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The Rendezvous Mission
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Space Rendezvous

target station mating (docking or berthing)

_ _ structural connection
insertion into structural latch interfaces
achievement of rigid structural connection

7

. capture .
prevention of escape of capture interfaces
attentuation of shock & residual motion

/

close range rendezvous

Chaser S/C

Phasing
orbit

final approach
_approach to capture point
achievement of capture conditions

o
closing
reduction of relative distance to target
acquisition of final approach line

/I

far range rendezvous
transfer from phasing orbit to first aim point
in close vicinity of target, relative navigation

i

) l?hasing
reduction of orbital phase angle between
chaser and target S/C, absolute navigation

X

~_ _  launch
injection into orbital plane of target
achievement of stable orbital conditions

Target S/C

Launch

ground

Target orbit

Image credit: Fehse, W., Automated Rendezvous and
Docking of Spacecraft, Cambridge University Press, 2003
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Rendezvous Applications

Indirect ascent planetary landing

Modular space station construction, crew rotation, and re-supply

In-orbit servicing Active debris removal
Small celestial body exploration . :
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Prediction Model
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Prediction Model

MPC model must come from first principles

Unperturbed dynamics:

—

M We wish to control the

Target S/C

Chaser S/C

Phasing

orbit

N
Launch

Target orbit

2. No general closed-form solution for F # 0

Linear time-invariant (LTI)
state-space system
(zero-order hold)

ry = ——%r target . iy
¢ e k (target) relative position T m F
L F S=Tr.—T ! SR B L
i. = ——5r.+ — (chaser) ¢t ¢ ¢ ¢
c Me | r; known
where Two issues:
1. Dynamic model is nonlinear
e r.: target inertial position w.r.t. Earth CoM
e r.: chaser inertial position w.r.t. Earth CoM Solution: linearise about s = 0 (r. ~ ry)
. - C ~ .
e 4 standard gravitational parameter
: X = Ax; + Bu
e F: input force from the chaser actuators el kT &
e m.: chaser mass Clohessy-Wiltshire equations
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Local-Vertical, Local-Horizontal frame (LVLH]

It is convenient to express the relative motion in the (non-inertial) LVLH frame of the target:

* R-bar:toward the Earth CoM
» H-bar: perpendicular to the orbital plane
» V-bar: closes the RHS

(sometimes aligned with velocity)

equatorial
plane

Indra Space
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MPC for Close-Range Rendezvous
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Rendezvous Final Approach

Final manoeuvre leading up to docking

Standard linear-quadratic MPC:

N—
i?glt?;f?j % kg xr — X¢) T Q(x1 — X¢) + u; Ruy
Target S/C subject to Xp+1 = AXy + Buy, Vk € Njo v—1]
V-bar Xy known
Chaser S/C (df — xp) tan v < £z, Vk € Npg,n_1)
ug| < Umax, Vk € Njo,n—1]
XN = X¢

Earth

N: prediction horizon

docking , Q, R: state and control cost matrices
Reaction|control system

port o

dg: final distance

e «: approach corridor angle
® Unax: maximum force

x¢: desired final state
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MPC for Rendezvous Final Approach

Numerical example:
Sped-up x3 * N = 60 samples
* At = 1 second
* n = 0.0634 deg/s (600 km altitude orbit)
* m.= 1000 kg
e a=10deg
* Upax = 5ON
* X, = (20,0,0,0,0,0) m and m/s
* X¢ = (1,0,0,0,0,0) m and m/s

Control variables

T T

V-bar

R-bar
————— Max. control

LVLH trajectory 50

0@

R-bar [m]
Force [N]
1
'\

Trajectory
X Initial pos.

N %  Reference pos.
O

0.5 - 1 Target CoM

- . Docking Port
A Visibility cone

0 2 4 6 8 10 12 14 16 18 20 0 10 20 30 40 50
V-bar [m] Time [s]

=< INDRA Indra Space



Plume Impingement and Contact Velocity

Thruster plume

The previous terminal conditions are often unsuitable:

» Braking very close to the target must be avoided (plume impingement)
Target S/C -[:Ep- -

| |

'é ! V-bar
Chaser S/C

« Some docking mechanisms require non-zero contact velocity to be engaged

Solution:

1. Offset terminal state x¢ along docking axis to avoid plume impingement
2. Choose non-zero terminal velocity toward the target (a few cm/s)

3. Last seconds of docking manoeuvre completed in free-drift .

Target S/C 7

Earth R-bar
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MPC for Rendezvous Final Approach

Change terminal condition x¢:

- m and m/s

Position and velocity

20 T T 0 T T
————— Ref.
Est 1 E005r
= =
8 2 -01F .
Z 000 |2
e 2 .0.15} ]
3 3
S 50 { =
= o -0.2¢ .
—_ 0 1 . ) | 1 _ -0.25 | 1 L ) L
E 0 10 20 30 40 50 60 0 10 20 30 40 50 60
5 0 T T T 0.02 T T T T
= N e I e -
= . Trajectory =) 02t _ E
\\\ X Initial pos. E =R Of---7 -]
05 - s %  Reference pos. | 204} { 2
: A O Target CoM g g -0.02 i
AN = Docking Port C 06 | |
R Visibility cone z ° z
. = S -0.04
1 | 1 s 1 | | | I I i -0.8 1 b —2
0 2 4 6 8 10 12 14 16 18 20
-1 L 1 I 1 L -0.06 1 L 1 I |
V-bar [m] 0 10 20 30 40 50 60 0 10 20 30 40 50 60
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Stability vs. Completion

A typical linear-quadratic MPC ensures the stability of an invariant set (e.g., equilibrium point)

Asymptotic stability (AS):
_ Not the case for the
docking problem!

« Suppose x;is control invariant: there exists uf such that x; = Ax¢ + Bug.

 Xx¢is AS in X for the closed-loop system if there exists f € KL such that vx € X:

No quarantee that manoeuvre is
[Ax + Br(x) — x¢l| < B(llx —x¢l|, k), Vk =0, ... [oo completed within given timeframe

Completion:

« The closed-loop system reaches x; in finite-time.

, i More appropriate to use instead of stability in
* It does not necessarily need to remain there.

some autonomous vehicle control problems!

« Xx;does not need to be control invariant.

=< INDRA Indra Space 19



Shrinking-Horizon MPC

Instead of a Receding-Horizon, we can apply a Shrinking-Horizon (SH).

Receding-horizon:

Horizon attime t + 1
1

Horizon attime ¢t f

v

t+N t+N+1

~ o —
~
+
(U

Shrinking-horizon:

Horizon attime t + 1

Horizon attime t

v

Ensures stability

< INDRA

Ensures completion
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Shrinking-Horizon MPC

LVLH trajectory

R-bar [m]

05

(
0(5-*——//’/—\

Trajectory
Initial pos.

Target CoM
Docking Port
————— Visibility cone

X
%  Reference pos.
(@]

V-bar velocity [m/s]

< INDRA

8 10 12
V-bar [m]

Force [N]

60

40

20

-20

-40

V-bar
R-bar

Max. control [

V-bar position [m]

R-bar velocity [m/s]

Indra Space

25 30 35 40
20 30 40
1 R e
-0.02 1
-0.04 1 1
-0.06 - : :
0 10 20 30 40
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MPC for Far-Range Rendezvous
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Far-Range Rendezvous

In which direction should we thrust to transfer along V-bar given one orbital period?

< INDRA

R-bar [m]

Indra Space

LVLH trajectory
I [ I I [
X Initial pos.
-15F O Target CoM |
* Reference pos.
-10 4
S -
0r * X i
5 - -
10 - .
15+ =
| | | | |
-10 10 20 30 40 50
V-bar [m]

60
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Far-Range Rendezvous

If you said toward the target...
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Indra Space
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Far-Range Rendezvous

If you said toward the target...

LVLH trajectory
I I I I
-40 X Initial pos. .
O  Target CoM
20k %  Reference pos. | |
—= AV
00 *
g
5 20 1
<
o 40 - -
60 s
80 .
| | | I Il
0 50 100 150 200 250
V-bar [m]
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Far-Range Rendezvous

Let’s try the other way then!
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R-bar [m]

LVLH trajectory

-15

-10

04

10

X

@)
*

Initial pos.
Target CoM

Reference pos.

—= AV

cancel out the relative velocity

| | | | | |

10

15 20 25 30 35 40
V-bar [m]

Indra Space
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MPC for Far-Range Rendezvous

What does this imply for MPC design?

Prediction model
« Long thrust manoeuvres not feasible with chemical propulsion.

» Re-parameterize control variable:
Instantaneous change
" invelocity (AV)

Xp+1 = Axy + Bug*

Cost function

We want a fuel-optimal manoeuvre

1 N-1 N-1
5 D (o = x0T Qi — x1) + uf Ry Sy P
k=0 k=0

Total sum of AV
(proportional to fuel consumption)

X INDRA Indra Space
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Receding-Horizon

2500 | LVLH tll‘ajectory

0®:

R-bar [m]

T~ Trajectory
X Initial pos.
%  Reference pos.
O  Target CoM  |~.
. Docking Port “~a
————— Visibility cone

500 | | | I |
0 200 400 600 800 1000

V-bar [m]
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AV [m/s]

Indra Space

0.02

0.015

0.01

0.005

-0.005

-0.01

-0.015

-0.02

Control variables

= V-bar
- R-bar -
————— Max. control
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time [s]

Numerical example:
N = 100 samples
At = 114 seconds
n = 0.0634 deg/s (600 km altitude orbit)
a = 20 deg

* Umax = 0.02 m/s

X, = (1000,0,0,0,0,0) m and m/s

xr = (50,0,0,0,0,0) m and m/s

} 3.15 hours (2 orbital periods)
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Shrinking-Horizon

LVLH trajectory

-500 T

S

R-bar [m]

Trajectory
[nitial pos.
Reference pos.
Target CoM
Docking Port
Visibility cone

500 | | 1
0 200 400 600

V-bar [m]
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Control variables
T

T T

= V-bar
N R-bar T
————— Max. control

1

1 1 1 |

2000 4000 6000 8000 10000

Time [s]

Numerical example:

N = 100 samples } i )
3.15 hours (2 orbital periods)

At = 114 seconds

n = 0.0634 deg/s (600 km altitude orbit)

a = 20 deg

* Umax = 0.02 m/s

X, = (1000,0,0,0,0,0) m and m/s

xr = (50,0,0,0,0,0) m and m/s
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Robust MPC
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Nominal MPC

Nominal MPC

« Considers the nominal prediction model: x;+1 = Ax; + Buy
« Has inherent robustness because of feedback,

« But has no strict guarantees of robust constraint satisfaction.

« Feasibility can be ensured with soft constraints.

X INDRA Indra Space
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Orbital Perturbations

Both the target and chaser orbits are affected by environmental disturbance forces:

+ Gravitational perturbations due to non-spherical Earth
 Atmospheric drag
* Third-body gravity (Moon and Sun)

» Solar radiation pressure

Modify the prediction model to: S
Earth oblateness (/,)

Xi+1 = Axp + Buy + wy,

where w is the process noise, assumed to be bounded in some set or to follow some random distribution.

< INDRA Indra Space 38



Control Execution Errors

Commanded AVs must be discretized and are imperfectly executed due to:

o« Off-nominal thrust level

* Thruster mounting errors

¢  Minimum impulse bit
Initial state
« Uncertainty in spacecraft attitude AVs

« Uncertainty in spacecraft mass

Modify the prediction model to:

Xpr1 = Axg + (B + Bk) Uy + Wg

where B, is a multiplicative disturbance assumed to be bounded in some set or to follow some random distribution.
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State Uncertainty

Measurements have errors, and state is not fully/directly measured (navigation/state estimation):

« The initial condition x, given to the MPC is subject to uncertainty.
« Especially in non-cooperative missions, where relative GNSS is unavailable.

« Relative navigation is based on line-of-sight and (sometimes) range measurements.

Output MPC.:

« Directly considers uncertainty in the state by considering the output equation

Vi = 8k (X, ur) + ng

where g, is the measurement model and n;, is the measurement noise.

Superimposed images from the ARGON
mission at 3 km distance
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Robust MPC

Robust MPC 5
Xk41 = Ax; + (B + Bk) U, + Wi

« Considers an uncertainty model, e.q.: {
Yi = 8k (Xk, ug) + 10y

« Ensures robust constraint satisfaction and recursive feasibility.

« Generally very hard problem, requires simplifications, e.q., Tube-Based MPC.

X INDRA Indra Space
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Robust MPC for Far-Range Rendezvous

Monte-Carlo results in high-fidelity simulator 00 e

MPC-A ~
MPC-B I\
TTTN

— — — - Nominal initial ROE
400
"""""""" Reference ROE
Target spacecraft

600 -

MPC that accounts
for AV errors 200

R-bar [m]
(=}

-200 [

-400 [

H-bar
-600

-800

800 T T T T T

600 [

MPC that does not 400
account for AV errors

200

R-bar [m]
(=]

Walking ellipse trajectories are used to ensure: -200

«  Observability with line-of-sight measurements 0r

-600 [

* Passive safety

-800 . L \ \ .
-0.5 0 0.5 1 1.5 2
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Robust MPC for Far-Range Rendezvous

Monte-Carlo results in high-fidelity simulator

Manoeuvre accuracy:

200 : : . | | | | | | 58
:
01 1 s6f —
150 f - I il it
60 1 M7 [es e N
= E mcy El R g
=} e , Folt ‘o' : |
A, = v — 52r I 4813 . L IS
100} =50 ar - L 3'," |
3 £ L ‘3 TR .|
X 50 I I X 1
sof | . 407 : | .|
48 r I |
|
30 | |
T |
ot . . , | ' : : : : : - S R DR N B
20 10 0 10 20 2000 B 2030 6 4 2 0 2 4
ada. [m] ade; [m] adi, [m]
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Summary and Conclusions
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Summary and Conclusions

MPC for Rendezvous

» Short duration (minutes) * Long duration (several orbits)

» Short sampling period (seconds) * Long sampling period (several minutes)

» Constant control force parameterization * Impulsive AV control parameterization

» Quadratic cost function for smoothness » Fuel-optimal cost function (Economic MPC)
* VH/SH to deal with non-invariant docking condition » Passive safety

* VH/SH to ensure finite-time completion

Robust MPC

Guarantee constraint satisfaction and recursive feasibility despite:
* Orbital perturbations
« Control execution errors

« State uncertainty
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Thank youl!
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