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What's the point?

Current approaches to ADCS:

Best orientation accuracy:

Cost/dimension/mass budget:

star sensors, sun sensors, gyros, magnetfometers and their
combinations
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Question:

Answer:;

What if we use only magnetometers?

Accuracy is on average 10-15°. Unacceptable!
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Proposal of this article:

Expected accuracy:

Benefits:

To use magnetometer readings in Swarm of CubeSats and
opfimize their measurements and orienfation via dafa exchange
between them and the inferpolation of magnetic field

Less than 10°

Low cost, small size, light, low energy consumpftion



Reference frames

Orbital pe

Relation between angular velocities:
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absolute relative frame motion
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Motion equations

Rigid body dynamics (Euler eq.)
Jo + o, Jow| =T

Quaternion kinematics (Poisson eq.)
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Notations:

inertia tensor

absolufe angular velocity

relafive angular velocity

scalar component of quaternion Q
vector component of quaternion Q

external torque

We can manipulate the motion of satellite via external torque T

/

orientation
parameters



Motion equations

Rigid body dynamics (Euler eq.) External torque

Jw + [(1), Jw] =T —> T = Tcontrol + Tgrav + Tdist

Quaternion kinematics (Poisson eq.) e T .. = [m, B]
.1 b
q= 5(4109 + [q, 2]) regnete otena
. 1 T * Tgrav — 36()(Z)I‘b [eZ7 JeZ]
@b = —=q° 2 -
2 eZ — Q O (07071) O Q

T

unit radius-vector 0z
in the orbital frame
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° Tdist — ntorque(()? Otorque)



Control magnetic moment

Lyapunov-based controller

m — k [AQ, B| + k[AS, B|

A2 — difference between current angular velocity
and desired one

AS — difference between current orientation
and desired one

B — external magnetic field

kw, ka — coefficients of proportionality

D.S.lvanov et al. Advanced numerical study of the three-axis magnetic atffifude control and determination with uncerfainties.



Magnetic field model

COS 1 SIn ¢
Borb — B() COS 1
—2 sln 1 sin 7

y — argument of latitude

iNn tThe orbit
7 — inclination of the orbit I/l
magnitude of the N
BO — magnetic field /
on the orbit I

~-- equatorial
plane
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Measurements model

Magnetometer noise

Bmeas — @ © Borb © Q + nmeas(Bbiam Orzneas)

Bbias — 77bias(07 Ul%ias)\

hard mode

Actual magnetic field
) 2
Benv _ Q © Borb © Q + 77a]rtificial(07 Oartificial)
X current approach

Actual field should be taken from databases, such as IGRF-12
https://www.ngdc.noaa.gov/IAGA/vmod/igrf.ntml



https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html

CubeSat dynamics

Angular velocity of the CubeSat in the
orbital reference frame

Angular velocity of the CubeSat in ifs
own reference frame

Euler angles of the CubeSat

Quaternions of the CubeSat
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J = diag(0.011, 0.014, 0.009) [kg- ]

hew = 750 [km]

DYNAMICS

W™ = (0.0,0.0,0.0) [rad/s]
(K kq) = (60,12) [N-m/17]
i=600°  (Ty,Ts5) = (1.0,5.0)[§

Jmax = 0.1 [A-mﬂ
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CubeSat angular velocities (no disturbances)
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CubeSat orientation (no disturbances)

Orientation

— Roll
Pitch
— Yaw

Quaternion components
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Extended Kalman filter
Predicting sfate estimate

Xz‘ = f (Xu)
Correcting state estimate

X =K, z+ (I-KhX

Coefficients KZ- are chosen in such way that

E[||X - X,|[| - min

'\

all technical story is buried here

Notations:

X ;T frue state vector

~

X ;T predicted state estimate

N

X ;T corrected state estimate
ZZ- — measurement

K,I; — gain mafrix
I — identity matrix

E — expected value (mean)



Physical imperfections

It takes some time to execute the control action X, = f(X, ;) <€— T, =5 sec

and read with magnetometer Z; = h(XZ) <« T — 1 sec

meas

Magnetorquers can generate limited amount of magnetic moment <€— Uox — 0.1 A-m2



Imulation results

Otorque — 5 NN+m

0} — 1 nT

0} — 1 nT

artificial

J = diag(0.011, 0.014, 0.009) [kg-m’]

¢" = (1.0,0.0,0.0,0.0)  &"" = (0.0,0.0,0.0) [rac/s]
(K., ko) = (60,12) [N-m/17]
i=60.0°  (Ty,Ts) = (1.0,5.0) s

B = 750 [km]

FILTER RESULTS

Pmax = 0.1 [A-m?]

P™ = diag(2.47,2.47,2.47,0.03,0.03, 0.03) [rad?(x3), rac? /(% 3)]

Ntorque ~ N (0, {5e — 09}?) [N-m]
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CubeSat angular velocities

Zoomed absolute angular velocity

deg/s

deg/s

0.0100

0.0075

0.0050 A

0.0025 A

0.0000 A

—0.0025 A

—0.0050 A

—0.0075 A

|

—0.0100

Zoomed relative angular velocity

0.0100

0.0075

0.0050 A

0.0025

0.0000 A

—0.0025 A

—0.0050 A

—0.0075 A

—0.0100

hours

12

14

15



CubeSat orientation

units
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TRUE ESTIMATION ERRORS IN 50 CYCLES

. . ¢" =(1.0,0.0,0.0,0.0)  &"" = (0.0,0.0,0.0) [raq/s]
rue estimation errors i

how = T50[m] i =60.0°  (Ty,Ts) = (1.0,5.0) s
P™ = giag(2.47, 2.47, 2.47,0.03, 0.03, 0.03) [ac?(x3), rac? /2(x3)]
7 torque ™~ N (O {56 - 09}2) [N'm} 7] magnetometer ™~ N (07 {16 - 09}2) [T]
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CubeSat angular velocities Mean-Squared Errors

Zoomed absolute angular velocity MSE
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* Mm 3000 |

_
L~




CubeSat orientation Mean-Squared Errors

Zoomed orientation MSE
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Swarm structure z

Right tefrahedron Sat3 \/67’
Satl: (3r, 0, 0) _ 2v2r /k Sat2
Sat2: (~r, 2v2r, 0) Pz éé
Sat3: (-, V27, V67) T Satl _--1F s
Satd: (—r, V2r, /67) el = - S |
sredh. A 7 —7r

Size of tetrahedron is 2v/67 \/_ """"" 1

| 27

50 km Y
VG
Sat4

Moves as a rigid body!
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Data exchange 2

Center of mass behaves S
as the virtual CubeSat at3
Sat2

v

Measurements of magnetic
field should be inferpolated
in common ref. frame

¢ X Sat1|

Measurements are
interpolated in center of
mass ref, frame S at

v

Enhanced measurements y
are sent back to CubeSats

FJ;L

Ej' Virtual

E_ 5:’

Sat4



Data exchange

Suppose we know quaternions Qj :

Orbital jth « Body-fixed j

AndDCM A’ :

Orbital j’h & Orbital center of mass

@
NS

\._t [ \ |
DO
(\)



Data exchange

Measure magnetic field B with
magnetometers (lbody-fixed frame)

where:

q.
Bjj— magnetic field of j™ satellite in the

body-fixed frame of j™" satellite




Data exchange

With known quaterion (), 2 Us
tfransform measurement to the 3
orbital frame of j™ satellite: T
Buj qu ~ Bul <€
j= Qo Bjo @ 2 1
Y
T, |
é——
Y
" u4
where: 2, 4

q.
Bjj— magnetic field of j™ satellite in the

body-fixed frame of j satellite

U
B j]— magnetic field of j™ satellite in the

orbital frame of j™ satellite Ya




Data exchange ?

U BUO
With known DCM A, 2 y “ 2
fransform measurement to the B3
orbital frame center of mass: €
B'— A_ B’
g T 0 7y Yo
5532)
Uy
where: Y Z B,
U,
Bjo— magnetic field of j™ satellite in the .
orbital frame of center of mass (4

U
B j]— magnetic field of j™ satellite in the
orbital frame of ji" satellite 25



Interpolation

Kriging

where: y

U,
Bjo— magnetic field of j™ satellite in the

orbital fraome of center of mass
U,
BOO— magnetic field of virfual satellite in the
orbital frome of center of mass

LA

FJ;L

\

AYH

W
sy
-
|
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s
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Extrapolation z

Buo A Uy B2
1 B
3
A~ ’U,O
B2
B ~ Uy
0 ~ U,
B30 B,

~ Uy

=
I\-J;‘L

4 _
:34 U
using direct dipole structure e B BO0
A Uy
where: Y B,
~ Uy

Bj — estimate of the magnetic field of ji satellite

in tThe orbital fraome of center of mass
AU
BOO— estimate of the magnetic field of virtual

satellite in the orbital frame of center of mass 2



Extrapolation 2

U BUZ
With known DCM A, ; , 2 A Uy “ 2
transform estimate fo the orbital B3
frame of j™ satellite : T 33

A U Au Buo Bul <€

B;= A, B, !

Yo

nrunrnnli
‘\f.tl I

~ Us
where: Y 2, B,
~ U,
Bjo— estimate of the magnetic field of j™ satellite .
in the orbital frame of center of mass (4
AU

Bjj— estimate of the magnetic field of j™ satellite Y
in the orbital frame of j™ satellite !



Extrapolation

With known quaterion (),
tfransform estimate to the body-
fixed frame of j™ satellite:

qu_~ B“j
i= @joBjo G

. 9
Enhanced estimates B ;go fo
the observation model of EKF

where:

A~ (.
B/~ estimate of the magnetic field of j* satellite
in the body-fixed frame of j™ satellite

A

Bjj— estimate of the magnetic field of j™ satellite
in the orbital frame of j™ satellite

29



Interpolation

Splines Kriging

Inverse Distance Weightin
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Analytical method Analytical method Statistical method
30



Kriging

Estimator:

Notations:

R,

Rj
K,
B
B
n

interpolated point

available point with measurement
weight (spatial correlation)
estimafe (predicted value)
measurement

number of available points



Covariance

n
Estimator: B(RO):Z k, B(R)) Notations:
T RO — interpolated point
Translation invariance Rj — available point with measurement
of mean: VR : E [B(R)] — const kj — weight (spatial correlation)
B — estimate (predicted value)
of covariance: VR, R, : |R; -~ Rj| = h B — measurement
COV(Riij) = C(R, — Rj) = C(h) N — number of available points
/ E — expected value (mean)
h — distance between points (lag)
Ordinary
Kriging C — franslafion-invariant covariance



Equation on coefficients

Estimator: B(RO):Z kj B(Rj)
=1

Unbiasedness:

Minimal variance:

min D [B(RO) — B(RO)]

Zlkj C(R, - R))
=

v

-x= C(R; - Ry)

Notafions:
RO — interpolated point
Rj — available point with measurement
kj — weight (spatial correlation)
B — estimate (predicfed value)
B — measurement
7. — number of available points
D — variance (dispersion)
X — Lagrange multiplier
C — translation-invariant covariance



Semivariance

n
Estimator: B(RO):Z k, B(R)) Notations:
j=1
RO — Inferpolated point
Semivariance: 1 Rj — available point with measurement
Y(R; — R)) = 9 D [B(Ri) B B(Rj)] - kj — weight (spatial correlation)
= C(0) -C(R,- R) B — estimate (predicted value)
Equations on coefficients: B — measurement
2 . — number of available points
ij =1
=1 Y — semivariance
l'l+1 <
equations n X — Lagrange multiplier
Ev(R.-R)+x=v(R,- R
Zl J Y< ! ]> Y( ! 0) C — translation-invariant covariance

. I



Semivariogram

Empirical:
VR.R.: ‘R, _ R-| — h My, — total number of
v ! J sampled points
1 &
Y(h) — = (B(Ri) - B(Rj))2
2 (i

Model function: Y(h,z

sill p-==---m - o o oo should be fit intfo
: empirical cloud of
points

95% sill

nugget




Semivariogram for direct dipole

Empirical semivariogram compression (u = 7/3)

Region:

Circular orbit with
1 = 60° and
hOI’b — 750 km

Cube with size 50 km
with the center on this
orbit (point u = 60°)
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Semivariogram for direct dipole

Powered exponential model function:

V Semivariograms

) h
Co +c(\l- eXp|— E ’ h >0 ® Empirical ~:
Y(h) = < 0 Powered exponential
§ 0, h =0 1.25 - 0':.‘:
1.00 - /
Affer fitting: =0
¢y — 0.02 ut? o
¢ = 1.5up
a = 127 km . 0 20 40 60 80 100 120 140

v =8/3 “m



TRUE ESTIMATION ERRORS IN 50 CYCLES

. . ¢" =(1.0,0.0,0.0,0.0)  &"" = (0.0,0.0,0.0) [raq/s]
rue estimation errors ot T

how = T50[m] i =60.0°  (Ty,Ts) = (1.0,5.0) s
P™ = giag(2.47, 2.47, 2.47,0.03, 0.03, 0.03) [ac?(x3), rac? /2(x3)]
7 torque ™~ N (O {56 - 09}2) [N'm} 7] magnetometer ™~ N (07 {16 - 09}2) [T]

No magnetic storm in the model
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Angular velocities MSE

Zoomed absolute angular velocity MSE
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Orientation MSE

Zoomed orientation MSE
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Conclusions

« Filtration of CubeSat’'s magnetic ADCS is performed and compared with filtfrafion in swarm
 Interpolation fechnigue Kriging is implemented

« Empirical and analytical semivariograms for direct dipole magnetic field are acquired

- Filtration with interpolation gives on average 0.5 degrees better accuracy



Future plans

« Research on the impact of different semivariograms

« Research on the actual range of Kriging

« To geftrid of swarm’s rigid body movement

« Non-ordinary Kriging

 Different parameters for empirical semivariograms

« Research on the number of CubeSats in swarm

» IGRF magnetic field model

« Research on control and measurement cycle, several measurements in A row
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