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Part 1 - Introduction to Attitude
Dynamics and Control

Most of the spacecraft have instruments or antennas that must be pointed
In specific directions:
— The Hubble must point its main telescope
— Communications satellites must point their antennas

The orientation of the spacecraft in the space is called its attitude

To control the attitude, the spacecraft operators must have the ability to
— Determine the current attitude (sensors...)

— Determine the error between the current and desired attitudes

— Apply torques to remove the error (with the help of actuators...)



The Spacecraft Attitude Stabilization:

« — Spin Stabilization methods

— Gravity Gradient Stabilization methods
— Magnetic Stabilization methods

— Aerodynamic Stabilization methods

Actuators:

— Reaction Wheel Assemblies (RWAS)
— Control Moment Gyros (CMGs)

— Thrusters



Spin stabilization

Spin-stabilization is a method of SC stabilizing in a fixed orientation
using rotational motion around SC axis (usually symmetry axis ) —
“the gyroscopic effect”.

The Top
Spin stabilized spacecraft



Spin stabilization

Spin-stabilization is a method of SC stabilizing in a fixed orientation
using rotational motion around SC axis (usually symmetry axis ) —
“the gyroscopic effect”.




The gyrostats

John L. Junkins, J.D. Turner "Optimal spacecraft rotational maneuvers” (Studies in
astronautics; v.3) © Elsevier Science Publishers B.V., 1986

Peter C. Hughes “Spacecraft attitude dynamics”.
© John Wiley & Sons. New York, 1986
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g Spin Stabilization
Dual-Spin Spacecraft
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Overall Height
7.62 m (25 ft) Slot for Radial &

Vernier Thrusters
Weight in orbit
645 kg (1424 Ib)

Hydrazine Tank

TACSAT I was the largest and most powerful communications
satellite at the time when it was launched into synchronous orbit
by a Titan I11C booster 9 February 1969, from Cape Canaveral,

EUMETSAT

Florida.



Spin Stabilization
Dual-Spin Spacecraft

The DSSC usually is used for the attitude stabilization by partial twist method: only one of the
DSSC's coaxial bodies (the «rotor»-body) has rotation at the «quiescence» of the second body (the
«platform»-body) — it allows to place into the «platform»-body some exploratory equipment and to
perform of space-mission tests without rotational disturbances.

The dual-spin construction-scheme is quite useful in the practice during all history of space flights realization; and it is
possible to present some examples of the DSSC, which was used in real space-programs (most of them are communications satellites
and observing geostationary satellites):

- This is long-continued and well successful project “Intelsat” (the Intelsat II series of satellites first launched in 1966) including 8th
generation of geostationary communications satellites and Intelsat VI (1991) designed and built by Hughes Aircraft Company.

-The “Meteosat”-project by European Space Research Organization (initiated with Meteosat-1 in 1977 and operated until 2007 with
Meteosat-7) also used dual-spin configuration spacecraft.

-Spin-stabilized spacecraft with mechanically despun antennas was applied in the framework of GEOTAIL (a collaborative mission of
Japan JAXA/ISAS and NASA, within the program “International Solar-Terrestrial Physics’) launched in 1992; the GEOTAIL spacecraft
and its payload continue to operate in 2013.

-Analogously the construction scheme with despun antenna was selected for Chinese communications satellites DFH-2 (STW-3,
1988; STW-4, 1988; STW-55, 1990).

-Well-known Galileo mission’s spacecraft (the fifth spacecraft to visit Jupiter, launched on October 19, 1989) was designed by dual-
spin scheme.

-Of course, we need to indicate one of the world's most-purchased commercial communications satellite models such as Hughes /
Boeing HS-376 / BSS-376 (for example, Satellite Business Systems with projects SBS 1, 2, 3, 4,5, 6 / HGS 5, etc.): they have spun
section containing propulsion system, solar drums, and despun section containing the satellite's communications payload and antennas.
-Also very popular and versatile dual-spin models are Hughes HS-381 (Leasat project), HS-389 (Intelsat project), HS-393 (JCSat
project).



http://en.wikipedia.org/wiki/Hughes_Aircraft

Spin Stabilization
Dual-Spin Spacecraft
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Spin Stabilization
Dual-Spin Spacecraft

ANTENNA

ANTENNA
REFLECTOR

HS 376
Class: Communications.
Nation: USA.

ANTENNA

ANTER Mass 654 kg at beginning-of-life in geosynchronous orbit.

DFSPUN

REPEATER Spin stabilized at 50 rpm by 4 hydrazine thrusters with

SHELF

B Ny e ey N 136 kg propellant.
WAVE TUSE Star 30 apogee kick motor. _ o _
comtROL Solar cells mounted on outside of cylindrical satellite
T BRTIERY body provide 990 W of power and recharge two NiCd
PROPELLANT -~ \ batteries. 24 + 6 backup 9 W transmission beams.
APOGEE KICK .~ La;ouum CELL HS 376 Chronology:

MOTOR ARRAYS

-15 November 1980 SBS 1 Program

-22 November 1998 BONUM-1 Program

HS 376
SPACECRAFT CONFIGURATION


http://www.friends-partners.org/partners/mwade/craft/spactive.htm#Communications

Spin Stabilization
Dual-Spin Spacecraft

Hughes: HS-389

-

Intelsat 601 1982 29.10.1991
Intelsat 602 1982 27.10.1989
Intelsat 603 1982 14.03.1990
Intelsat 604 1982 23.06.1990
Intelsat 605 1982 14.08.1991
SDS-2 1 08.08.1989
SDS-2 2 15.11.1990
SDS-2 3 02.12.1992
SDS-2 4 03.07.1996

Intelsat-6 [Boeing] SDS-2 [NRQO]


http://space.skyrocket.de/doc_sdat/intelsat-6.htm
http://space.skyrocket.de/doc_sdat/intelsat-6.htm
http://space.skyrocket.de/doc_sdat/intelsat-6.htm
http://space.skyrocket.de/doc_sdat/intelsat-6.htm
http://space.skyrocket.de/doc_sdat/intelsat-6.htm
http://space.skyrocket.de/doc_sdat/sds-2.htm
http://space.skyrocket.de/doc_sdat/sds-2.htm
http://space.skyrocket.de/doc_sdat/sds-2.htm
http://space.skyrocket.de/doc_sdat/sds-2.htm

Hughes Family of Spacecraft
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1 GOESD, E, F, G, H(USA) 8 SBS(USA) 15 SBS6 (USA) 22 TELSTAR 3 (USA) 28 PIONEER VENUS ORBITER
2 MORELOS (MEXICO) 9 ATS (USA) 16 OSO-8 (USA) 23 INTELSAT IVA* (USA)
3 SBIS (BRAZIL) 10 INTELSATI* 17 ANIK D (CANADA) 24 PALAPA-B (INDONESIA) 29 WESTARI, Il Il (USA)

4 GALAXY (USA) 11 ANIK A (CANADA) 18 SYNCOM (USA) 25 COMSTAR (USA) 30 GMS-2,3 (JAPAN)

5 INTELSAT IV* 12 MARISAT (USA) 19 ANIK C (CANADA) 26 PIONEER VENUSMULTIPROBE 31 PALAPA-A (INDONESIA)
6 SURVEYOR (USA) 13 TACSAT (USA) 20 LEASAT (USA) (UsA) 32 GMS-1 (JAPAN)

7 AUSSAT (AUSTRALIA) 14 INTELSATII* 21 INTELSATVI® 27 WESTAR IV, V, VI, VII (USA) *INTELSAT ORGANIZATION

https://www.hughes.com/



The DSSC Missions
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https://science.nasa.gov/science-news/science-at-nasa/2006/01sep_sentinels




NANOQOsatellites

MicroMAS-1 u MicroMAS-2A
(Micro-sized Microwave Atmospheric Satellite)

" Massachusetts Institute of Technology, Lincoln
Laboratory

MicroMAS-1 04.03.2015.
MicroMAS-2A 12.01.2019

https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/micromas-1
http://digitalcommons.usu.edu/cqi/viewcontent.cqgi?article=3292&context=smallsat

https://www.ll.mit.edu/news/micromas-cubesat-technology-provides-fresh-approach-weather-forecasting



https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/micromas-1
http://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=3292&context=smallsat

MicroMAS-2

platform

https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/micromas-1
http://digitalcommons.usu.edu/cqi/viewcontent.cqgi?article=3292&context=smallsat

https://www.ll.mit.edu/news/micromas-cubesat-technology-provides-fresh-approach-weather-forecasting



https://directory.eoportal.org/web/eoportal/satellite-missions/content/-/article/micromas-1
http://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=3292&context=smallsat

Variable composition of DSSC-gyrostats

Delta Il Stardustft
ULA-United Launch Alliance spacecra
(Boeing BDS)
Attach fitting
Semeatmptor adapter

Y Spin table
dance electronics

Second-stage miniskirt
and support truss

Helium spheres

Nitrogen sphere
Interstage

Wiring tunnel
Fuel tank

Centerbody section

Mars Polar o
Lander

| Oxidizer tank
9 Delta 11 AJ-10-118K co
cnytaukom |CESat-2
|CESat-2 (> Solid rocket motors craprosana 15.09.2018

Delta launch vehicle

https://www.ulalaunch.com/rockets/delta-ii




Variable composition of DSSC-gyrostats

The second stage of Delta Il with Mars Polar Lander (03.01.1999)

https://www.ulalaunch.com/rockets/delta-ii



Gravity Gradient Stabilization

The Gravity-gradient stabilization is a method of SC stabilizing in a fixed
orientation using only the orbited body's mass distribution and the Earth's

gravitational field.
SC is placed along the radius-vector of the Earth

Physical pendulums Tether-satellites UniCubeSat-GG is the first CubeSat mission of
GAUSS (Gruppo di Astrodinamica dell' Universita degli

Studi “la Sapienza”) at the University of Rome
(Universita di Roma “La Sapienza”, Scuola di Ingegneria

Aerospaziale), Italy.



Magnetic Stabilization

Magnetic stabilization is a method of SC stabilizing using geomagnetic field
of the Earth

SC is positioned along the magnetic lines of the geomagnetic field
(““magnetic compass™)

KySat-1 Passive Magnetic Stabilization System is
used for antenna orientation and coarse camera
pointing

KySat-1, the first satellite project by Kentucky
Space, is a 1-U CubeSat scheduled to launch in
2010 on a NASA mission.

< One of Four Alinco-5 Permanent Magnet sets on
board KySat-1.




Aerodynamic Stabilization

The Aerodynamic stabilization is a method of SC stabilizing using
aerodynamic force in rarefied atmosphere of low earth orbit .
SC is positioned along the orbital velocity vector

b

“go like an arrow ...’

SC with tail unit Aerodynamically Stable CubeSat Design Concept



Actuators
Reaction Wheel Assemblies (RWAS)
RWAs are particularly useful when the spacecraft must be rotated by very small amounts, such as

keeping a telescope pointed at a star.

This is accomplished by equipping the spacecraft with an electric motor attached to a flywheel, which
when rotated increasingly fast causes the spacecraft to spin the other way in a proportional

amount by conservation of angular momentum.

High Gain Antenna

Secondary
Mirror Aperture Door

—

| Primary

Mirror /. Light Shield

Reaction Wheel Assemblies

Fine Guidance
Sensors (3)

Aft Shroud

Telescope Compartment

Solar Array v3

Axial Instruments _/
(FOC, NICMOS, COSTAR, STIS)
Radial Instrument (WFPC2)

Vi1

Telescope V2

Pointing
System




Actuators
Control Moment Gyros (CMGSs)

A CMG consists of a spinning rotor and one or more motorized gimbals that tilt the rotor’s angular
momentum. As the rotor tilts, the changing angular momentum causes a gyroscopic torque that rotates
the spacecraft.

\
Microsatellite with four control
moment gyroscopes



Actuators

Thrusters

A thruster is a small propulsive device used by spacecraft for attitude control, in the reaction control
system, or long-duration, low-thrust acceleration

Liquefied gases
In high-pressure
balloons

Cyclone-3 LV thruster of 30 N thrust




Main Equations of Angular Motion of Rigid Body
(Attitude Motion of SC)

The study of the angular motion of the SC attitude dynamics is one of the
main problems of rigid body systems dynamics in the classical mechanics.

And vice versa

Tasks of analysis and synthesis of the rigid bodies’ motion have important

% applications in the space-flight dynamics.
Euler dynamical equations: Euler kinematical equations:
Iw +w x Iw = ur x ~, wy = sinfsing + 6 cos p,
: wo = 1 sinf cosp — Osin g,
Y= X W, : :
w3 = P cosf + p.




Main Properties of the Free Angular Motion of Rigid Body

Inertia tensor
with polhodes

MINOR

MAJOR

INTERMElI;&TE

(Attitude Motion of SC)

I > JT1'_1' > IZ:

X
Major axis spin is stable

Minor axis spin is stable

Intermediate axis spin is
unstable

Energy dissipation changes
these results

— Minor axis spin becomes
unstable

This is called the Major-Axis
Rule

--- notation by
C.D.Hall



Main Properties of the Free Angular Motion of Rigid Body
(Attitude Motion of SC)

/ / / The angular velocity (y)
A Ay

N = |
explicit implicit symplectic

The angle (=x)
Pendulum phase space

If we consider rigid body angular motion on
the base of Hamilton dynamics, than for rigid
body motion we take pendulum phase
structure:

X=0 (nutation)
and
y = impulse (0) ~ do/dt




Part 2 — Research Results

Constructions of mechanical models of spider-type multirotor
systems (and spacecrafts) and mathematical models of the
systems angular motion.

The analysis of the angular motion multirotor spacecrafts
(gyrostats-spacecrafts, dual-spin spacecrafts) and the
spacecrafts spatial reorientation synthesis.

The analysis of the chaotic motion at presence of small
harmonic perturbations



Mechanical models of multiple-rotor systems
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. The coaxial bodies system with
variable composition

1.1 The angular motion general equations:

(At p+(C(t) - A®))ar +C, ()go = M

| ADG-(CH) - AW) pr-C, (1) po =M,

Ct)F+C. () =M +M®

1*
C.(O)(F+5)=M +M]+M], @
. R
=——(pcosp—qsing)
cos
sy =psing+qcosep, oO=0 (2)
gb:r—ﬂ(pcow—qsingp)
COS ¥

- Doroshin A.V. Analysis of attitude motion evolutions of variable mass gyrostats and coaxial rigid bodies
system, Int. J. Non-Linear Mech. 45 (2010) 193-205



Second stage of DELTA I

Delta 11 AJ-10-118K with
ICESat-2 15.09.2018.
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1.2. Applications in space flight mechanics

A reason of transfer orbit “Scattering”

S 1. Spacecraft (SC) makes two
Initial orbit  MOtiONS:

-trajectory motion
-angular motion

. N
V= V,+ 4V " >, 2. SC angular motion obviously
Transter orbit changes a thrust direction.

Realization of active maneuvers
for inter-orbital transfers Precession motion of the thrust

vector is the reason of the inter-
orbital transfer impulse deviation and
“Scattering”.



twisting_motions/Block_d_twist.exe

1.3. Transformations of the equations

p(t) =G(t)sin F(t), q=G(t)cosF(t) (G=0). (3)

Angular motion dynamical equations (1) in new variables:

.1 . f.(G,F)
|:_—m (Ct)-AM))r+C,(t)o+ f-(G,F)|, G= Q)
| Me—m . COM, MR+M: M:, (4)
= : : o= + ———
C. C.(t)C. C,(t) C.

fo (G.F)=(MgsinF+M;cosF), f, (G,F):é(MjcosF—Mjsin F)

Relative value of a transversal angular velocity of main body is small.
Angles v and y are small:
5:\/m/|a|<<1, y=0(¢), y=0(¢)
Kinematical equations (2) :
7 =Gcosd(t), vy =Gsin®d(t), o=r, =0, DO)=F@1t)—pt) 5



1.4. The phase trajectory configuration analysis

The Phase space: y, v

[/

i
oat

/

] 4
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=
=2

08r

N

07+

Example of phase
trajectory
(Trajectory of
direct-axis SC) ™

04 1 1 1 1 1 1 L L 1
0z 03 03 04 045 05 055 06 0B 07 075
F

case “a” — the function P(t) is positive;

case “b” — P(t) has one zero;

¢e 9

case “‘c”’ — P(t) has some zero.

The Phase velocities: V=7, V, =y (6

1 ThePhase accelerations: W =7, W, = (7)
The Trajectory’s curvature (k):

K2 — (7w —viy) P’ (8)

(7 +y?) G
d

E(k(t)z):Z(d)C'I')G—Gd)Z)/Gs. (9)

Function of phase trajectory evolutions:
P(t) = D (DG -GD). (10)

)&




1.5. Analysis and synthesis of the motion behavior
C,+C,—ct—A —A +at)r+(C, —ct)o
A +A —at

A(t), C(t) —linear (t) oo po_l
M, =const, M} =const 1

(C,+C, —ct)M MF (11)
r, =0, 0, M, >0 j = r_T:  f=-M,/C,
0 =% To =P My~ “7 ¢ —C, | (C, -
Analytical solutions:
M, M. .,
rzro—C—nt, o=0,+st+s,In(1-ct), go:goo+r0t—2Cmt
IF=FR+) Ft, &=F-g=1f+> ft'f,=F+M,/C,, f =F (j=2.%)
i=1 i=1 (12)
M, 1
\Sl:Cn’ szz—E(Mr+MZR), c,=c/C f,=F,—r,

Approximation of the evolution function: P(t) ~ f, (f, + fit)= f’t+ f,f, (13)

Polynom (13) is steady and trajectory is twisted if fifo>0=

{C< 4 ,I\/IZR<O}(14) ‘@ , MX>0, GO[C(A“+A)_Cra]>Mf (15)
C, “A+A C. A +A (A +A)




1.6. Numerical check of motion behavior

case “a” — the fulfillment of
conditions (14);

v
rad

case “b” — the non-fulfillment
of conditions (14);

0.1

case “‘c” — the fulfillment of
conditions (15);

Frad -0.1 E Jorad
v o] v case “d” — the non-fulfillment
rac rad - .
of conditions (15);
C) m %
0.12 i
. \ — » Vo
-0.24 0.2 &E & Initial orbit
0 011 7 rad 0.34 014 Jorad : %

Final orbit *«Desired orbit


twisting_motions/Block_d_twist.exe
untwisting_motions/Block_d_untwist.exe

The liquid extruding

Complex case



travel/Block_d.exe

Geomagnetic field and motion of spacecraft

Magnetic torque

M. =mxB_, (2.1)

(along OO’):

(KT B, AM|[B,,|/K? <<1} =
1 |K|=K =K, zconst; B, =uK

orb —

m=m(o,t)=m(p,q,r,t) (2.1

i M, =m(p,q,rt)xuK (2.17)

cosd =L/G; sinﬁzx/Gz—Lz/G; 0,=0; @, =y; | =g;
7= Ap/K; 7,=Ba/K; 7, =(Cr+A)/K




A >B, >C,

Geomagnetic field and motion of spacecraft

m(o)=ke+d| m=k[p(t).q(t),r(t)] +[0.0m,]

d=[0,0,m,]  v=kB,, /K<<l wu=m,B,,/K<<1

M, =[ve + ue, |xK

Y

(Ap+[(Cb—B)qr+qA](1—v):—Byq
< B4+[(A-C,)pr—pA |(1-v)=Aup

Y v C,f +A+ pg(B-A)(1-v)=0

" |A=0
x N
First integrals

@ 1 A? 3
’ Ap2+Bq2+Cbr2+Cr —(1_ﬂv)[Cbr+A]:2T

A*p? 4 B%q? +[C,r +A] =const=K?=2DT

(2.2)

(2.3)



Solutions




1.9. Hamilton form of equations in the Andoyer-Deprit variables

Ap+(C,—-B)ar+gAa =0,

Bg+(A-C,)pr—pA=0,

llZ
K C,f+A+(B-A)pg=0, A=M,,
W)
y A=C,(r+o); (22)
1
L K S A K y2 A:A1—|—A2, B:A1_|_BZ;
L=T ks 1,= T K s=|K|=K;
X ol o,
<
2 L= ke L<l,
[ { 0P,
/ - r
9 Y K, = Ap =412 L*sinl;
jo "« <Ky2=Bq:\/I§7003I; (24)
£ K, =C,r+A=L.
1212 sin cos?l | 1| A% (L-A)
H=H,+¢&H,; H,=-2 + T + (25)
2 A+A A+B,| 2|C, C,

(21)

(23)



1.10. Poincaré sections (t mod (1/ v))

| 4
1
]
]

& - 3 3 . q ¥ . y . - q g 7 z 5 X L . ']
explicit implicit symplectic

Andoyer-Deprit canonical variables

L= _kk 6= oks=k, H=T kK, A ="_
al OP, O, ' 00,

K A Z




Hamilton form of equations:

\

(26) A >B,>C,>A>C,.

L= (LL)+eg, (1) =1 (1,L)+2g(1);
f(1,L)=a (12— L2)sinl cosl; f,(1,L) = L[é

sin’l  cos’ }_A1 az(A1+Bz)_1—(A&+Az)_1-

(A+A) (A+B,)

C,

Assumption :
Equations (21) have heteroclinic solutions :

A=0

p(t) =

Py
ch At

o

e ® ch At

C,-A)A , 5 B-A)(C,-A) ,
ECZ—B;BpO’ A :( C):Z(B )po (27)

From (21) = A(t) =(u/v)sinvt

Perturbation: m, = u-cos(1t)

= =

g, (t)=0, g,(t)=—esinvt, e=ul(vC,).

Melnikov function: M (t)

fL(T(t).C(t))g, (t+t,)dt,

M (t,)={(25).(26),(27)} = aT AD(t)Ba(t)sin (v (t+1,))dt = abp,AB[cost,J, +Cosvtyd, | = RCosit, (o)
T th At -

ch At

1

—00

7 th At

sin(vt)dt=const=0, J, = M-cos(vt)dtzo, R = abp,ABJ,.

—00

Melnikov function has infinite number of simple roots. This proves the fact of the motion
chaotization at presence of small harmonical perturbation torques between the coaxial bodies.




Perturbations and the Melnikov’s function
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1. MeabnukoB B.K. (1963) O6 ycTOWYHBOCTH IIEHTPA IIPH HEPUOAMUCCKUX
110 BpCMCHH BO3MYIICHUAX. pr,[[bl MOCKOBCKOTO MaTeMaTH4YECKOTO
obmectsa, T.12, ¢.3-52.

4. Holmes P. J., Marsden J. E. (1983) Horseshoes and Arnold diffusion for
Hamiltonian systems on Lie groups, Indiana Univ. Math. J. 32, pp. 273-309.
4. Wiggins S. (1988) Global Bifurcations and Chaos : Analytical Methods
(Applied mathematical sciences: vol. 73). Springer-Verlag..




Perturbed motion

AZ
t K, 1,

z y )
< L
X D
AN

m,

{MA_mAcostt; H="H,+¢H, (3.1)

H, =-Lv,sinv,t; &=

2
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-

Melnicov’s function:

M(to)zgﬂam oM, oM, N,

} ot
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—00
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AB V\TT
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Poincare section  ((v,t mod 27)=0)
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Cases of chaotization
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The chaotization of the DSSC at the spin-up of the rotor (M , =const)
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Cases of attitude motion
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The chaotic reorientation — the positive implementation

(4.1)
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The chaotic reorientation
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animation

[19] Doroshin A.V. CHAOS AS THE HUB OF SYSTEMS DYNAMICS. THE PART | — THE ATTITUDE CONTROL OF SPACECRAFT BY INVOLVING IN
THE HETEROCLINIC CHAOQOS // Communications in Nonlinear Science and Numerical Simulation. 2018. VVol. 59


HeteroCHAOS-REORIENT_OK_animation/gyrostat_OK.exe

I1. The spider-type systems motion
1.1 Angular momentum of the system in projections onto axes of the frame Oxyz

K=K, +K,

cuEN/amra
Y V)

o'=c,+0;, A=A+4J+2l

B=B+4J+2l, C=C+4J+2l

Ap P (0, +0, )
K,=|Bq|+(4J+21)|q | K,=I|o,+0,
Cr 1| o, + 0, |

11.2. The motion equations of the multirotor system

K oxk=m @
dt

(Ap+16" +(C-B)ar+1(go” -ro™) = M;
BG+16% +(A-C)pr+1(ro-pc*)=M; (3)

\

Cr+16®+(B-A)pg+1(pc™ -qo*?)=M;

1(p+6,)=M/+M:; 1(p+36,)=M]+M:
1(4+63)=Mi+MS; 1(d+5,)=M,+M;, 4

3y?

1(F+6,)=Mi+Mg; 1(f+6,)=M;+M¢,
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11.3. The Euler parameters
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11.4. The conjugate spinups and captures
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1N
61
62
X

6N

Def.1. Conjugate rotors are paired rotors
located in the same layer on the opposite
rays. For example, rotor 3N and rotor 4N are
conjugate rotors (also rotor 12 and rotor 22,
etc.).

Def.2. Conjugate spinup mean a process of
spinning up conjugate rotors in opposite
directions up to a desired value of relative
angular velocity with the help of internal
moments from main body. Velocities of
conjugate rotors will be equal in absolute
value and opposite in sign.

Def.3. Rotor capture is an immediate
deceleration of rotor relative angular
velocity with the help of internal moment
from the main body. So, rotor capture means
an “instantaneous freezing” of rotor with
respect to the main body. The capture can be
performed with the help of gear meshing,
friction clutch or other methods.



11.5. Method of attitude reorientation of multiple-rotor system

Conjugate rotors Conjugate spinups Rotor captures

Last_ Run Time=

Patent: RU 2009115267/11 — 21 april 2009 — Doroshin A.V.



11.6. Analytical solutions of motion equations

(Mg =M:=M;=0)
A=B=C=D

Conjugate spinup of rotors #1,

My, if te0t,]
| 0, otherwise
—M,,, if te[0,t, ]

| 0, otherwise
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Rotor #2 capture
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Two serial captures of conjugate
rotors bring to piecewise constant
angular velocity of the main body
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rotation about Ox axis by finite

angle ISlZ (tzc _tlc)
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Let’s assume synchronically captures of coresponded conjugate rotors {1, 2}, {3, 4}, {5, 6}
and coincidence of the frame Oxyz initial position and the fixed frame OXYZ

t=t, =t =t t,=t, =t; =t;

start ?

finish (18)

Ay ( start ) ik ﬂl( start ) (tgtart ) =4 (tgtart ) =0
\

Angular velocities between conjugate captures of rotors

/ te[t,t,]: p=P; q=Q; r=R (19)

Solutions of kinematic equations (5)
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by angle y

P
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11.7. Numerical simulation of reorientation process

M! = ij*-[H (t)-H (t—tS)]—vaj-H (t-t9)
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. 8
M= =My H () =H (t-t") |-vo - H (=) "
4
M. =const>0; v>>1 j=135 [j*=24,6 2 o
1 L
- - - LEYS 4 45 65 0
H(t) is Heaviside function
B0 1080
- - - m_ M_
Two sets of results of numerical simulation % 1 o
20 a0
0 & s 294
Fig.A - zero value of angular - K
momentum and different inertia ot 4
moments of main body. 00 s
1 1+
0.8
Fig.4 - reorientation process at o . "
nonzero system angular B N S L Y AR R S oF
4 LY 55 b4~
momentum: 42 L
.4 s 45
®(0)=0,(0)=...=0,(0)=0; 0,(0)=100 1/s pt - N
Fig. A
v=300Nm-s _ _
Table I. Numerical parameters for calculations
4, B: C: I, 3;:, 5 f;, 5 f;, 5 f;, 5 f;, 5 f;, 5 JMH: 4”34: Miﬁ:
kg-mz kg-mz kg-mz ,'i'cg-;*:n2 N-m | N-m | N-m
Fig. A| 60 80 100 10 40 | 55 | 45 | 50 | 475 | 6.0 10 20 30
Fig. B | 100 100 100 10 4.0 | 475 | 4.0 | 475 | 4.0 | 4.75 10 20 0




11.8. ADAMS motion animations

Last_Run Time= 0.0000 Frame=0001

< Case of motion with zero initial
value angular momentum of system.

Last_Run Time= 0.0000 Frame=0001

Case of motion with non-zero initial
value angular momentum of system->




11.9. Hamiltonian form of equations

Kinetic energies of six rotors in j-layer are

2T,. =Jj(q2+r2)+lj(p+alj)2; 2T, =3, (a*+r?)+1,(p+oy)
2

2T, :Jj(p2+r2)+lj(q+03j) :

2T, :Jj(p2+q2)+lj(r+05j)2; 2T :Jj(p2+q2)+lj(r+06j)

2

2T, :Jj(p2+r2)+lj(q+a4j)2 (6)

2

Kinetic energy of the system has the following expression
N _ - N 6
T=T,+> T; 2T,=Ap*’+Bqg*+Cr* T,=>T; )
j=1 i=1
2T, =(21;+43,)(p* + 0% +r% )+
2

6
+2|j(p[01j +02j]+q[03j +O'4j:|-|—r|:0'5j +O'6J)+ |jZGij

=1



11.10. Andoyer-Deprit canonical variables

=T kk 6= ks=k, H=T kK, 2, =T - (9
ol O, O, ' 05, ooy
K A/ N
] K, =G’ =L sinl =Ap+Y_1,(cy; +0,))
j=1
s fK N
K, =/G*—L* cosl =Bq+_1,(cy;+0,;) (9)
Y e =
N
N K,=L=Cr+>1,(oy;+0y;), (L<G)
j=1

A\
.~<w
> > >
Il Il
o s
+  +
S8
> > >
Il
O
_|_
Q
=
S

X- - si=1(r+oy); Ay =1(r+oy)
N N N N N N
JZ:1:|J(O'11+O'ZJ)=JZ:1:(A“+AZJ) 2pJZ:l:IJ ;Ij(agﬁo-“):;(AsﬁAM) 2qJZ:1:IJ (11)



The angular velocity components in the Andoyer-Deprit variables

p:iA JGZ -2 sinl—i(Alj +A2j)} q :1{\/62 — 12 cos| —i(% +A4j)
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Kinetic energy in Andoyer-Deprit variables:
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Hamiltonian of the system takes the form

2 12[ in?2 2
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A B 2C (14)
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11.11. Investigation of motion modes

hY

11.11.1. Case of motion of the system with dynamically symmetrical main body : A
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11.11.2. Case Of Triaxial Main Body :
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11.12. Modelling results of the chaotic motion

Perturbations of rotors angular velocities:
D, =¢esin(v,t); D, =&sin(vy,t); Dy =esin(vgt)

Puancare intersections:  {L/G,1};  v,t mod 27
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[11. ADAMS motion animations of
multirotor Roll-Walking Robots

Last Run Time= 1.9950 Frame=00400




Conclusion

The main properties of the attitude stabilization
and control of SC (and multirotor systems) have
been examined.

Research into attitude motion of the one-body-SC,
dual-spin SC and spider-type-SC iIs very
complicated.

Nontrivial and chaotic modes are possible in the
SC attitude motion.
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