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o N2 , Motivations & Contributions

U Space is a contested warfighter operational scenario.
U Resident Space Object ID, on-orbit SSA, and multi-S/C coordination are key elements of the new scenario.

0 The ADAMUS efforts focus on solving the following problems (long term)
U Propellant-less relative maneuvering with respect to unknown space objects (cost effective & stealth).

O Increase autonomy by eliminating dependence on atmospheric density forecasts for differential-drag based
maneuvers.

U Build the foundations to design complex multiple spacecraft missions. RT4 (networked agent
coordination)

U This talk shows

U Simultaneous attitude tracking and estimation of the S/C’s drag parameters (drag coefficient and
atmospheric density). RT2 (Adaptation)
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Attitude Tracking & DMD

L Can be attached to standard CubeSats

U Enables the host CubeSat with four repeatedly
extendable/retractable surfaces that allow changing
the experienced environmental forces and torques.

L Changes in the matrix of inertia: Gravity Gradient
Torque (Tgg)

O Changes in the experienced aerodynamic torques

Direction
(Tar)-

of motion
—

U GOAL: use GGT and AT to control the S/C
attitude.

O Dynamics governed by Euler’s law:

Jo+ o+ 0w = T4 + 166

w: angular velocity w.r. t inertial frame

DS3 J: inertia matrix

= D. Guglielmo, S. Omar, R. Bevilacqua, et al., "Drag De-Orbit Device - A New Standard Re-Entry Actuator

for CubeSats", Journal of Spacecraft and Rockets, Vol. 56, No. 1 (2019), pp. 129-145.
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‘%’\**'j) AT & GGT

Gravity Gradient Torque

3GM i
166 = 7o
S TIR|S T

Aerodynamic Torque
G: Universal gravitational constant

1
Tar =15 (_ — CDPLWb”vl”ZT/??) Mg: Mass of the Earth
2 R.: Vector from the center of the Earth to the S/C CoM

1r: vector from CoM to center of pressure. DS 1
Cp: Uncertain drag coefficient.

p: Uncertain atmospheric density. .
. _. Orbat
L,wy,: Length and width of drag surface. >
v,.: S/C-atmosphere velocity vector. 2
v, : component of v,. normal to the surface
DS2
Z

4
F DS 3
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dg\j, Spacecraft Attitude Dynamics

0 The complete nonlinear S/C attitude dynamics in circular LEO can be modeled as

Jlo o + o (o =Car + Tep>

All altered by moving the drag surfaces

Deployed portions: modeled as flat plates
Rolled portions: modeled as thick walled cylinder

U0o

CubeSat body: modeled as rectangular box

O GOAL: Vary “Ls” such that the spacecraft orientation follows a desired trajectory w.r.t the inertial frame.
O Use quaternions to express spacecraft orientation

Error quaternion: e = [e, e,”]”
S/C quaternion: g = [q, q}]”

. X ~ . 1 T~
e, ==(e; +eyl3)m, ep=——e,m»

Desired quaternion: g5 = [qog Gva’ 1" VT2 2

llqll = llqqll = llell = 1

é}{l
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d;\/’, Control Development

O The relative angular velocity
O The auxiliary error signal

O Open-loop error system
r=Y0O+ ae,,
YO = %(31;( + 9013)(7) +%(€;< + 6013)(]—1 TAT _|_]—1 g O _]—1]'(0 _]—1 a)X]w + &jxﬁwd _ ﬁwd)

Y e R3*2, @ = [Cpp 1]T € R?

O Auxiliary controller and desired auxiliary controller

= Y@, O: estimate of ©
= —kr — ae, — fe,

u
u

(S Y

QO Closed-loop error system
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Control Development

0 The parameter adaptation law is

© = proj| T, YTr + TicLkye

UL t) = [ (7(0) — aé,(0))do
t

Y(At,t) = j Y(o)do

t—At

Collect input — output data

Q  Assumption 2. The system is sufficiently excited over a finite duration of time (Finite Excitation “FE” condition).
N
Amin{ D YT Y 2 2
i=1
A € Ry q: user defined threshold

Integral Concurrent Learning (ICL): Relax the traditional persistent excitation (PE) condition (cannot be guaranteed a priori
for nonlinear systems and cannot be verified online) to identify constant unknown system parameters.

A. Parikh, R. Kamalapurkar, and W. E. Dixon, “Integral concurrent learning: Adaptive control with parameter convergence
using finite excitation,” Int. J. Adapt. Control and Signal Process, vol. 33, pp. 1775-1787, Dec. 2019.
P 9 & -
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d;\/’, Theorem

QO Theorem 1. Consider the spacecraft attitude dynamics and satisfying Assumption 1. The auxiliary controller and the
adaptive update law ensure the attitude tracking errors r(t) and e, (t) remain bounded, provided the gain condition

Amin{k} > % is satisfied in the sense that

ly(@®)I1? < by exp(—b,t) + by

By b-b
|4 62 + —
241 By By

forall t e [0,T), wherey = [r" el]", b, = i—ZlIy(O)lIZ by = ;—; by =

4 = min {Amm{k} - g,ﬁzmm{a}}, By = >max{1,$}, By =>min{1,5},and b, b € Rs,.
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Candidate Lyapunov Composite Error Time-derivative of
Function Vector Lyapunov Function
V@) =7+ S ele, + 567718 y® =" e’ 40

Upper Bound the
Composite Vector

y(t) € Ly,

: bstituting 1
Invoking the Substituting n
Comparison Lemma Closed-loop Error
and Adaptation Law
V) = lly®I? Vi=-rlkr+rix - feae, +
0"k, XN YT YO
V< —1Tkr— g elae, + ||r|e

eo (1), 9 (1), &, (1), ®(t) € Lo

Tracking Errors Further Upper
Remain Bounded Bound Each Signal IR 10O (OGN

r(t), e,(t) € Lo
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d;\/’, Theorem

QO  Theorem 2. Consider the spacecraft attitude dynamics and satisfying Assumptions 1 and 2. The auxiliary controller and
the adaptive update law ensure the attitude tracking errors and the parameter estimation errors are uniformly ultimately

bounded, provided the gain condition A,,;,{k} > % is satisfied in the sense that

1z(6)]|? < c¢q exp(—cyt) + 3
T T @arl’ ¢y 2 A2 & Az
forall t € [0,00), where z=[rT el OT|,c; =-L|z(0)]|* exp (—T), c, =22,
Cy Cy Cy

By b Ay = Cy . 1
C3 = (2/11"6‘/ €2 + E) exp (é T) + 2/12VCV €2, 1, = min {Amin{k} — 5 BAminial, /umin{kICL}},

1. - L -
Cy =2 min {Lﬁ:/lmin{rlc%, }}, and Cy = EmaX{l,ﬁ,Amax{FIC%, }}'
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Candidate Lyapunov Composite Error Time-derivative of
Function Vector Lyapunov Function
1 1 ~ .
V() = ErTr + ge‘T,ev +5 0T 10 z=[r" el &7 V(t)

Substituting in

Closed-loop Error
and Adaptation Law

Upper Bound the Invoking the
Composite Vector Comparison Lemma

z(t) € Lo, V) = llz@)l?

V=-rTkr+rTx— pelae, +
0Tk, XL, YT Y0

. 1
Tracking Errors Further Upper Vs- (lmin{k} - 5) Tl +
Remain Bounded Bound Each Signal —BAmim{a}lle, |12 +
_Allmin{kICL}Hﬁnz + EEZ

r(t),e,(t),0 € L, e, (1), é(t), &, (t), @(t) € Ly

ug(0),u(®), Y (1), 0() € L,
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\”/' Simulation Results

L Numerical simulation with the physical properties of a 2U DMD-equipped CubeSat for the
nonlinear attitude dynamics.

Table 1 Initial conditions of the orbit for the sgacecraft

Semi-major axis Eccentricity True anomaly RAAN Argument of perigee  Orbit inclination
6778 km 0 108.08 deg 206.36 deg 101.07 deg 51 deg

Table 2 Physical characteristics of the spacecraft

Mass of the body Mass of the boom Maximum boom length Boom width  Nominal value of C'p
3.0 kg 9.0 x 1072 kg 3.7m 3.8x107?m 2.2

The controller gains were selected as

03 0 0 02 0 0
a=10"2x| 0 10 0 |,8=50x10""k=10"2| 0 03 0
0 0 22 0 0 1.2
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\/, Simulation - Regulation

Table 3 Initial conditions for the regulation objective

¢g =80 deg 6y = —60 deg Yo = 50 deg

¢o = 0.029%  §y = —0.0392 4, = 0.025%%=

gbd =45 deg Qd =0 deg ¢d =0 deg
Op=[ 14x101t 1] kg

m3

1 T
\\ N ﬂ[ —ep
—q
| qg(l) 0.8 | —=
05 |\ —(2) —e(2)
‘. —0(3) . 08 —d
£ | S £
2 i\ - - = qu(1) 2 o4 |
= T\ - - ~qua(2) <
= 1 -~ ~¢wa(3) 0.2
0.5 \ ) \
\( 0
1 ‘ ‘ ‘ ‘ -0.2 : ‘ ‘ : ‘
0 2 4 6 8 10 0 2 4 6 8 10
Time [h] Time [h]
O Spacecraft configuration tracking O Spacecraft configuration error.

in quaternion representation.
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-*%"\wj, Simulation Regulation

4 %107 x10™
= — lxll — Estimated parameter
£o 1.2
3 = : —— NRLMSISEOO model (Mean)
E g5 1t
%mz £ % 08
: £3 Sos|
= S 2 (§
? 0.4
1
0 “5: Ll l N ) ) ‘ ) 0.2 #Wlﬁ'w—’
00 2 4 6 8 10 0 ' . ' '
Time [h] 0 2 4 6 8 10
Time [h]
L Boom lengths of the O Auxiliary control U Estimated parameter
CubeSat DMD in difference, i.e., value and true
. A — —
real-time. X = U — Ug. parameter value

(NRLMSISE-00).
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\/’, Simulation - Tracking

Table 4 Initial conditions for the tracking objective
¢ = 80 deg 0o = —60 deg g = 50 deg
bg = 0.5 fo = —198 4y =19
¢q = sin (esoﬂﬁt) deg 0s = 0 deg g = 0 deg
Op=[ 14x107t 1] kg

m3

17, , X 1
; —q
_Q'v(l)
—ae
_Qv(g) 05
: A\ - - -qu £
\ \ A ! - - ]_) 6
= 0 N AR \ %d(
E Wl - - -qu(2) = °
o N - = =gy 3
I ) :
0.5 Wi, \ 0.5
0t - ‘ : | -1 s
0 2 4 6 8 10 0 2 4 6 8 10
Time [h] Time [h]
O Spacecraft configuration tracking O Spacecraft configuration error.

in quaternion representation.
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Boom Length [m]
N

a

UF

8 ;<1O'4
= —lIxll
=
g 6
g
a4r
o
=20
< O L L J
0 2 4 6 8 10
Time [h] Time [h]
Boom lengths of the O Auxiliary control
CubeSat DMD in difference, i.e.,
. A — —
real-time. X = U — Uq.
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x10 M

\/’, Simulation Regulation

— Estimated parameter

——NRLMSISEQO0 model (Mean)

4 6
Time [h]

value and

parameter

(NRLMSISE-00).

value




‘%,\/ Conclusion & Future Work

O Adaptive controller and data-based update law (ICL) have been proposed for autonomous
spacecraft attitude tracking while simultaneously identify the uncertain drag coefficient and the
average of the atmospheric density.

O Future work includes accounting for uncertainties in CoM location and inertia matrix.

O Potentially apply this controller for simultaneous roto-translational control.
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U C. Riano-Rios, R. Bevilacqua, W. E. Dixon, “Adaptive control for differential drag-based rendezvous maneuvers with an
unknown target”, Acta Astronautica, 2020.

U C. Riano-Rios, R. Bevilacqua, W. E. Dixon, “Differential Drag-Based Multiple Spacecraft Maneuvering and On-Line Parameter
Estimation Using Integral Concurrent Learning”, Acta Astronautica. 2020.
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L Quaternion representations.
Qo Gv+ 5 =1 ele, +e3 =1
Go = % (¢X + qol3)w v = odGv — 90Gvd + 4 Qud

A

L T
qo — _%qgw 60 —q:lOQOd‘|'qv qu
. . . €y = 5 (€5 4+ epl3)w
w = 2 (qodv — qudo) — 24, du v 2(1” Y )
6o = —5€p W

wd = 2 (qodGvd — Gudadod) — 24, Gvd

R2 RRT = (eo e, ev)Ig—l—Ze,U — 2ep€e;)
R2 (¢ —qlq) Iz + 2¢uqT — 2qoq
Ry 2 (qu — quQUd) I3 + 2QquqJ;d - 2QOdq1>)<d

The objective is to regulate R — I3 as t — oo,
can be achieved by regulating ||e,|| — 0 = |eg| — 1.
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