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Introduction | study framework

|
Applications of in-orbit servicing

* |SS servicing (crew + cargo)

e In-orbit inspection, maintenance and refueling®
e Interplanetary exploration®

e Active Debris Removal (ADR)"

*Autonomous AOCS/GNC is a key technology enabler

Challenging scenario for GNC: ADR

« Target uncooperativeness

» Targetis often in a tumbling state _ _
> Autonomous rendezvous and capture is required

* Ground estimates of the target state are SUbJeCt to hlgh uncertalnty Notice that the GNC technology developed for this study case can be applied to

. . . . . . . other cooperative and uncooperative rendezvous and capture scenarios with little
* Relative dynamics not compatible with operation via telecommand (even in LEO) tuning required.
~
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Introduction | study framework

|
Objectives of the study

Autonomous rendezvous GNC technology development, applied to a generic LEO RVD study case with an uncooperative tumbling target:

* Optimal offline guidance, including FoV management and attitude synchronization
e Autonomous optical navigation

» Absolute and relative state estimation

» Classical and novel 6 dof control methodologies

Autonomous rendezvous with an uncooperative, tumbling target System Concept Simulator (SCS) ‘

/
e SENER Rendezvous Tool (SERVO)

Environmental and STR q >
bus |sige s Gyrostellar Multiplicative 2.6 | . .
= 5.0 | e aman e v' MATLAB/Simulink SCS for GNC
Offline guidance L %} N‘;:';epra'cgzltls;te : Gngar Alnga ————
(soTB) Chaser SC properties — ACC VVVVVV : 4 INS-(ENdSS Loose Fect Pect J technology development
et rcr Hybridization . . . . N .
Conto — ot | SR ) (G v" High fidelity environment simulation
== o ~ T ] module embedded
= e v Controller alternatives evaluation
> Numerica Relative state
MC generation differentiation Kewi» @rey | Extended Kalman Filter | g, &,
"o ~»(Gperians) p SIS | et v Both the GNC and the SCS can be
Controller PID Urot Xewr Grel . .
=Ry adapted and particularized to the
T Navigation bus k reqUIred RVD Sceﬂarlo /
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Introduction | SENER Optimization Toolbox

-

~

v' Optimization core for SERVO
S E N E R v" In-house developed optimization suite
v" Autocodable MATLAB implementation
Optimizati
p 1mizZation v Interior point quadratic programming solver
T 00 1 v Dedicated solver for linear Model Predictive Control
v Sequential convex and quadratic programming extension
BOX v' Aimed for onboard implementation
\\ v" Focused on optimal guidance and control /
Interface for optimal control: Competitive performance:
- “,'gi nR - %{:r Py + pxx + %'}«'TC}' v Ty+ E 5-‘? Lix+ T xi+ %“.'T Rat; + 1T u; Table 1: Benchmark QF performance comparison of SOTE against @quadprog
o n ‘ Xiot = filxw); Vi=0,. N1, - _ QPsize __ SOTRQCQP . . @qmdpren .
. i ) (# variables | # constraints)  Median # iterations Mean solve time [s]  Median # iterations  Mean solve time |s]
Aixi <bj +J7y, Vi=1,..N, 214 5 0.002 i 0.003
Alw; < B!+ By Vi=0,.,N-1, 2561154 20 0.143 22 0.662
[ T et . P 2401480 8 0.092 6 0.006
3% Qixit(g) xi s e+ (L) ys Vi=lo,ngVi=1..N, 20|80 9 0.010 g 0.003
U T < b (S V=1 Vi = 0. N — 60630 0.43 ot solved ot solved
S Qi+ (@) w < el Uy V= LoonliVi= 0 N -1, ; ;:??:1 '3'?7 f:.ll.ﬁ: ﬁ',: el ﬁ”: o
=0, 571434 35 0.120 Not solved Nert sellved
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Guidance | Trajectory guidance problem

 Dynamic model: Clohessy-Wiltshire-Hill (CWH) equations. Valid for:

= Small eccentricity orbits
= Close target-chaser manoeuvering
»= First-order approximation of the gravitational field

J+2nt = ay = f,/m
F4+n?z=a,=f./m
Clohessy-Wiltshire-Hill (CWH) equations
* Optimal control problem: end-state matching

1 N-—1 1 filzi, us) = Agx; + Byug/m
: , T T
min =~ = (N — Tpefy) PN — Trepy) + g —u; Riu;
iy Wiy 2 ) 2
1=0 04r
s.t. Tip1 = f@ (T, Uq )5 Vi =0, SN —1
las.| < o Yo — N N 1
|b(/?l| _\ U/mamq VU U, P} iV A
L0 = Tinit
with

Trefn — [mfay,f: Zfai’fayfaz.f]T Umazr = IS,IFma:c

. . . - 1T
Tinit — [3307 Yo, 20, L0, Yo, ZO]

Thrust [N]

« Total maneuver time: 3,000 seconds

using V-bar Juidance. .

i —2ny — 3n’r =a, = f./m

—— R-bar direction
—— V-bar direction
H-bar direction

* Total maneuver cost: Avyy,; = 2.11 m/s 12 ' ‘ ‘ ' '
0 500 1000 .1 500 2000 2500
Nyurn [=] 4 6 8 | 10 | 20 | 30 | 40 | 44 Time [5
Avigr [m/s] || 5.79 | 5.03 | 4.50 | 4.11 | 3.04 | 2.52 | 2.21 | 2.11

V-bar classical guidance cost as a function of the number of burns
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Optimal control profile and associated translational trajectory in CWH frame
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Guidance | Attitude guidance for the approach phase: Line-of-Sight management

 Dynamic model: chaser absolute rotational state kinematics and dynamics

Qbi = 5Wp" @ Qi

. = _1 - =

—-bs __ Tc c —bs c—bi
Wy = (Jb) [Lb — W, X ( bW )]

* Reference attitude quaternion generation for LoS:

* Optimal control problem: path tracking (for attitude quaternion)

min 1 /:cq — 7 ’ P /ULQ -z 1 ]%:
Ti s,y 2 K N ref,\;) \ N refw) - 2 ZL_B
s.t. Tiv1 = fi(xyu);  Yi=0,....,N—1

|u1| < Umaa; Vi=0,...,N—1

Lo = Tinit
with

Tinit = [QO,WO]T

wgefN = drefn Umax = IB,le,am

Note: non-linear dynamic model
N i = gl u) = [dus, )T
with
A = 9g(z,u)/0x, B = 0g(z,u)/0u
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[
|\

A(z,u)x + B(z,u)u

Relative position vector Instrument boresight

\ e
cos =7r-U,e=7XU/|F x|
drp = [sin(0/2), cos(6/2)]F 4_)

\(Zk = qk—l by (j;"u

]

T
q a Y\ r (.9 .a \N..Tnp.
J’T@fﬁ,) T Wy R»LUJ'LJ

i~ Tres, ) Lilzi -

0.14
012
01}
0.08 -

0.06 |-

Torque [mNm)|

2500

1500 2000

Time [s]

1000

Or

LoS management problem definition

V. Preda, A. Hyslop and S. Bennani. “Optimal Science-time Reorientation Policy for the Comet
Flyby via Sequential Convex Programming”. In CEAS Space Journal (Apr. 2021).

Interceptor

o
~05F Zl
IS 2 )
s " O(5g;) ~ 10-°
O q4 Il Il Il 1 1
0 500 1000 1500 2000 2500
Time [s]
0.06
=
60 0.04
< %
S, p
002 .
Y Jb
04 ky
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Time [s]

Optimal control profile and associated rotational chaser state (approach)
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Guidance | Attitude guidance for the capture phase: Attitude synchronization

e P

(26"

Optimal control problem: end-state matching

7

l\JI*—'

81

N-1
Juin é(xw — Trepy) PN — Trepy) + ZX; ~ul Riu;
s.t. xi+1=fi(a:i,ui); Vz’:O,...,N—l
Atu; < b Vi=0.,....N—1
Lo = Tinit
with
T

Trefn = [0 O, O, 1, O, O, 0] Tinit = [(JN.app7 wN./app]
A? = [11.3, —11,3] / b%’“ = umamIB,l

=
(IN app — qN ,app ® qN ,app wN ,app T Cf/wa app wN,a.pp

Note: non-linear dynamic model

N i = (2, 0) = [t T = Az, w)e + Bz, u)u
with
A =9g(z,u)/dx, B = 0g(z,u)/0u
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Dynamic model: chaser-target relative rotational state kinematics and dynamics

Torque [mNm]

L5 = [0+ Cope@l]* Je (& + Cop@) | = Cope | I (= 18 Tiir) | = [Copitn] “ @

L
2950

]
3000

1
2900

2850
Time [s]

1
2800

05
wm'

= E 0 \

W S \_// Wl

‘Zb 3 \’/ jb

ky 05} ky
2850 2900 2950 30¢ 2700 2750 2800 .2850 2900 2950 3000
. Time [s]

Time [s]

Optimal control profile and associated relative rotational state (capture)
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Navigation | Measurement model

Relative state measurement

* Rendezvous Camera reflector images processing logic:

} Compute the number of pixels illuminated
Image histogram analysis

Bl Compute the Center of Brightness (CoB)

P o= Zz Zj wijvij ij _ Zz Zj yjIUij
? Zz Zj Ivij ’ Zz Zj I”ij
. ] . s . . | | | | | | | |
B Compute the relatlrve caznera reflector distance i ] j | RKE = e(t) — e(t, A1)
d~ Liside X J . _
[ ] Compute the reflector azimuth and elevation 5 2‘_] ﬁ\l IW M" WA & 2 ” \I \ “ ‘(}
S T SR 1111 1
6= Omax—" = P Z o “me «MI‘ Z 1 w [ } | "‘ | w m‘ MJ U TN
Jat v : 1"""" 1 ”” = U ‘ (Ll i
8 comerecer T
[SE il - | < | | “ | |
Ty /rRve = dcos(qb) cos(9) g 2] “ ‘ H ’ ‘ QEEZ g 2 M | il |
Yt/rVC = d COS(¢) sin(6) 7 —MKEy\ | 2 37 — RKE,|"
. Zyrve = dsin(¢) 4 e s B o RKE
. Compute the relative velocity vector 0 500 1000 _1500 2000 2500 30 s 500 1000 1500 2000 2500 3000
Least Squares Polynomial Fitting differentiation Time [s] Time [s]
v RVC Relative Position AKE, MKE and RKE
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Navigation

Relative state measurement

3D LiDAR target point cloud processing logic:

= Measurement error metric: Hausdorff distance

r AN > )
reX yey

= Pose reconstruction: Horn’s method (quaternion-based)

This

Greatest of all the distances from
Y) sun d(X 1/) 4— a point in one set to its nearest
neighbour in the other set.

280
260

"9 240

[
N
3

200

180
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Hausdorff Distance RMS [mzr

100

80

60

. 9 9 is the general formulation of the ICP
min E lle:s|” = E |70 — sRry; — 70||* 4= methodology. Hom's method solves an eigenvalue-
; ; eigenvector problem to find the best orthonormal fit.

Relative distance = 1450 m

LI—H
20
L «~‘~,\_\ |
i 1
15‘00 10I00

Hausdorff Distance RMS vs relative distance

» Relative velocity and angular velocity: Least Squares Polynomial Fitting differentiation

Initialize the buffer
Fill the buffer with the sensor measurements

Fit an n order polynomial

p(x) « V~1y Vandermonde’s matrix

where —

p(x) = p1x™ + ppx™ T+ o+ ppx + Poyy

B Evaluate the derivative of the measurement
dy < dx(x =y)

where

dp(x) =pnx" 1 +p,(n—Dx" 2+ +p,
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LiDAR Relative Position Error [m]

Relative distance [m]

Time [s]

03
0.2
o L Aot ‘Qri “hu‘ bl U
. Wi ‘
}\ il ‘w i L ““‘AI!HY""M Wl
L
i vl ik
0 | iyt
o1 — AKE, | |
' — AKE,
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0.2 — MKE, | |
MKE,
MKE,
03 ‘ | ‘ ‘ ‘
1600 1800 2000 2200 2400 2600 2800

LiDAR Relative Attitude Error [arcsec]

80
60 - b
40 -
2r m"m "‘ \i l ui ww\
o ""“, i xHhM ]
i 1l i
_20>J Hr v' |
40 - ‘ —— AKERq
——— AKEpiten
wl AKEy,,
—— MKERgoan
-80 MKE[—‘itch -
MKEYaw
-100 ‘ ‘ : : :
1600 1800 2000 2200 2400 2600 2800
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RVC Relative Position and Attitude AKE and MKE

www.sener.es



Navigation | state estimation algorithms

Gyrostellar Multiplicative Extended Kalman Filter

» Objective: fuse GYR integrated angle (high frequency, but subject to drift), with the STR attitude quaternion (low frequency) —
unbiased attitude estimation

INS-GNSS Loose Hybridization

* Objective: fuse the ACC integrated position and velocity (high frequency, but subject to drift), with the GNSS processed position and
velocity solution (low frequency) — unbiased position and velocity estimation

Relative state Extended Kalman Filter

* Objective: fuse the Rendezvous Camera (RVC) and LIDAR measurements — chaser-target pose estimation
* Multisensor, multirate Extended Kalman Filter, with a sequential architecture

uuuuuuuuuu

Zk+1,1 Zk+1,2 2x+1,1
i Propagate state and covariance matrix. Update relative attitude quaternion. Zsan | ! | e
i’;? A f(a'f_,:_l,uk), qr_elk A (jj-—el,k_l © Q(A@;L,k) Pk_ — FkP,;'L_lFE + Qk ”E_k-:-l_,?-. Filter [‘k+1/k+l,l| Filter AN Filter i;izkﬂ'.
Sequentially for the RVC and LIDAR measurements e | Pererd R E
- CompUte Kalman gain -Pkd/hl’GSequential architecture for multisensor, multirate KF e
Ky «+ P, HY (H P, HE + Ry,) ™! ’
L Update delta-state with RVC/LIDAR measurement
Azy  Azy + Kip(2, — HpAzy), with Az =0, 2, = yi, — h(@y,) ( Acwalfcwn, Zown]” + BownucwH
B Full state reset T, = f(@j-p“k) =1 —Wrel X ‘%re!
T, =3, + A:T:ZI ,except ¢, e = Gror i © 5‘1(54);5,1@) l Ay Wpel + By, g,
N
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Control | control alternatives description

- 1
Linear Quadratic Regulator Proportional-Integral-Derivative Controller
« Optimal linear controller for trajectory tracking * Widely used controller for trajectory tracking
« Application limited to LTI controllable systems « Application: linear and non-linear systems
° Tuning: Bryson’s rule + step response ana|ysis o Tuning: Ziegler-NichoIs method (1/4 wave decay) and response analysis
0.0 0% o1 . ‘ . g x10°
El E °f El 005 E 4
E = E / = 2t
g o ——APE,|] & — APE, 2 008 — APE, £ Y] T —— APE, [
D ons ——APE;| | & & —— APE, 7 ——APE, || & " ——APE, | |
e APE,|| 2 s APE, | | & o APE,|| = APE,
_0‘20 560 10‘00 15‘00 20‘00 25‘00 3000 0 560 1OIOO 1500 ZOIOO 2500 3000 o 0 500 1000 1500 2000 2500 3000 'E _40 500 1000 1500 2000 2500 3000
60 06 m 0.1 80
—_ = & =
~ 0.04
ﬁ g o 0.05 E
= 40 o 04l R < 0.02
5 = 3 o
o — 2 0 - = [ i e s S < S
] > < 8
£ 2 T 02 — [AE & < 002} [——APE,
z o ——IAE, o 005F |——APE, APE,, > ——APE,
& < /’ IAE, E — APE,, —— APE,, & 004 APE,
= T T T T | = T T | | |
00 500 1000 1500 2000 2500 3000 00 500 1000 1500 2000 2500 3000 ;:"j _0'10 500 1000 1500 2000 2500 3000 EO _0'060 500 1000 1500 2000 2500 3000
Time [s] Time [s] Time [s] B Time [s]
LQR translational state tracking APE and IAE PID translational and rotational states tracking APE
t
Performance error metrics: APE =e.(t) = 2,y —x IAE = / lec(t)|dt Note: Both controllers operate with a 10 Hz control frequency
0
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Control | control alternatives description

Model Predictive Control scheme

» Based on a quasi-real time onboard solution of the optimal control problem with a shrinking horizon.

« It makes use of the current state of the system and a model for its future behaviour.

* High robustness and nearly-optimal maneuver cost.

Relative translational state

-1000

-2000

-3000

Relative distance [m] Thrust [N]
0.5
; W\
05 'L;I; \
Jb
-1 kb
-1.5
0 1000 2000 3000 0 1000 2000 3000

Relative velocity [m/s]

MPC computational time [s]

N_

0 1000 2000
Time [s]

3000

0
0

1000 2000
Time [s]

3000
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0.8
0.6
0.4
0.2

0.8

0.6

Chaser rotational state

Attitude quaternion [-]

Torque [mNm]

20
[ ]
0 =
1)
-20 .Zb
kb
-40 °
0 1000 2000 3000 0 1000 2000 3000
Time [s]
Angular velocity [deg/s] MPC computational time [s]
i
b 0.15
°
0.1 '
0 ‘l““l“ “Im \ml\l\lhl\ e
0 1000 2000 3000 0 1000 2000 3000
Time [s] Time [s]

PAST FUTURE

< >
< A >
e
/v/ —e— Reference Trajectory
- —e— Predicted Output
e wad Ouinut
A/ red Output
0’/
I
| . .
— Prediction Horizon
< >
| ] ] ] ] ] ] | |
T T T T T T T T T >
«—>
Sample Time
k k+1  k+2 . k+p

Shrinking horizon concept in Model Predictive Control

Reference case: offline guidance

PID controller tracking performance and end-state
residual is aceptable, but its cost is highly sub-

optimal.
MPC provides a superior performance with respect

to the other alternatives, at a nearly-optimal
maneuver cost.

It also provides greater flexibility in the design of the
maneuver and incorporates actuation limitations in
the problem formulation.

iVVJIL AAAAAA /b'

i
Avtot/A'Utot,ref [%]

N/

(8, 00,01 ¢] [deg]

J. 1A, FDd £.01 1

Control alternatives trade-off analysis results



Monte Carlo campaign

MPC controller response to initial relative state uncertainties

Analysis summary

Perturbations:

* |nitial target attitude

« |nitial chaser-target pose
Controller: MPC
Confidence level: 99.73%
Number of samples: 350

Translational state error and 3o envelopes Rotational state error and 3o envelopes

|
Data fusion algorithms response to navigation uncertainties

Analysis summary
= Perturbations:

e GYR + ACC initial bias, SF and
misalignments

¢ GNSS receiver clock initial bias

* GNSS non-deterministic
environmental variables

e Seeds of all stochastic processes

Controller: MPC
= Confidence level: 99.73%

Number of samples: 200 Gyrostellar chaser attitude knowledge error INSS-GNSS chaser PV knowledge error Chaser-target relative state knowledge error

ESA CLEAN SPACE INDUSTRY DAYS, ESTEC, OCTOBER 2022 13 www.sener.es



Conclusions

Key contribution: complete autonomous AOCS/GNC loop for
rendezvous and capture in high-uncertainty scenarios

GNC solution enhanced with onboard convex optimization for
guidance and control and optical navigation for an increased

relative state knowledge.

Demonstrated increase in operational flexibility, efficiency and
robustness with respect to classical approaches.

Technological contribution implemented in a high-fidelity System
Concept Simulator, including synthetic Rendezvous Camera
iImages and 3D LIDAR point cloud generation.

Relative navigation algorithms complemented with classical data
fusion techniques to compensate performance degradation due

to sensor behaviour over time.
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