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Outline

« quaternion feedback (Q-F) and the unwinding phenomenon

 rotation matrix feedback (RM-F)

« comparison between Q-F and RM-F for a Cubesat case study
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Quaternion and Attitude Rate Feedback

Zb
body frame
2
inertial frame Yb

Ly

X Yi

quaternion (Av,¢1) qv = [q1 42 43]" vector part ¢4 scalar part
body frame = inertial frame < either (dv,q1) = (0,1) or (av,qs) = (0, 1)

for fully-actuated spacecraft T = —Fk,qv —ksw (PD-Quat)

U (Tdisturbance — O)
(av,q4) = (0,1)  almost globally asymptotically stable

(dv,qs4) = (0,—1) unstable
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Unwinding Phenomenon
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Chaturvedi, Sanyal, McClamroch. Rigid-body attitude control. Control Systems Magazine. 2011
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Rotation Matrix and Attitude Rate Feedback

Zb
body frame
Zq

inertial frame Yb

T
L Yi
rotation matrix R body frame = inertial frame < R = I3x3

for fully-actuated spacecraft

3
— —zp Z e; X RT kdw [el €2 83] — 13><3 (PD-RM)
N ll (szsturbance — O)
R = 15,3 almost globally asymptotically stable

Chaturvedi, Sanyal, McClamroch. Rigid-body attitude control. Control Systems Magazine. 2011
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PD-Quat vs PD-RM
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fling time — 90.4 sec PD — Quat
SEWINGtMe =1 508 sec PD —RM  (—44%)
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PD-Quat vs PD-RM

025

—TPD-buat
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k, =0.1 kq=0.237 B
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T disturbance = 0 t (sec)
0.62 N2 m? sec PD — Quat

tfin
: N 2 7, _
energy consumption =~ /O |T(t)]|“dt = { 0.51 N2 m2 sec PD—RM (—18%)
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Back to Cubesat World

Tigrisat
Jy=J,=4.09-107* kg m* J,=6.5-10"" kg m*
circular orbit  altitude = 629 km  Zorbit = 5832 sec
inclination =97°  RAAN = 68.5°
camera pointing along z, 3 orthogonal magnetorquers
orbital frame , lv_lbody frame
)spacecraft
5 Yb
Yb
’."‘ circular orbit
-y Earth
Lp ‘/QD\‘
€T Yi
GeoCentric Inertial (GCI) fram
# objective: stabilize attitude so that body frame
2b is aligned with orbital frame (camera pointing to Earth)
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Quaternion and Attitude Rate Feedback

orbital frame z, body frame )
) quaternion (dv, g4)

spacecraft

% . ! vector part av = [q1 ¢2 g3]" scalar part ¢,
body frame = orbital frame
‘M‘ circular orbit ﬁ
either (av,q4) = (0,1) or (Qv,qs) = (0,—1)
GeoCe}rrtilc Inertial (GCI) tr;#e _
293.4863  0.5515 —9.7049
B geomagnetic field at spacecraft K,=| —0.0069 299.8118 —4.1120
Meoits = —B % (Kyy + Kawpo) | 48505  —0.1118 299.8613
B 4
(MPD-Quat) 1.8-10 0 0
Kg = 0 1.8 -10% 0
0 0 1.8 - 104

U (Tdisturbance — O) i
(av,qs) = (0,1)  |ocally asymptotically stable

(Av;q4) = (0,—1) unstable = unwinding phenomenon

Attitude Stabilization for Magnetically Actuated Spacecraft using Rotation Matrices

Fabio Celani




Rotation Matrix and Attitude Rate Feedback

orbital frame T, body frame

b. rotation matrix R
spacecraft

Yy

Zi body frame = orbital frame
!
‘."" circular orbit R = I3><3
€ i Yi
GeoCentric Inertial (GCI) frame B 293.4863 0.5515 _9.7049
B geomagnetic field at spacecraft K,= | —0.0069 299.8118 —4.1120
K 3 4.8505  —0.1118 299.8613
Lo -p : Ta. _
Meoils = B x A z;(el X R el) + de 1.8 - 104 0 0
B = K, = 0 1.8-10% 0
€1 ez e3] = Isxs (MPD-RM) 0 0 18.10%

U (Tdisturbance — O)

R =1I543 locally asymptotically stable (no unwinding phenomenon)
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MPD-Quat vs MPD-RM
Tdisturbance 7& 0

|n|t|al condltlon 1 |n|t|al Condltlon 2
-—-MPD(mm
—MPD-RM |1
0 é 1b V'A15 20 25 0 5 10 15 20 25
orbital period orbital period

tfin
Integral Time Absolute Error (ITAE) = / t principal angle(t) dt
0

initial condition 1 initial condition 2
MPD-Quat 1.70 10" deg sec? 5.15 10" deg sec?
MPD-RM 2.89 10" deg sec? (+70%) 0.04 10" deg sec? (-99%)
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MPD-Quat vs MPD-RM

Tdisturbance 7& 0
o+ Initial condition 1
4~ r . .

e initial condition 2
—;VIPD-Quat 1 [ ' ' —;V|PD-Quat
35 —=MPD-RM |- — MPD-RM
08F
3
= o
<
%’:0.4
E
0.2
0 5 10 e 1‘5 2‘0 25 00 5 10 15 2‘0 25
orbital period orbital period
tfin
] N 2
“energy” consumption ~ / Imeous(t)]|°dt
0
initial condition 1 initial condition 2
MPD-Quat 1.46 A2 m? sec 2.31 A2 m2 sec
MPD-RM

0.54 A2 m?2 sec (-63%)

0.13 A2 m2 sec (-94%)
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MPD-Quat vs MPD-RM

Monte Carlo campaign
1000 simulation runs

random initial attitude
random «(0) with |[[w(0)]| < 20 deg/sec

results

mean ITAE MPD-Quat = 2.56 10" deg sec?
mean ITAE MPD-RM = 2.34 10" deg sec? (-9%)
number of runs in which (ITAE MPD-RM < ITAE MPD-Quat) = 49%

mean “energy” consumption MPD-Quat = 9.94 A2 m?2 sec
mean “energy” consumption MPD-RM = 8.71 A2 m2 sec (-12%)
number of runs in which (“energy” MPD-RM < “energy” MPD-Quat) = 96%
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Conclusion

« comparison between MPD-Quat and MPD-RM attitude control laws
for a CubeSat

* Monte Carlo campaign shows that the two control laws are
comparable in terms of speed of convergence

* Monte Carlo campaign shows that MPD-RM leads to lower “energy”
consumption
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MPD-Quat vs MPD-RM

linearizations

My s = —B X (quv + debo) (MPD'Quat)

Jl linearization about (qv,q4) = (0,1)

_ T
m,,;;s = —B X [ﬁc 4+ de] ¢=1909] initial c;onditiqn close
2 3-2-1 Euler angles to desired attitude
) T
w linearization about R = I343
g
K, <
Myl B x Tp ;(ei X RTei) + de] é & ‘ |
(MPD-RM) |

orbital period
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