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Why control?

e Solar panels acquisition
* Payload and antennas pointing

e Thrust direction change

Flock (Planet Labs)
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How control?
4[ Attitude control ]7
systems
[ Passive J [ Active J

[Gyroscopic J[ Magnetic ][ Thrusters ]
[Gravitational][ Magnetic J
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How control?
Attitude control
systems
[ Need environment J [ Independent J
[ Gyroscopic ][ Thrusters J

[Gravitational][ Magnetic J
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How control?

[ Gyroscopic ]
[ Magnetic J
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Magnetic attitude control

CubeSat magnetorquer Geomagnetic field

1. Take magnetorquers 1-3 pieces

2. Take geomagnetic field 1 piece
3. 727777

4. PROFIT
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Mathematical model

Dynamics
Jo+oxJo=M_, +M,, M, = S%e3 x Je,
Kinematics
: 1
ﬂo = —E()», (l))
1

).\,ZE(AOQ)‘F)\,X(O)

Magnetic control torque

M., =mxB = M_, | B underactuation problem!

ctrl ctrl

The problem is having all of these make satellite move the way we want to!
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Angular velocity damping

Angular velocity damping -Bdot

m =koxB (dd—Bj :(Z—B] +oxB=~0
M., =-koB®+kB(w,B) tabs €z

1 _ 0oxB=- d—B
V = _(m,Jm) >(0 Lyapunov function dt /.,

2

m—_(38
V =—k|oxB| <0 - Ldt ),
As B rotates then V <0 U
Here we neglect gravitational torque! ® —1.80,
U
o—0
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Numerical modeling
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TRETWIA HANPABMALLMA KOGUHYG

BpeMA, Yyackl

M.Yu. Ovchinnikov, D.S. Roldugin, S.S. Tkachey, V.I. Penkov. B-dot algorithm steady-state motion performance //
Acta Astronautica, 2018, V. 146, pp. 66-72.
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One-axis stabilization

S-dot algorithm
m =kB; cosa (wxS)
Averaged equations

dp _(9(:03,00037—832

o o [ pcosy +S,, cos p(q - p)](cos2 9+%sin26j,
O|—7/=—gsin;/[pcos;/+832 cos p(q - p)](coszéwgsinzej,

du A

a_ [ psin® y +(q- p)(SZ, - S,, cos,ocos;/)}(cos2 0+ Esin? 0),
du A

do 1

azzgﬂ,[Z((l_S?’zz) p+3§z¢l)— psin®y +(q—p)S,, (cosy cos p—S,, )}sin@cose,
2

ﬁzi(l—gj, p:lsin2®, q=C0s’0, &= KB,
2 A 2 w,C

Result: The axis of the maximum moment of inertia coincides with the angular
momentum vector in the asymptotically stable equilibrium
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Flight results (Chibis-M)

Angular momentum attitude Chibis-M

Karpenko, M.Yu.Ovchinnikov, D.S.Roldugin, S.S.Tkachev. New one-axis one-sensor magnetic attitude

control theoretical and in-flight performance // Acta Astronautica, V. 105, 2014, N 1, pp. 12-16
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Gyroscopic systems

>~

xSpin axis

H

H=1Q

Spacecraft reaction wheel
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Principle of operation

Angular momentum exchange

K=H+Jm =const
Jo+oxJo=—H-oxH

Control torque
M. _ =—-H-oxH

ctrl

You can create torque by
accelerating or decelerating
changing the angular momentum direction
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Reaction wheels

Axis of rotation is fixed

Main dynamical properties:
maximum torque
maximum angular momentum or spin rate
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Control algorithm

1
VO :E(O\) ‘](’Orel)-l_kq (1—q0)

rel !

O =0y — A(Dref

Ivlctrl = _Mext T @, X J(")abs + J‘A(’-‘)ref —J [(’)rel ]X Amref o qu - ka)(orel
Global asymptotic stability of the reference motion
max(\Mdist\)%, k2 -8k J, >0,
|6er;| < : .
max(‘Mdist‘)COth(2\/82::_'(5} ) 2k ! kaZJ _8ka‘]ii < 01
_km
2 kw+ ka2)_8ka‘-]ii 2\/k12f8ka3ii
max(‘Md‘St‘>\/23_,k Ek —z//k2—8k - J , k2 -8k J. >0,
‘5C()i‘S na w @ aYii
max(\l\/ldist‘) K k ( ( 2k )j )
————"exp| ———2— ——o || 1+coth| —Z—] |, k? -8k J, <O.
27k exp S, arccos %) +coth| == 2 <

We need reference motion to calculate!
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Remote sensing problem

Route «Resurs-Py

Object «Resurs-P»
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Complex route tracking
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Angular Motion Synthesis

Constraints implied by CCD Line Camera:
(V,.e,)=0 J Lens

r

V
(Vrel ’ez) = _Tp

Vi =Qg xr, -V, —ox(r, —r,) V.,
Focal plane
(g xr, -V, e;)
@, =—
—> 9 o CCD Line
(QE XTI, _Vs’ez) V
ONES + €
yo, f

.
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Image Quality

or, — aiming point displacement (distance between desirable point
the satellite looking at and real one)

oV,; - image velocity error (causes image blur)

/5rp\
oV,

oV )

( Sa )
oM
or

A

oV,

— attitude error

— angular velocity error

— center of mass position error

— center of mass velocity error

Y.V.Mashtakov, M.Yu.Ovchinnikov, S.S.Tkachev, Study of the disturbances effect on small satellite route tracking accuracy
// Acta Astronautica, 2016, V.129, pp.22-31.
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Direction error

or —{ (rs,€,)(r;,€5) +e,(r,,e;)—e;t oo +
Jre)? - (2 —R?)

+<e \/(r(r )1)_(';:292_)R2) _el(rs,ez)}&b#
e r eee
+9 E3><3 1 =
J(r e )’ —(r2—R?) J(r e,)? —(r? -

|or, |~ or | +p| oy

}5rS
R®)
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Image quality

svo=|-

=l—e {([Q-AT®]lD, ,, , +[p].A'[o] N)Sy +[p], A" 6o +

f
+([AT('0]>< + [Q o AT ('o]x D1—3,7—9)5rs - 5Vs } + ;{(Vrel ’61)5a o (Vrel ’e2)57/}‘

f

é\/J_ = _e-IZ- {([Q o AT (!)]x D1—3,1—3 + [p]x AT [(’O]x N)5\Il + [p]x AT 5(’0 +

+([AT(D]>< + [Q o AT (’O]x D1—3,7—9)5rs - 5Vs } _ i (Vrel ,91)5ﬂ _
P

+( rel ? 2) 3p (Vrel e ),03 pTD5X

oV |= T | oo |
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Case of restricted zones
4

Have one or several restricted directions
Problem: perform slew maneuver and avoid
restricted zones

1
V = 2((0 Jo, )+k, (1-(Dn,,,n)) f

rel !

(F1i ﬂ1<20
f =1+anfi, fi =1 Hi(—3&2+2&3+1) 0<A <1, &:acosgn,h;)_ai
k=1 —a
0 1< A
Mcm - _M ka)(")abs T Oy ><J(")abs o ka [nref Xn:| T < Standard control

1 Hi(64°-64) nxh,

+ka (1_<nref 1n))i221: bi _ai \/l—(n h)2
—k [nref ] f-1) « \ Restriction areas

avoidance

23/31



Simulation results
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Gyroscopes

Axis of rotation can change its direction
Single gimbal control momentum gyro (SGCMG)
ENCLOSURE - “\

Vmn

N ( Q-

d

).\ ;
/M

Main dynamical properties:
flywheel angular momentum
maximum gimbal spin rate

High-rate Outer Gimbal

Rotor,System Servo System

Inner Gimbal

HULL
STRUCTURE

Servo System

Dual gimbal control momentum gyro (DGCMG)
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Single gimbal CMG

https://www.honeybeerobotics.com
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Single gimbal CMG

Pyramid type
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Attitude control system operation

[ State identification ]

f

{

Control torque
calculation

_________________

[

Angular momentum
calculation

|

(
{

Control application

|

|

|

|

|

|

I Gimbal angles
: calculation
|

|

|

|

|

|

|



Steering law & singularities

t=H=F(0)0 dimF(0)=3xn

rank F > 3 rank F < 3
0=F'H U
Et =T (|:|:T )_1 Lost controllability
U

Singularity avoidance algorithm
0=(uE,+F'F) FH=F (FF' +/4E,) H
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Numerical example
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Desaturation

Control can be created only when angular rate is varied

J

You lost controllability when you can’t change the angular rate

U U

Too small spin rate Too high spin rate
Saturation

U

Need additional algorithms
Thrusters <&— for desaturation

m=KHxB  Magnetic control system <—
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