0,...,N—1
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Instantancous cost
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VV4RTOS

Where to now?

& Solverloop

—>

Dual update
step in dual space;
project to polar cone

r 4

Primal update
gradient descent;
project to convex set

vy

Dual update

step in dual space
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VV4RTOS

trajectory {a:(tk)}ﬁ;n,{u(tk) fz’ﬂl

Optimal Linearize
z(ty) Control > —~ |>»| Discretize
Convexify
Problem
\
® SCPloop
parameters
objectives
Optimal Linearize
z(to) Control .~ > Discretize
Convexify
Problem
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Convex
Optimization
Problem

Convex
Optimization
Problem
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Solve

reference

Solve
®

Select
1st

—» command




/ Guidance \

/ Controller \
Actuator Management
Solver . Real System
iteration > Solver | Allocation Sol
|—‘ iteration - setup  Soiver P Actuators [—» Dynamics [» Sensors
iteration L
- )
s Real
SCP —ref»Error—>»{  Control —>
: System —|
w
c
i)
3 .
5 .
= MPC -y rea
®|: System —|
time :
® sSolverloop ref—>»lEmorl»l  Control 5| Allocation | - SRcial
® SCPloop : ystem —|
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Imagination Innovation Technology Customer Hard

Thank you

Pedro Lourenco, on behalf of the VV4RTOS team
palourenco@gmv.com

®
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Team Passion for
Work




