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Abstract. Attitude dynamics of a dual-spin spacecraft (DSSC) and a torque-free angular motion of a coaxial
bodies system are considered. Some regimes of the heteroclinic chaos are described. The local chaotization
of the DSSC is investigated at the presence of polyharmonic perturbations and small nutation
restoring/overturning torques on the base of the Melnikov method and Poincaré Maps. Reasons of the chaotic
regimes initiation at the spinup maneuver realization are studied. An approach for the local heteroclinic chaos
escape/avoidance at the modification of the classical spinup maneuver is suggested.
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INTRODUCTION

The study of the angular motion of coaxial rigid bodies systems and dual-spin spacecraft
(DSSC) attitude dynamics is one of the main problems of rigid body systems mechanics [1-41].

Tasks of the analysis/synthesis of the coaxial bodies’ motion have important applications in
the spaceflight dynamics and corresponding space missions which include orbital path sections
with the attitude stabilization of the DSSC [8-16]. The DSSC consists of two coaxial bodies,
rotating about a common axis (freely or at the presence of the internal engine torques).

The dual-spin construction-scheme is quite useful in the practice during the history of the
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 dual-spin satellites and
observing geostationary satellites).

This is the long-continued and well successful project “Intelsat” (the Intelsat Il series of
satellites first launched in 1966) including the 8th generation of geostationary communications
satellites and the Intelsat VI (1991) designed and built by Hughes Aircraft Company. Also one of
the famous Hughes’ DSSC is the experimental tactical communications dual-spin satellite
TACSAT-I which was launched into synchronous orbit in 1969. The “Meteosat”- project by
European Space Research Organization (initiated with the Meteosat-1 in 1977 and operated until
2007 with the Meteosat-7) also used the dual-spin configuration spacecraft. The spin-stabilized
spacecraft with mechanically despun antennas was applied in the framework of GEOTAIL (the
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 the despun antenna was selected for
Chinese communications satellites DFH-2 (STW-3, 1988; STW-4, 1988; STW-55, 1990). The
well-known Galileo mission’s spacecraft (the fifth spacecraft to visit Jupiter, launched on
October 19, 1989) was designed by the dual-spin scheme. Of course, we should indicate one of
the world's most-purchased commercial communications satellite models such as Hughes /
Boeing HS-376 / BSS-376 (for example, the “Satellite Business Systems” with projects SBS-1,
2,3,4,5,6/HGS-5, etc.): they have spun sections containing propulsion systems, solar drums,
and despun sections containing the satellite’s communications payloads and antennas. Also very
popular and versatile dual-spin models are the Hughes’ HS-381 (the Leasat project), HS-389 (the
Intelsat project), HS-393 (the JCSat project).

The DSSC usually is used for the attitude stabilization by the 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. Moreover, one
of the widespread types of the DSSC is the axial DSSC, where the axisymmetric rotor is aligned
with the principal axis of the platform-body.

The investigation of the motion chaotic regimes is also the significant part of the research
into DSSC attitude dynamics. Here we can indicate many works, e.g. [18-27]. Analysis of the
angular motion of the coaxial bodies with the variable structure was carried out in [19, 36-38]. In
[18] the motion chaotization of a rigid body with a rotor attachment was studied based on the
Melnikov method’s modification using the classical heteroclinic solutions for the single rigid
body torque-free angular motion. In [12-16] DSSC tilting motion’s evolutions at the rotor’s
spinup maneuver realization was in details investigated with the help of direct integration of
dynamical equations.

As it is described in the previous works, e.g. [15], the DSSC are usually placed into the orbit
with zero relative rotor angular velocity, and then a spinup engine provides an internal torque
from the «platform»-body to the «rotor»-body along the common rotation axis of the DSSC’s
coaxial bodies. The effect of the axial torque is to spin up the rotor and despin the platform,
thereby transferring all or most of the angular momentum to the rotor. Usually the spinup torque
is constant; also this torque is switched off right after the angular momentum transferring.
However, for maintaining of the constancies of the rotor’s relative angular velocity the DSSC’s
control system can form the corresponding stabilizing internal torque. This scheme of the
angular momentum translation (from the platform-body to the rotor-body) is called as the
classical spinup maneuver.

During this maneuver the DSSC’s longitudinal axis can be captured in the tilting precessional
motion with the complex time-dependence of the nutation angle — it corresponds to the space
mission disruption. Here we also note that at this spinup maneuver the «platform»-body move
from quite high-velocity rotations to slow oscillations. By this reason the DSSC’s dynamical
system passes through the separatrix-trajectory in the corresponding phase-space [12-16].

In an extension of the indicated works [9-38] in this research on the base of the Melnikov
method we consider the complex tilting precessional motion's initiation as the realization of the
chaotic regimes close to the heteroclinic separatrix-trajectory at the presence of small internal
perturbations in the rotor’s spinup-engine. Also the new scheme of the spinup maneuver
realization is suggested — this scheme can immediately translates the gyroscopic stabilizing
angular momentum to the rotor-body without chaotic regimes arising.

At the end of the introduction-section we can shortly indicate some important facts about the
DSSC and its possible chaotic behavior. So, the dual-spin satellites usually are used in
communication systems. The average lifetime (the design service life) of the DSSC is 10 years,
but some practical cases are known which exceeded the contractual lifetime by more than 20
years. The dual-spin satellites, as well as other types of satellites, are affected by many external
and internal influences, so the various failures are possible. The appropriate analysis of the
failures rate/source was made by different organizations and authors, e.g. [42-44]. The
failures/anomalies have been reclassified [43] into six categories: (1) Mission Failure, (2)
Random Part Failure, (3) Degraded Performance, (4) Phantom Commands, (5) Spurious Signals,
and (6) Command Errors. In the framework of the stated problem of the chaotic DSSC modes
investigation the most interesting anomalies are connected with phantom commands and
spurious signals. It is quite possible that some of the listed implementations of “the phantom
commands” (uncommanded reconfigurations of the vehicles) [43] can be considered as the
realizations of the unidentified chaotic regimes in the dual-spin satellites” dynamics. These are
“loss of earth lock and spin-up” (DSCS-2), “despun platform spun up” (INTELSAT-3), “loss of
despin control caused despin platform to drive off the earth” (INTELSAT-4), “despin electronics
control switched automatically” (TAC COMSAT), also anomalies into the attitude control
electronics [44] in cases of such DSSC as the AUSSAT-A3 and the SBS-1. All of the indicated
and similar accidents constitute the problem of the chaotic DSSC motion which is partially
considered in this article.



1. The DSSC angular motion equations

Let’s consider the torques-free angular motion of the axial DSSC (the body #1 is the rotor;
the body #2 is the platform). The platform-body has the general inertia tensor and the rotor-body
is dynamically symmetrical. The DSSC motion is considered in the inertial coordinate system
OXYZ (fig.1). We can describe corresponding attitude dynamics in terms of the Euler angles [1,
2] and/or on the base of well-known Andoyer-Deprit (also called as Serret-Andoyer) variables
[3-5]. We assume the following inertia moments ratio A, >B, >C, > A >C,.

The system’s motion equation can be written in the form [26]:
Ap+(C,-B)ar+gA=0; Bg+(A—-C,)pr—pA=0;

. . (1.1)
C,f+A+(B-A)pg=0; A=M,,

where [p,q,r]T — are components of the absolute angular velocity of the main body (the
platform-body) in the connected frame Ox.y,z,, o — the relative angular velocity of the rotor-
body; A=C,(r+o); A=A+A, B=A+B,; diag[A,A,C,] diag[A,B,C,]- are the
inertia tensors of the coaxial bodies (## i=1, 2) in the corresponding connected frames Oxiyiz;,
M, — the internal torque of the rotor-engine.

Fig.1 The coaxial bodies (the axial DSSC)
The Andoyer-Deprit variables [3, 4] are defined as follows (fig.1):

L=T ko 1, =T —kes=[K|=K; 1= —kk; LI,

ol o9, oP.

3
K, =Ap=4l;-Lsinl; K =Bg=4/I;-Lcosl; K, =C,r+A=L, (1.2

where K is the vector of the DSSC angular momentum. In the Andoyer-Deprit variables we have
the well-known Hamiltonian form:

2 2 . 2 2 2 L—A)?
H — Myt ehy; H—T —Je- L[ sintl  cos®l | 1) A% (L=4)") (1.3)
2 |A+A, A+B,| 2|C, C,
where T is the system kinetic energy, H, — the perturbed part of the Hamiltonian and & - the
small parameter corresponding to perturbations.
The coordinates ¢,, @, miss in the Hamiltonian (1.3), then the corresponding conjugate

momentums are constant, and the dynamical system reduced to the one-degree-of-freedom
subsystem {I, L} [26, 27, 32, 33:




L=f (I,L)+eg,(t); I=f (I,L)+eg,(t)

oH i
fo(l,L)=- aloza(lj—Lz)smlcosl
in? 2 14
f,(I,L):aH‘):Li— sinlcos”l | A (1.4)
oL C, (A+A) (A+B,)]| C,
_ _OH,. _oH,
ST T

where g,, g, —are the perturbations, and « = (A +B, )’1 ~(A+A)".

2. Perturbations of the DSSC attitude motion

Let’s consider the DSSC motion at the initiation of the small polyharmonic perturbation
between the coaxial bodies after the spinup maneuver's implementation (A b = const)

N
A=M, =¢) [a,sinnt+b, cosnt] (2.1)
n=0

With the help of the polyharmonic form (2.1) we can simulate arbitrary decomposable in finite
Fourier series (with N expansion terms) internal torques corresponding to the complex impulse
signals in the DSSC control system, including spurious currents at the presence of latency in the
rotor angular velocity sensors.

After the eq. (2.1) integration we obtain the polyharmonic solution form:

N =
A=A+eY[ 3 sinnt+b, cosnt ] (2.2)
n=0
The substitution of (2.2) into eq. (1.4) gives us the perturbed dynamical system:
L=f (LL)+eg (t); T=1(I,L)+eg,(t);
a2 2 A
fL(LL)=a(12-)sinlcosl; f,(1,L)=L| - 3N1 ST | 4. ;4

C, (A1+A2) (A1+Bz) C,
N —_—
g, (t)=0; g.(t)=_n2[§nsinnt+bncosntJ; nzci
n=0 )
Also the perturbation form (2.3) is actual at the presence of the small potential (P)

corresponding to small external “nutation” restoring/overturning torques with the polyharmonic
amplitude ¢(t):

¢(t)= gZN:[an sinnt +b, cos nt];

n=0

N
P=¢(t)cosd = gZ[ﬁn sinnt+b, cos nt]cos@;

n=0
N
H1=c0502[§n sinnt+b_ cosnt};
n=0
oH
gL(t):O; g, (t):_ aLl

Here we note that the nutation angle & (the angle between longitudinal DSSC’s axis and the
selected direction in the inertial space) can be counted out from the system angular moments’
direction (fig.1) [26, 34], and then we will have the following expressions

N p—
cosez%; 9. (t)=0; g,(t)=—7Y [a,sinnt+b, cosnt]; ﬁzli
n=0

2 2



3. The Melnikov function evaluation

As it was indicated in the introduction section, the spinup maneuver includes the passing
through the separatrix-trajectory in the system’s phase space. During this process the DSSC’s
longitudinal axis can be captured in tilting precessional regimes with complex time-dependences
of the nutation angle. This effect can be explained on the base of the local chaotization of the
DSSC motion close to the separatrix-trajectory.

First of all, we present examples of the unperturbed phase portrait (fig.2-a) and the phase
portrait (fig.2-b) of the system at the perturbations (2.3) in the Andoyer-Deprit phase space
corresponding to the Poincaré section.

Fig.2 The Poincaré section: A, =15, B,=8,C, =6, A =5,C, =4, 1,=20; A=3:
a). €=0; b). ¢=03, n=1/6; a,=1

The presented (fig.2) examples of the Poincaré sections were plotted in the case of the
single-harmonic perturbation (Ej =5j =0 Vj ¢3) on the base of the following “oscillations-

phase-repetition”. section-condition: (3t mod 27)=0. As can we see, at the presence of the

perturbation the “chaotic layer” formed in the region close to the heteroclinic separatrix-
trajectory. This chaotic layer is generated as the result of multiple intersections of the stable and
unstable split manifolds of the heteroclinic separatrix-trajectory. Inside the chaotic layer phase
trajectories can performed complex “chaotic” evolutions including complicated alternations of
rotating and oscillating regimes with variable characteristics — it is the main reason of the DSSC
capture in the complex tilting motion.

To analyze the indicated possibility of the local motion chaotization we can use the well-
known Melnikov method [17]. For using of this method it is needed to obtain corresponding
exact explicit heteroclinic dependences. In this research we will use the heteroclinic solutions
obtained in the work [26]:



> ,
M
[E(yé)eXp(¢ tk‘ﬁ]—ai} —~4a,3,
where

T =kineticenergylevel; A =const >0; a, =-k? a =-2ApK*; a,=s>—k*A*p?

. S . _ 28, +3,2+2+Ja,+/a, 2’ +a,z+a
o= Soap po(B-C) (g, E(r) -2t AL R AT A e,
— 2
szzL; k2:M; Hz2T(A—[3)+A2b; 5=223.8;
B(A-B) B(A-B) 2T
_(A=C)) [6,(B=C,). __CC,+(B-C,)(C,-B)  _CL+(A-C,)(Ci-A)
B A(A_B) ’ (B_Cz)cl ’ (A_CZ)Cl .
The Melnikov function in the considered case (for the system (2.3)) has the form:
M(to):gj fL(P(1). T (t). 7 (1)) g, (t+1,)dt (3.2)

—00

where taking into account expressions (1.4) and with the help of (1.2) we can rewrite the

function f_
f(B(1).a(t).7(t))=f (T.0)=a(13 —L*)sinlcosl = 2 Ap(t) BF(t)
Then the Melnikov function is evaluated as follows:

M (t,)= WUT Aﬁ(t)Bd(t)ZN:[gn sinn(t+t,)+b, cosn(t+t,)]dt =

= gomi[\] " (&, cosnt, —b, sinnt,} + J{" {a, sinnt, +b, cos ntO}J,
n=0

S

where
J”)—j g (t)sin(nt)dt; e Jg(t)cos(nt)dt (3.3)
CZ
3(0) = BB = A8, =2 CBZC) o (y(v+am) v (1)

It is easy to show that the function g is an odd-function exponentially damped to the

zero-value at t — +oo. So, by this reason we have convergent improper integrals (3.3) with the
following corresponding constant values:

JM=0; 3" =const, (3.4)
Having in the mind constants (3.4) we obtain the polyharmonic form of the Melnikov function:
N —_—
t,)=cany_ " {a, cosnt, -, sinnt, | (3.5)
n=0

The polyharmonic form (3.5) allows us to conclude that the Melnikov function almost always
has the infinity quantity of the simple zero-roots (with the exception of some separate cases of

the parameters {a b, J } combinations). It proves the fact of multiple intersections of
=1..N

n' ~n?’

the stable and unstable split manifolds of the heteroclinic separatrix-trajectory and, therefore, the



fact of the local heteroclinic chaos initiation.

Thus, as showed with the help of the Melnikov function, practically in all cases of
perturbations the DSSC dynamics is liable to the local heteroclinic chaotization, which is the
main reason of the tilting motion with the corresponding disruption of the space mission.

4. Additional aspects of the realization of the spinup maneuver

To understanding of the DSSC chaotization’s features we need to consider some details of
the spinup maneuver’s realization [12-16].

First of all, the aim of the maneuver is the creation of the DSSC gyroscopic momentum
for the attitude stabilization with the help of the rotation of only the rotor-body (“the partial
twist” [12-16, 35-38]). The stabilized direction of the DSSC (its longitudinal axis) in ideal
conditions coincides with the direction of the angular momentum’s vector of the system. In real
conditions, certainly, some small misalignments of the angular momentum direction and the
DSSC’s longitudinal axis take place (the angular momentum vector is the main direction in the

space) — this difference corresponds to the nutation angle: 6= 2(k,s) (fig.1). So, the DSSC’s

partial-twist-stabilization provides its attitude orientation with the small defined nutation angle
(5 ) Also we have to indicate, that in this case the following correspondences between classical

Euler's angles and Andoyers'-Deprit's variables take place [34]:
cosf=L/1,; I=¢ 4.2)
where g is the platform-body’s intrinsic rotation angle.
In the second place, during this maneuver the angular momentum is transporting from the
platform-body to the rotor-body, and by this reason the absolute longitudinal angular momentum
of the platform-body is reducing to the zero-value (C,r, —0), and at the end of the maneuver

the rotor-body receives all the system initial absolute longitudinal angular momentum
(Cir, > Ly).

Let’s consider the spinup maneuver’s realization as the series of small separated steps with
the graceful increment of the A-value, which occurs under the action of the internal torque of the
rotor-spinup-engine. In this aspect of the maneuver consideration we take the series of the
systems’ independent phase portraits (the frames set), corresponding to the series of A-values.
We can show some important frames of the phase portraits* variation (fig.3). Here we note that
the defined stabilizing value of the nutation angle (and the corresponding particular solution) is
depicted as the red curve (fig.3).

As can we see, during the A-value increasing the separatrix-region (the saddle points and
corresponding heteroclinic separatrices) is gradually moving up at the phase plane (fig.3: frames
a-e). Herewith, the separatrix saddle points coincides with the stabilizing-nutation-angle
particular solution (frame d), and, at the continued increasing of the A-value the separatrix-region
breaks through (bottom-to-up) the stabilizing particular solution (frame e). Following further, the
separatrix-region rises up, and the saddle-points coincide with the upper level of the phase space
(frame f) — this corresponds to the «critical» A*-value [26, 27]. After this the rising up of the
separatrix-region is continued (frame g) with the overcritical A-values, and, finally, the
separatrix-region fully vanishes (frame h) at the secondary critical A**-value. Here we note that
the following magnitudes correspond to the critical values:

A" =K(B-C,)/B=Kp; A" =K(A-C,)/A=Ka
C C (4.2)

azl—f; ﬁzl—Ez; O<fB<a<l, O0<A <A"<K=l,

! At this and other following figures we have for the phase portraits the dimensionless system axes: the abscissa
corresponds to the angle | [rad], and the ordinate corresponds to the dimensionless L/l,-ratio (whereas (4.1) this
coordinate plane {l, L/I,} is conformed to {¢, cosd}; the phase structure corresponds to the nutation-angle
changing). So, we will not write notations of coordinate systems’ axes at the phase-portrait-figures.



We can conclude that the separatrix-region inevitably intersects the particular solution of the
stabilizing-nutation-angle [16]; this intersection occurs between frames c-e (fig.3). By this reason
we have the inevitable passage of the stabilizing-nutation-angle solution through the local
heteroclinic chaotic area (fig.3, frames a’-g’). This fact confirms the guaranteed capture of the
DSSC into the local chaotic regime (in [16] is indicated that there are probability phenomena of
various outcomes of the DSSC evolution at the separatrix crossing). It is worth to note that in the
case of small perturbations this chaotic regime can be expressed in a very weak form, which
hides its fundamental presence in the DSSC dynamics, especially in the practical implementation
of well-proven space missions (with minimal errors and perturbations). So, the chaotization
aspects in the DSSC's perturbed dynamics always take place, and it can always become the main
reason for the DSSC's attitude disorientation and, moreover, for the disruption of the space
mission.

Separately we need to describe the phase portraits connected with the frames h and h’
(fig.3). As it was indicated, the heteroclinic separatrix-region fully vanishes at the values A > A"~
— this circumstance eliminates all reasons for the local heteroclinic chaos generation (though
some complication of the phase portrait’s (fig.3-h”) structure occurs). This case is most favorable
for the DSSC attitude stabilization, but it can be implemented only at the end of the classical
spinup maneuver’s realization. It is also necessary to note, that the smaller the internal torque of
the rotor's spinup, the more gradual is the transition to the finite case (h/h"), and the more stable
is the chaotic regime. If the spinup maneuver were discrete and could instantly translate the
whole longitudinal angular momentum of the platform-body to the rotor-body (the instantaneous
transition to the case h/h'), then the reasons for the local heteroclinic chaos would be fully
eliminated.

For the numerical examples (fig.3) of the system (2.3) behavior we used the following
parameters (A-frame-values are presented in the table):
A =15B,=8,C,=6, A =5 C, =4 [kgm?]; 1,=20 [kg-m?s];
n=1/6 [(kg-mz)l}; &=L &, =, =0 [kg-m’/s]; cosd =08.
The small parameter: the left column corresponds to ¢ =0; the right column - £ =0.3.
The Poincaré sections' condition: (t mod 27)=0.

Table
Frame a, a’ b, b’ cc’ d,d’ e e’ f, f 9,9 h, h’
A, kg-m/s 0 5 8 8.62 9 A'=10.77 13 A"=14

Also it is worth to underscore some differences in the chaos regimes, which arise during the
spinup maneuver. The indicated differences are presented at the fig.4.

First of all, at the relatively “small” A-values (0<A < A”) we see (fig.4-a) the broad chaotic

layer spreading on the wide zone of the nutation oscillations (cosé is changing inside the
interval, which includes both negative and near-unit values, therefore the nutation-angle can
oscillate with big amplitudes from near-zero magnitudes up to the values above ©/2). In this case
the longitudinal DSSC-axis performs chaotic tumbling-evolutions. We can define this chaotic
regime as the “oscillating chaos”.

The second type of the chaos regimes (fig.4-b) corresponds to the overcritical A-values

(A* <A< A“), when the motion occurs in the “upper” zone of the phase space (0<cos@<1).

In this case the rotation of the DSSC longitudinal axis about angular momentum’s direction
preferably takes place, when the chaotic regime resembles the gyroscope regular precession
(certainly with the chaotic amplitude). We can define this chaotic regime as the “rotating chaos”.
This case is less dangerous for the DSSC’s attitude stabilization than the oscillating chaos.

The third case of the chaos regimes is possible. This is the heteroclinic chaos close to the
secondary heteroclinic structures arising in addition to the main separatrix-region at the presence




of perturbations (fig.4-c). These secondary heteroclinic bundles usually are quite narrow (along
the ordinate-direction) and have properties similar to the rotational chaos. The figure (fig.4-c)

demonstrates the narrow secondary chaotic bundle at the value A™, when the main separatrix-

region is already vanished. This type of the chaotic regime we can define as the “secondary
chaos”.

Also as can we see (fig.4-d), the absence of any chaotic regimes is possible at large A-values
comparable with the value of the system angular momentum (A~0.9:1,). It is quite clear, because
in this case the greater part of the system’s angular momentum is transferred to the dynamically-
symmetrical rotor-body and the platform-body with the three-axial inertia tensor is almost
motionless in the inertial space, and therefore the DSSC dynamics is determined by the simple
dynamics of the dynamically-symmetrical rotor. This case of the motion is most preferred to the
DSSC's attitude stabilization. The implementation of the “chaos-free” phase portrait (fig.4-d) is
possible if the initial DSSC's attitude orientation is quite precise and the nutation-angle’s initial
value is quite small — then after the spinup maneuver the longitudinal angular momentum will be
fully transferred to the rotor-body with the appropriate large value of the angular momentum A
(in the considered at the fig.4-d example the nutation-angle corresponds to the condition:
cosd=A/1,=0.9).

In an addition to the Poincaré-maps (fig.3,4) we present illustrations of the chaotic motion
with the help of the time-history of the angular velocity's components (fig.5-a), the perturbed
polhode (in the p-g-r-space of the angular moment's ellipsoid) and the corresponding Poincaré-
map (fig.5-b), the time-history of the nutation angle (fig.5-c), the time-history of the intrinsic
rotation angle (fig.5-d), the six Poincaré-maps-images of the unperturbed heteroclinic separatrix
in the forward-time-direction t—>+o (fig.5-e), the heteroclinic net (fig.5-f) as the set of the six
Poincaré-map-images [26] of the unperturbed heteroclinic separatrix in the forward-time-
direction and in the back-time-direction t—-00 (six Poincaré-map-preimage). All of the
simulations (fig.5) correspond to the oscillating chaos (fig.4-a) with the same DSSC parameters
and the motion’s initial conditions. So, the illustrations (fig.5) show us the appropriate features of
the chaotic regime: the irregularity of the motion parameters (their time-history), the tangled
polhode, and complicated heteroclinic nets.

5. The new approach of the realization of the chaos-free spinup maneuver

As it was indicated in the previous section, in order to the local heteroclinic chaos avoidance
during the spinup maneuver we need to instantly translate the whole longitudinal angular
momentum of the platform-body to the rotor-body (the instantaneous transition from the phase
portrait fig.3-a/a’ straight to the frame fig.3-h/h’).

For the realization of this “jumping” change of the phase portraits' form (fig.3-a—fig.3-h)
we can use the method of the conjugated rotors spinup-captures [39-41], which were developed
for the multi-rotor spacecraft’s attitude reorientation.

For application of this method to the chaos-free spinup maneuver we can add to the DSSC-
two-body-coaxial-system the “opposite” rotor #3 (fig.6), which is conjugated to the rotor #1.
Then it is possible to perform the “conjugate spinup” — this is the process of the spinup of the
conjugated rotors in opposite directions up to desired values of the relative angular velocity with
the help of internal torques; the summarized angular momentum of the conjugated rotors during
the conjugate spinup is constant. Then, for the instantaneous transition of the angular momentum
of one of the conjugate rotors to the main body (to compensate the angular momentum of the
main body, and to stop it) we can make the «rotor capture» — it is the immediate stopping-
deceleration of the rotor relative angular velocity with the help of internal torques. So, the rotor
capture means the “instantaneous freezing” of the rotor with respect to the main body. The
capture can be performed with the help of the gear meshing, large frictions or other methods.

To perform the spinup maneuver based on the new scheme we execute the following steps:

1). The DSSC is placed into the orbit in the “monobody” form (with the fixed rotors ## 1
and 3) with the initial value of the longitutinal angular velocity r.



2). The rotors-restrictions are removed and the rotors are exempted for the relative rotation.
3). The conjugated spinup of the rotors ## 1 and 3 is realized with the help of the following
constant internal engines' torques:
. (C,+Cy)r. : C,+C;)r,
M]I_:(ZT3)O; Malz_(ZT3)0 (51)

where Cj is the axial inertia moment of the rotor #3; Mli— the internal torque of the rotor's #1
spinup engine; M - the internal torque of the rotor's #3 spinup engine; T, — is the duration (time-
moment) of the rotor's spinup. At the end of the spinup with the torques (5.1) the rotor #3 and the
main body (#2) have the equal magnitudes of the longitudinal angular momentum, but with
opposite signs.

4). The capture of the rotor #3 is performed, then the longitudinal angular momentums of the
body #2 and the rotor #3 immediately compensate each other — it stops the rotation of the both
bodies (## 2,3). After the capture of the rotor #3 its relative rotation is prohibited, and from this
time-moment we can consider the bodies #2 and #3 as the new coupled platform-body.

The indicated four steps present the new spinup maneuver’s scheme with the instant
translation of the stabilizing longitudinal angular momentum to the rotor-body (rotor #1). This
scheme avoids the heteroclinic chaos in the DSSC dynamics during the spinup maneuver
realization.

Based on the material [39] we can reduce the motion equations of the multi-rotor system to
the considered three-body case:

Ap+(C-B)ar+gA=0;

A =Mi. A =Mi'
Bg+(A-C)rp— pA=0; S 5.2
q+( )rp—p { Ach 44, (5.2)
Cr+A+(B-A)pg=0;
where
A=A +A,; A =C/(r+o0,); A;=C,(r+o;) (5.3)

A=A+A+A; B=A+B,+A; C=C,

diag[A;, A,,C,]— the inertia tensor of the rotor #3 in the corresponding connected frames

Oxsyszs; o1 — the rotor #1 relative angular velocity, oz — the rotor #3 relative angular velocity; A
— the rotors” summarized absolute longitudinal angular momentum.

Here it is needed to note that the internal torques of the rotors engines correspond to the
two actions: the rotors spinup within time Ts, and the rotor #3 capture at the time-moment T.. We
can use in this task the following form of the engine-torques based on the Heaviside function:

=L () om))
: (5.4)
M, __ &Gy (H(t)-H (t-T,))—vo,H (t-T,);

S
where v — is the coefficient of the large viscous friction for the fast capture modeling, H(t) — is
the Heaviside function.
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Fig.4 Cases of chaos (in the system (2.3)):
(a) — the oscillating chaos (A = 4) ; (b) — the rotating chaos (A = A*) ;

(c) — the secondary heteroclinic chaos (A = AH) ; (d) — the disappearance of chaos (A =0.9I 2)
A =15B,=8C,=7, A=5C =4 1,=20, a=1 a,, =50“N =0; n=1/7; £¢=0.6
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Fig.5 The oscillating chaos' features
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Fig.6 The three-body DSSC

The modeling results are presented at the fig.7. As we can see, the “jumping” change of
the summarized longitudinal angular momentum A takes place at the time-moment T (fig.7-a),
and the body-platform angular velocity r also immediately takes the zero-value (fig.7-b).

Here it is worth to note that the rotors ##1, 3 can be different in geometrical and inertia-
mass parameters. This difference does not change the principle of the implementation of DSSC
spinup maneuver. So, the rotor’s #3 parameters can be selected based on the DSSC’s
constructive appropriateness.
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Fig.7 The DSSC’s spinup maneuver modeling:

A, =15,B,=8,C,=6, A=A =5C =C,=4[kg-m’|;
v=200kg-m*/s]; r,=1[1/s]; T, =05, T, =1]s]

The considered spinup maneuver’s scheme with instant translation of the stabilizing
longitudinal angular momentum to the rotor-body (rotor #1) allows to avoid the heteroclinic
chaos in the DSSC dynamics. This is possible due to the instant change of the phase portraits’
form with the separatrix-region disappearance.

CONCLUSION

In the article the attitude dynamics of the dual-spin spacecraft was considered during the



classical spinup maneuver realization, including the investigation of the regimes of the
heteroclinic chaos arising at the presence of polyharmonic perturbations. Also the classification
of the possible cases of the DSSC chaotic regimes was implemented.

As it was shown, the main reason of the chaotic regimes’ initiation is the qualitative
changing of the phase portraits' structure during the classical spinup maneuver, when the

gradually increasing of the A-value inside the interval [Clro, L =(C, +C2)r0] takes place. In this

process the separatrix-region is moved up to upper border of the phase portrait, and, hence, the
zone of the heteroclinic chaos (in its evolution) inevitably passes through the particular solution
corresponding to the DSSC's attitude position, which is stabilized by the partial twist. So this
"stabilized solution" is inevitably involved in the chaotic regime, and, therefore, the attitude
orientation/stabilization can be lost.

Here we underline that the failures/anomalies facts indicated in the introduction-section
correspond to the real "experimental data" [42-44] illustrating the irregular motion cases and
phantom commands realization; but the comparison of this data with the theoretical results is
problematic because the indicated failures were not being monitored. So, the special experiments
for the chaos phenomena study were not conducted in the framework of the known DSSC space
programs. The space programs' engineers/implementators ought to plan and conduct these
interesting experiments in the near future.

To avoid the chaotic regimes initiation we suggested the new method of the spinup
maneuver realization, which is based on the three-body-DSSC scheme with the execution of the
conjugated rotors spinup-captures. This modified spinup maneuver provides the instant
translation (the jump) between the phase portrait’s forms with the separatrix-region
disappearance, and, therefore, without any chaotic regime arising.
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