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A new principle and linked schemes of reaction/momentum wheels unloading are proposed and constructed.
This principle is based on the instantaneous restructuring and changing the mechanical system itself, when
additional internal degrees of freedom become available. These releasing additional degrees of freedom
correspond to additional rotors, which take “after unfreezing” their own opportunity to rotate. At the connection
of additional “unfrozen” rotors to the main wheels by gear type, these rotors become involved in the rotation
with opposite direction relatively to the main wheels rotation, and it instantaneously provides nulling the relative
angular momentum. Then electric motors of additional rotors and wheels can start the process of the rotational
energy recovery, which decelerates and unloads angular velocities of all rotors and wheels. The proposed
principle of releasing additional degrees of freedom and reconfiguring internal mechanical multi-rotor
subsystem allow to immediately change values and directions of the relative angular momentum. This changeable
multi-rotor subsystem represents the multifunctional attitude control system, which can be figuratively called as
a “gearbox”. As a part of the gearbox a special mechanical device is proposed, which represents a “gravitational
damper” to unloading the total absolute angular momentum of spacecraft with the help of external gravitational
torques. Activation of this devise is also fulfilled by releasing new degrees of freedom. Corresponding mechanical
and mathematical models are build, and numerical modeling is provided to confirm the principle and all

dynamical properties.

1. Introduction
THE construction of new methods and schemes of the attitude control of spacecraft (SC) and satellites was and still
remains one of the most important problems of the attitude dynamics. In this framework, a very useful SC equipment
for the attitude control is mechanical subsystems with rotors (wheels) placed on their own independent electric motors
which can change the angular velocity of the rotors rotation, that change the distribution of the SC angular momentum
between the SC main body and rotors. By this way, it is possible to initiate the rotation of the main body of the SC, or
simply rotate it on the predefined angle in the inertial space with the help of the corresponding change of rotors angular

velocities. Such rotors subsystems usually divided on the “momentum” and the “reaction” wheels.
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As itis well known, momentum wheels typically represent the rotating wheels with a large, fixed angular momentum
to provide overall stability of the SC attitude. The momentum wheels’ angular velocity is gradually increased to absorb
some external disturbances, which change the complete angular momentum of the SC. In addition, the well-known
mechanical system to control the SC attitude motion is the reaction wheels. The reaction wheels are the rotors with
small angular momentum. Attitude control systems use usually at least three independent reaction wheels, placed in
three general axis of the SC. The reaction wheels begin to rotate (or to change the angular velocity) in cases when the
SC must change its attitude or absorb external disturbance torques.

At using the momentum wheels or reaction wheels, the cases of a saturation of angular velocity of wheels are
possible, when the wheels speed cannot to be increased more due to limits of the engines capacity, or other limits.
Moreover, the angular momentum always is accumulated during the disturbances absorption — this accumulated angular
momentum usually is transferred to wheels by the additional twisting. Therefore, it is always important to find new
schemes to unloading the angular momentum of the wheels, and also to find new possibility to recover the accumulated
kinetic energy of rotors rotation for reuse it in SC systems. This task and linked with it scientific and technical problems
attracted attention of many scientists [1-32] and constructors [33-43] throughout history of space flight missions.
Usually such schemes use the interaction of the SC with the external forces fields, e.g. with the gravity and magnet
fields of planets, or use the aerodynamic interacting with planets’ atmospheres, or torques from jet-propulsion engines.
The magnetic systems to unloading the momentum/reaction wheels are investigated and designed, e.g., in works and
patents [1, 3, 4-10, 14, 17, 19, 20, 24, 26, 29-31, 34, 39]. The gravity gradient action in framework of wheels unloading
is described in [2, 7, 9, 15, 27, 32]. The propulsion systems application is considered in [5, 11, 28, 36, 38, 42, 43],
including the schemes of low thrust, ion- and electro-engines using [16, 18, 21, 38, 40]. The solar pressure and
aerodynamic schemes also are used to wheels unloading [7, 9, 15, 22, 32, 37].

In this article, a new principle and linked schemes of reaction/momentum wheels unloading are proposed and
constructed. This principle is based on the instantaneous restructuring and changing the mechanical system itself. It
implies the instantaneous change of SC mechanical structure (Fig.1) when additional internal degrees of freedom
become available. These additional degrees of freedom correspond to additional rotors (identical to the main wheels),
which take “after unfreezing” their own opportunity to rotate and to create their own angular momentums (Fig.2-a). If
such additional “unfrozen” rotors become instantaneously connected to the main wheels by gear type (Fig.2-b), then
these rotors become involved in the rotation with opposite direction relatively to the main wheels rotation, which
instantaneously provides nulling the relative angular momentum of paired main wheels and “unfrozen rotors”. After
“unfrozen rotors” connections, the electric motors of all rotors and wheels can start the process of the energy recovery,
when all electric motors switch to regimes of electric generators. This process, firstly, decelerates and unloads relative

angular velocities of all rotors and wheels, and, secondly, transforms the rotational energy into electricity. To use the



indicated principle it is possible build the multi-rotor mechanical subsystem allowing realization of different variants of
unfreezing and connecting auxiliary rotors to unload the relative angular momentum of all wheels and to recover a part
of their rotational energy. This multi-rotor subsystem can be figuratively called as a “gearbox” for spacecraft. The
dynamics of spacecraft with the gearbox should be modelled in consideration of nonholonomic constraints formation
[53-59].

So, the instantaneously nullification of the relative angular momentum can be realized by the connecting main
wheels and “unfrozen rotors”. This process translates the relative angular momentum of wheels to the main body of the
spacecraft, and the main body starts its rotation, receiving the total value of the absolute angular momentum of the
system. To discard the total absolute angular momentum of spacecraft (from the main body) in this paper the special
mechanism is proposed in the framework of the gearbox construction. This mechanism is activated also on the principle
of releasing additional degrees of freedom, and it implies the start of the angular motion of an internal rigid body with
three different moments of inertia in a spherical cavity with a viscous liquid, placed into the main body of SC. The
external central gravity field will acts on the internal body and will try to rotate it into attitude position, which is typical
for gravitational stabilization [49-52]. The corresponding internal rotation of this body in the liquid will in its turn create
the liquid friction, which will act on the main body. This internal rotation with friction is the cause for dissipation of the
rotational energy of the main body. As the result it unloads the total absolute angular momentum of the spacecraft main
body by the mediated interaction (through the friction) with the external gravity field. Such mechanical devices with
releasing relative rotations of the internal body in viscous liquids can be called as “gravitational dampers” [60]. If we
place the gravitational damper into the gearbox, then we obtain the quite effective equipment to control the attitude
motion of spacecraft, and to unload the total absolute angular momentum of the spacecraft.

Thus, in this paper the mechanical constructing and mathematical modeling of spacecraft and their attitude dynamics
with the gearbox are provided. In order to orient the reader, it is possible briefly indicate the structure of the article.

In the paragraph 2 the general idea and main mechanical schemes are considered. There are possibilities of multi-
rotor mechanical systems restructuring are identified, and corresponding implementations of additional “unfrozen”
rotors releasing with their following connecting to main wheels, including schemes of “neutral pairs” of rotors.

In the paragraph 3 modeling of multi-rotors spacecraft attitude dynamics is the fulfilled. There are presented all of
important mathematical models and methods to study dynamics. At the begin, the mathematical model of the attitude
dynamics in main Euler’s form is described. Further in purposes of analysis of kinematical nonholonomic constraints
in the dynamics with rotors connections, the mathematical approach to the nonholonomic system modeling is presented.
Based on the nonholonomic approach, the dynamics is modeled and main aspects of this motion were indicated. After
consideration of the Euler’s mathematical model, the very important block of Hamiltonian models is followed, which

includes the construction of Hamiltonian equations without and with kinematical constraints between the connected



rotors. From this Hamiltonian model the important fact was observed and proved: the attitude motion of multi-rotor
spacecraft with all connected compensated pairs of rotors will be equivalent to the attitude motion of free rigid body
with corresponding inertia moments. This fact allows to substantially easily consider/simulate/synthesize the attitude
dynamics of spacecraft on regimes with unloaded relative angular momentums of rotors, and to provide the unloading
of the total angular momentum of the compete spacecraft using the external forces (e.g. at the active gravitational
damper).

In the paragraph 4, some technical aspects of the multi-rotors systems application in the framework of the gearbox
design are presented. The devise for the total absolute angular momentum unloading using the gravitational field is
described — this devise can be called as the “gravitational damper”. New schemes of the spacecraft attitude control with
formations of compensated pairs of rotors, with orthogonal nonholonomic connections of rotors, and with the
gravitational damper are proposed.

At the end, in the conclusion paragraph the main advantages of the proposed gearbox scheme are highlighted.

2. Main Mechanical Models
2.1. The General Idea of Main Wheels Unloading by SC Mechanical System Restructuring
Let us consider the attitude dynamics of a SC with main momentum/reaction wheels, which accumulate the angular
momentum (Ky, Ky, K;) along all three main axes {x, y, z}, connected to the main body of SC (Fig.1), and develop new
schemes of the wheels unloading.

First of all, it is needed to present the main idea of restructuring the mechanical system of the SC (Fig.1). Let us
assume that the SC contains internal additional rotors, which are rigidly connected to the main body and cannot move
relatively it within fulfilling the main program of SC attitude motion. In such “locked state” these additional rotors, per
se, refer to the main SC rigid body, and can be considered as immovable elements of the main rigid construction of SC.
When a necessity arises to unload the saturated momentum/reaction wheels, then additional rotors are released (Fig.2-
a) and brought into contact with the wheels by gear type (Fig.2-b). At these connections pairs of wheel-rotor are built,
which have zero values of angular momentums relative to the main body of SC, due to opposite directions and identical
values of relative angular velocities of corresponded wheels and rotors, i.e. indicated additional rotors compensate the
relative angular momentum of main wheels. By this reason, it is possible to call such rotors as the “rotors-compensators”
(or the “compensating rotors”), and the pairs of wheels & rotors-compensators — as “compensated pairs”.

This compensation of rotors translates their relative angular momentum to the main body of the spacecraft. Due to
the conservation of the total absolute angular momentum, the main body must immediately start an absolute rotation to
save the constant value of the total absolute angular momentum K=[Kj, Ky, K]" after compensation of the rotors. To

unload the total absolute angular momentum of the spacecraft (from the main body) it is needed to use some special



equipment, which interacts with external forces fields. For this purposes, in the section 4.5 an unloading mechanism is

proposed, which uses the external gravity field, therefore, it can be figuratively called as “gravitational damper”.

4

ns

Y Z

Fig. 1 The initial mechanical structure of SC with saturated wheels

(a) (b)

Fig. 2 Restructuring the SC mechanical system:
(a) - with the main wheels and the “unfrozen” free rotors;

(b) — with the main wheels (red) and the connected “unfrozen” rotors (blue)

Since the rotors-compensators are installed on electric motors, they can work as generators and can produce the
electricity and recover the kinetic energy of the rotation. So, at the activation of the compensated pairs the SC will
realize the natural angular motion like simple rigid body, since the relative angular momentums of compensated pairs
are equal to zero (the compensated pairs produce no gyroscopic torques). In this “rigid-body-regime” the SC can start
the procedure of the rotors rotational energy recovery, and, also the procedure of the unloading the total absolute angular
momentum at the initiated interaction with external forces fields.

After the recovery of the rotational energy rotors and after unloading the total absolute angular momentum from the

main body of the spacecraft by the gravitational damper, the separation of the rotors-compensators from the main wheels



realizes, the corresponding degrees of freedom become closed, and auxiliary rotors become rigidly fixed to the main

body, and the SC goes on to its normal operation with controlling the attitude by the main momentum/reaction wheels.

2.2. Possible Schemes of Rotors Connection

The considered above wheels relative angular momentum unloading process implies the connection of the main
wheel with the rotor-compensator. To understand this very important procedure it is possible to give a short description
of the mechanical structure of formation of compensated pairs. Let us consider the main wheel and rotors-compensators
as mechanical gears. In the simplest case the rotor-compensator can be used, which is fully similar to the main wheel
(including the electric motor). The compensated pair is formed by a direct contact between the main wheel and the
rotor-compensator according to the following algorithm. At the step of the usual operation of the main wheel (Fig.3-a),
it has the relative angular momentum K under the action of the electric motor (#1) with corresponding voltage (U) usage
or freely, and the rotor-compensator is rigidly fixed relative the main body of SC. At the step of the wheel saturation,
the rotor-compensator is released and brought into the connection with the main wheel (Fig.3-b), and then the main
wheel and the rotor-compensator fulfill the opposite rotations with equal magnitudes of relative angular velocities, but
with zero value of the total relative angular momentum. In this case, electric motors of the main wheel and the rotor-
compensator play role of electric generators, create corresponding voltage (U;) for energy recovery, and produce the
internal torques, which are opposite by direction and equal by magnitude. Due to both motors are mounted onto main

body of SC, the total internal torque is equal to zero, and, therefore, it does not affect the SC attitude in any way.
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Fig. 3 The planar form of the passive/active rotor-compensator:
(a) — the usual operation of the main wheel (red)

(b) — the unloading main wheel (red) by the connected rotor-compensator (blue)

In addition, an axial form of the compensated pair can be constructed with the help of a small auxiliary intermediate

gear (Fig.4). The axial shape of the compensated pair, as well as the depicted planar form (Fig.3), also can be applied



in the framework of unloading momentum/reaction wheels.
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Fig. 4 The axial form of the passive/active compensated pair:

(a) — the usual operation of the main wheel (red)

(b) — the unloading main wheel (red) by the connected rotor-compensator (blue)

2.3. Neutral pairs of rotors

The property of the above-described compensated pair of rotors to have the zero value of the angular (relative)
momentum can be applied to the desaturation of the freed momentum/reaction wheel.

The freed wheel here is the ideal model of the wheel, which was disconnected from its own electric motor, and now
it fulfills the free rotation in “ideal” bearings without friction, i.e. it do not interact with the main body of the spacecraft
through the creation of internal torques. Then to decelerate and to unload such freed wheels, it is enough to connect to
them the compensated pair of rotors (Fig.5). In these cases, such auxiliary compensated pairs of rotors can be called as

“neutral pairs”, that is more appropriate.
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Fig.5 Using the compensated pair to unloading the freed wheel:

(a) — the saturated freed wheel (pink) and inactive neutral pair (grey)

(b) —unloading freed wheel (red) by the connected neutral pair

The neutral pairs in active phase accumulate the energy in generators regimes. This energy recovery process
decelerates the angular velocity of rotors, and it results in the freed wheel unloading. The angular velocity of the main
freed wheel can by decreased slowly and carefully down to any desirable level, and after decreasing the velocity the
neutral pair disconnects from the wheel. The important property of the neutral pair is the zero value of the relative
angular momentum, and, therefore, the neutral pair do not create the gyroscopic torques and do not affect the attitude
dynamics of main body of the spacecraft. In other words, the rotors of the neutral pair do not change the qualitative
properties of the attitude motion; they simply add the inertial masses to the main body (as if they were motionless
relative the main body). In the same time, the direct connection of the neutral pair to the saturated wheel will
immediately absorb some part of the kinetic energy of the relative rotation, and transmits through oneself the part of the
angular momentum of the wheel to the main body. The unloading of the total absolute angular momentum from the

main body is fulfilled with the help of external torques (e.g., with the help of the “gravitational damper”, which is



described in the section 4.5). After this immediate unloading the relative angular momentum (or a part of them), the
neutral pair can be disconnected from the wheel, and can recover the part of the rotational energy by the pair of electrical
engines. This approach of the relative angular momentum unloading and energy recovery can be in demand in the
framework of the nanosatellites construction, when the simple/simplest equipment is preferable; and the neutral pair of

rotors is exactly this case.

3. Modeling the Attitude Dynamics of SC at Compensated Rotors Formation

3.1. The Mathematical Model of the Attitude Dynamics

Let us build the attitude dynamics model of a SC, which continuously describes the SC angular motion during all
three stage of the main wheels operation: the motion with saturated wheels, the motion at the process of wheels
unloading by the formation of compensated pairs, and, the motion after decoupling of the compensated pairs of rotors.

Let us in our modeling consider the external torque-free attitude dynamics of SC; i.e. in this research we investigate
the angular motion of SC at the internal redistributions of the relative angular momentum between the rotors and the
main body at the constant total absolute angular momentum of the system.

This mathematical model can be constructed both for planar forms of compensated pairs (fig.3) and for their axial
forms (fig.4). In this paper, we consider the mechanical and mathematical models of axial forms of wheels and their

compensated pairs formation.

Fig. 6 The mechanical structure of the spacecraft with axial wheels and their compensated pairs:
(a) — the single-laeyr form of axial compensated pairs (the pairs of rotors ## {1 and 2}, {3, 4}, {5, 6})

(b) — the multi-layer form of axial compensated pairs
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Fig. 7 The mechanical structure of the multi-layer multi-rotor spacecraft

The corresponded mechanical model is presented at the figure (fig.6-a), where the spacecraft collects the three main
wheels (red wheels ##1, 3, 5) with corresponded axial rotors (blue rotors ##2, 4, 6) forming the compensated pairs along
the main axes of the coordinates frame Oxyz, connected to the main body of SC. Also by analogy, the multi-layer scheme
can be constructed (fig.6-b) for cases of large quantity of wheels - it generalizes the constructional scheme on the
multirotor case [44] which allows to fulfill complex series of angular reorientations, using conjugated rotors spin-up
and captures [48].

This system contains N layers with rotors on the six general directions coinciding with the principle axes of the main
body. We also assume that each layer contains the equal rotors, but the rotors in the different layers are different. For

the angular momentum of the generalized 6N-rotors-system written in the Oxyz, connected with the main body, we have

K=K, +K,;

Ap N Oy + 0y (1)
Kn,=[Ba|; K, =X l|oy+0y |

Cr = oy +oy

Here K, is the angular momentum of the system with fixed (relative the main body) rotors; K, is the relative

angular momentum of rotors; o, is the relative angular velocity of the kl-th rotor (relatively the main body);

- _ _ N _ _ " _ _ N _ N o

A=A+4J+21, B=B+4J+2l, C=C+4J+2l; J=>J;1=>1; { B, } - are the main inertia moments
1=1 1=1

of the main body; I, and J, are the longitudinal and the equatorial inertia moments of the I-layer-rotor relatively the point

O. The main vector equations of the system motion in the coordinates’ frame Oxyz is the following:

AK L oxK =M @)
dt

The equation (2) can be written in the following scalar form
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N
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1=1
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The relative rotation equations of the main wheels are (1 =1..N):

Il(p+d-1l): M1i| +Mlelx;
L (G+65) =M} +Mj; 4)
|,(f+0'5|)= M;| +M5e|z;

I| (p+d'2|): M;I +M§x;
Il(q—‘rddl):Mll—i_ley; (%)

I (f"'del): Mé| +Mee|z

e -
Hxy.z}

where M}I are internal torques acting on the j-th rotor from the side of the main body {j=1,2,...6}, and M
external torques. Equations (3), (4) and (5) completely describe the natural dynamics of the system, when the rotors
motion corresponds to fully independent degrees of freedom.

On the motion intervals where rotors (## 21, 41, 6l) are fixed (relative the main body) we must simply change

the equations (5) on the following kinematical constraints:

G, =0; o, =0;
G, =0; o, =0; (6)

65 =0; o =0.
The immediate nullification of the relative angular momentum is realized by the restructuring of the mechanical
system, when in its internal structure the rotor-compensator releases, and this freed rotor gets connection with the main

wheel. This mechanical process can be completely formulated by the following kinematical constraints:

Oy =0y, (7
Oy =—0y; 8
Og = ~Op ©)

where the constraint (7) is fulfilled after forming the compensated pair of rotors {11 and 21}; (8) — after forming the
compensated pair of rotors {31 and 41}; (9) — after forming the compensated pair of rotors {51 and 61}.

So, the complete mathematical model of the spacecraft attitude motion is divided on two stage with corresponding
constraints:

1. The attitude motion of spacecraft on the interval with saturated main wheels is described by the equation system
(3) at conditions (6) with N systems (4);

2. The attitude motion of spacecraft after forming compensated pairs of rotors is described by the equation system

(3) at constraints (7)-(9).



In the purpose of better understanding the principle of the compensated pairs formation let us to investigate the
single-layer (N=1) scheme (fig.6-a), and therefore, we do not indicate the corresponding index (I) of the layer number.
The kinematical constraint describing the rotation of connected rotors in opposite directions has the shape:

o, =0, {i=135} (10)
where oi — is the angular velocity of the rotor #i relative the main body. At the constrains (10) the nullification of sum
of their relative angular velocities and accelerations takes place:

(O'i +0'M)—>O; (o"i +o"i+1)—>0. (11)

As can we see, the nonholonomic constraints between angular velocities of different rotors are actual. In this
purpose the dynamics of nonholonomic systems should be considered, therefore, in the next section we shortly describe
the main method of the nonholonomic systems modeling, which allows to write correct equations to describe the relative

motion of the rotors after forming the compensated pairs.

3.2. The general approach to the nonholonomic system dynamics investigation
Let us shortly indicate the general methodology of the nonholonomic systems description [53-59]. Assume that we have

s nonholonomic constraints in the following form:

204 (G Gy t) 6 +b, (-0, G ) =0,
j=1

B=12,..s

(12)

Here gj — are coordinates corresponded to the system’s degrees of freedom (m — is the number of degrees of freedom).

The general equations of the system dynamics are (T is the Kinetic energy):
& d oT  oT
T o

where variations 5q; now are not independent; they are connected (due to (12)) by the s independent expressions:

M=

by; (ql,...,qm,t)(Sqj =0 (14)

|
5N

To build the dynamical equations for nonholonomic system, it is possible to subtract from equations (13) expressions

(14) multiplied by indefinite Lagrangian multipliers As:

i

n(d oT T :
Z(aa_q—a—Qj —;iﬂbﬂj (ql,...,qm,t)Jéqj =0 (15)
] =



Taking in mind that from (14) we can obtain n (where n=m-s) dependences for variations &q,,, (where k=1..s)

expressed through variations &q,,...,8q,; and then variations Jq,,...,6q, can be considered as independent main

n
variations.
Let us now choice the multipliers 45 such way that variations oq,.,,...,6q,, will be equal to zeros. Therefore, in (15)

we will see only independent variations &q;,...,4q, , and consequently their corresponded coefficients in brackets will

equal to zeros, that allows to write the following dynamical equations:

dor or 3

————-Q. - ) Ab,.(q,,....,q,,t)

oa, an, 97 g () (19)
j=1...m

And we must add to equations (16) the constraints (12). From (16) and (12) it is possible to completely find all of the

coordinates g; and multipliers As. So, the nonholonomic system will be fully described in terms of its coordinates.

3.3. The dynamics of the nonholonomic multi-rotor rigid bodies system
Taking in the mind the expressions (7)-(10) it is possible to write following nonholonomic/kinematical constraints,

which include the relative rotors angular velocities:
by ow +0w oy =0 17
In (17) constant coefficients bww and bwy define the gear ratio between the rotor #W and the rotor #V. In our case we
firstly consider the direct connections between opposite wheels to form the compensated pair of rotors:
b,o, +b,0, =0; byo,+b,0, =0; bo, +b0 =0 (18)
where all coefficients b, =1. From (18) by the way of differentiation the expressions follow:
b6, +b,6, =0; b6, +b,,6, =0; b6, +b,5, =0 (19)
With the help of theoretical explanations (12)-(16) it is possible to write the nonholonomic dynamical equations

(16) for rotors relative rotations at the activation of constraints (17):

I(p+d-1): Mli +M16x+bllﬁ’12;
1(4+065) =M} +M;, +by; A, (20)
I(F+65)=M{+ Mg, +b A

I(p+dz): M;"'Mzex"'blzﬂ'lz;
1(d+06,)=M; +M{, +by, 4, (21)
(P +65)=M;+M¢, +b A,

where 4; are the indefinite Lagrangian multipliers. After formal resolution of systems (20), (21) and (19) we will have

exact expressions for the Lagrangian multipliers:



1p by, +b, ) by [ My + Mg | -by, [M}+ M, | ,
Ay = 2 2 H(t’a’b)'
by +bi,
1 (by, +Dy, )~ by [ M+ M3, | =y, [ M, + M, ] _
Ay = 2 e H(t’a'b)’
b2 +bZ (22)
- IF (b +b56)—b55[M5;+M2§Z]—b56[|v|g+|v|gz H(tab)
b55+b56

H(t,a,b)=H(t-a)-H(t-b)
Thus, the nonholonomic dynamics fully described by the equations (3), (20), (21) and (22). The function H(t,a,b) in

(22) formally “turns on” the constraints (18) at the time-moment t=a and “turns off” at the moment t=b, where usual

Heaviside’s function is used:
1 if t>0
H(t)=1,
0, if t<O
For the numerical illustration we present the simple case of the direct connection. Let us numerically investigate

the one layer system attitude dynamics with direct connections of rotors (bu. =1 Vi, j) without any external torques

(Mf =M{ =M;=M; =Mg =M = 0) through the following phases of the motion:
1. The initial torque-free motion with movable wheels ## 1, 3, 5 and with the fixed (relative the main body)

wheels ## 2, 4, 6 on time-interval t € (—oo,tp,evious) :

2. The spin-up of wheels ## 1, 3, 5 on time-interval te[t ] by the internal torques M., M}, M.

previous ? tspinup
at fixed wheels ## 2, 4, 6.

spinup ! “constrain

3. The second torque-free motion phase on time-interval t e (t t ) with movable wheels ## 1, 3, 5

at fixed wheels ## 2, 4, 6.

4. The motion phase with activated constraints (17) on the time-interval t € [t

constrain ’tfree ) .

5. The motion phase of the natural (holonomic) dynamics on the time-interval te[t toa ) With freely

free * “final
rotating wheels (## 1-6) after disconnection of the constraints (17).
6. The final motion phase of the natural (holonomic) dynamics on the time-interval t € [t;,,+) with freely
rotating wheels ## 1, 3, 5 at fixed wheels ## 2, 4, 6.

Here it is important to note some aspects of modeling the multi-phases dynamics. So, the wheels spin-up

process described by the internal torque with the following stepwise constant form:
My =m, H(tt tinp )i My =CONSt; k=135 (23)

previous ? “spinup

The fixation of wheels (## 2, 4, 6) relative the main body can be modelled by the internal torques corresponding to



creation of a large and exponential fast friction in the following shape:

M, =-vo, [1-H (t +H(t-t,,)]; v=const>>1 k=246 (24)

constraln )

At the time-moment of “switching-on” the constraints (18), the values of angular velocities of the main body and wheels
change due to some impact between the gears at the formation of compensated pairs; there is the angular momentum
and kinetic energy redistributions occur. If consider the perfectly elastic collision impact without the loses of energy, it
is possible to recalculate the values from the conditions of conservation of complete magnitudes of the angular

momentums components and kinetic energy corresponding to directions of rotations of rotors:

K, (teonsrain —0) = K, (teonsrain +0) = K.,
{Tx (tconstrain - 0) =T, ( constrain 0) X ( 0)
{Ky (toonsrain —0) = K, (teonsain +0) = K, ()
T, (toonstain —0) =T, (teonsiain +0) =T, (t

constrain

(25)

Kz (tconstrain - 0) = Kz (tconslrain + 0) = K
T, (t —0) =T, (teonsean +0) =T, (

constrain constrain

where designations (t 0) and (t.qmin +0) indicate the time-moments “infinitely close to the left” and “infinitely

constrain

close to the right” from the time-moment t of “switching-on” the constraints (18). In other words, the initial

constrain
values of “axial components” of the angular momentum and the kinetic energy define the value of angular velocities of

the main body and rotors. For example, to calculate the values corresponding to axis x we have the following algebraic

equations (with understanding the rotors constraints: o, (tuain —0) = 0; &, (teonsuain +0) = =0 (teonsuain +0) » @Nd With
addition of initial value K, (t,)):
X (tconstraln - ) Ap (tconstrain - O) +1 o (tconstrain - 0) = Kx (tO )’
X (tconstram ) Ap (tconslrain + 0) = Kx (tO );
1
Tx (tconstram - 0) = E I ( p (tconstrain - 0) +0; (tconslrain - 0))2 +
+%(A_ 21 ) pZ (tconstrain - O) +% |p2 (tconstrain - O) = Tx (tO )1 (26)
Tx (tconstram O) = %(A_ 21 ) p2 (tconstrain + 0) +
1 1 2
E I ( p (tconstraln + 0) + Gl (tconstrain + 0))2 + E I < p (tconslrain + O) + (_Gl (tconstrain - 0))) = Tx (tO )'

So, from (26) at the predefined (initial) values K, (t,) and T.(t,), the magnitudes
{ P (tosrain =0) P (tenstain +0): 0 (toonsrain —0) 1 9% (teonsran +0)} €aN be calculated as solutions of algebraic systems.

Similar calculations following from the conservation of values {Ky (t,). T, (t )} and {K,(t,), T,(t,)} allow to find

the Values {q (tconstrain - 0)' q (tconslrain + 0)’ 03 (tconstrain - O)’ 03 (tconstrain + O)} and



{r(tconstrain _O)’ r(tconslrain +0)' Oy (tconstrain _O)’ Oy (tconstrain +O)} '
The numerical modeling results are presented at the fig.8. The fragments (fig.8-a,b) correspond to the case

when the compensated pairs are formed along all connected axes (X, y, z) by the synchronous initiation all of the

constraints {4,, 4, A} ; and the fragments (fig.8-c,d) correspond to only one compensated pair formation along axis

x by the constraint A,,.The initial conditions and parameters for simulation are presented at the table 1.

Table 1.

tprevious | tspinup | Leonstraint I tree | Linal p(t*) | q(t*) I r(t*) I Ul(t*) I US(t*) I US(t*) p(t*) | q(t*) | r(t*) | Ul(t*) | JS(t*) | 05(t*)

Fig.8 [s] [rad/s] [rad/s]
(t*: tc straint = O) (t*: tc nstraint + O)
(@), (b) -250 -200 0 200 300 -0.19 0.19 0.35 | 18.46 | 1.42 8.5 -0.05 0.2 0.4 13 1 6
(c), (d) -550 | -500 0 200 200 -0.16 0.2 04 | 18.44 1 6 -0.05 0.2 0.4 13 1 6
Fio.8 A [ B ] C [ 1 [Kt)][Kft)][ Kito) | Tuto) | Ty(t)) | Tulto) [ mias v
g [kg*m2] kg*m?/s kg*m?%s?] [N*m] [N*m*s]

@. ) | 5 6 7 | %% 025 | 12 | 28 | 647 | 016 | 194 | 01 500
(c), (d) 5 6 7 0.03 | -0.25 | N\A N\A | 511 N\A N\A 0.1 1000 N\A-not applying

In the first case (fig.8-a,b) is shown step-wise process of transition from high-frequency large values of the
angular velocity components to oscillations with reduced amplitudes. Moreover, the final motion in this case
corresponds to dynamics into co-called heteroclinic region (where the area of separatrix is achieved) — it is quite
important from the point of view of passage to chaotic regimes, or intentionally initiating chaos [45]. The second case
(fig.8-c,d) shows the possible reducing the angular velocity of the main body down to the smallest values with the help
of only one compensated pair formation, that shows applicability of the suggested dynamical algorithm of change the
angular velocity of the main body at the synchronous process of unloading wheels (we see the fivefold/eightfold

reducing of magnitudes of relative angular velocities of wheels).

It is important to note, that the conservation of the total absolute angular momentum of the system is
numerically checked at the modeling (fig.8-f) during all phases of the angular motion with/without and before/after
formation/decoupling of compensated pairs of rotors.

To qualitative understanding the considered processes in the complete phase space, it is worth to use the
canonical coordinates and corresponding Hamiltonian equations, and, therefore, in the next sections we proceed to the

canonical Serret-Andoyer-Deprit canonical variables, as it was descripted in details in [44].
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Fig. 8 Modeling results of the spacecraft motion during all stages of wheels functioning:
(@), (c): p(t) —red, q(t) — blue, r(t) — green; (b), (d): a1(t) — red, o3(t) — blue, os(t) — green
(e): A12(t) — magenta, Asa(t) — gold, Ass(t) — black (for the case (a));

(f): The conservation of complete angular momentum of the system |K(t)| during all phases in the case (a)




3.4. Hamiltonian Form of Attitude Dynamics Equations of Spacecraft with saturated main wheels

The important part of research of proposed step-wise dynamics corresponds to study of the canonical phase
space of the system before and after forming compensated pairs. In this connection the Hamiltonian formalism should
be used. The more appropriate canonical variables for multi-rotor mechanical system attitude dynamics investigation
are the well-known Serret-Andoyer-Deprit canonical variables [e.g. 44-47]. With the help of these variables, the angular
motion of the main body in the inertial coordinates frame OXYZ (fig.9) is described by the angles (¢, @,, 1) of the
rotations around the axis OZ, around the direction of the angular momentum, and about the axis Oz (Fig.2). The

canonical Serret-Andoyer-Deprit momentums can be defined by the following manner, basing on the vector of the

angular momentum of complete system K:

L-T _k.k G:a-_r:K-s:K, H:a-_r:K-k', Aij:a—.T:—aT (27)
ol o, O, 06 Oo;

where o&; describes the relative rotation angle of the ij-rotor (5” = aij) .

Fig. 9 The main body of the spacecraft and Serret-Andoyer-Deprit canonical coordinates

Let us to build the Hamiltonian form of the motion equations. The components of the system angular
momentum can be expressed as the functions of the Serret-Andoyer-Deprit variables [44] for the SC with rotating main

wheels (## 1j, 3], 5j) at the fixed paird rotors (## 2j, 4j, 6j):
N
K, =G2-Lsinl = Ap+ Y10,
j=1
N
K, =G*~L*cosl =Bq+ > 1,03 (28)

j=1

N
K,=L=Cr+Yl,0,;, (L<G)
=1

The angular momentums of main wheels have the form:



A= Ii(p"'alj); Agj = Ij(q"'GSj); Ag; = |i<r+05i); (29)

From (29) the expressions follow

N N N
2oy =2 A= 1, (30)
=1 j=1 j=1
N N N
210 =2 A —a (31)
j=1 j=1 j=1
N N N
2105 =2 8 -1 (32)
j=1 j=1 j=1
In view of (6) from the expressions (29)-(32) the components of the main body angular velocity follow
N
0 ZEA[\/GZ g sinI—ZA“} (33)
j=1
q= %{\/GZ L? cosl — ZAN} (34)
j=1
1 N
— L= 2%1 (35)
c =
where A=A-T; B=B-T1;C=C-1.
Also we can rewrite the system'’s kinetic energy and the angular momentum’s components
- A2 SN2 N2 <
T:TO+Z;TJ.; 2T, = Ap* +Bg* +Cr%; T, :Z;Tij;
i= i=
Alzj 2 2 Ag] 2 2 ZJ
2T, =J;(a*+r)+ - 2T, =3, (p* +r )+I—; 2T, =3, (p*+9° )+ =L
i i i
2y =3, (qP+r2)+1,p% 2T, =3, (p*+r7)+1,0% 2Ty =3, (p*+°)+1;r’; (36)
1
=[49, +Ij](p2+q2+r2)+l—[Afj + AL +AL;
i
N N N l
2> T =(p*+q7+r?) Y [4d;+ 1 |+ zl—[Afj+A§j+A§j];
i=1 i=1 =1
A ~ ~ N
2T = Ap? +Bg? +Cr? + 2T; T, = Z%[A; +A% + AL (37)
=1 1
~ N ~
K,=Ap+> A, =Ap+D;;
j=1
N
(38)

g+ A, =Bq+Dy;

=1

~
Il
>

Ag; =Cr+Dy;

=

[N

K =Cr+

z

=(Ap+D,) +(Ba+D,) +(Cr+D,) (39)

where D, are the following axial summarized angular momentums of the rotors



> (40)

Taking into account the expressions (40), (30)-(32), the main dynamical equations (3) for spacecraft with saturated

main wheels are rewritten in the unbalanced-gyrostat-form:

Ap+D1+( A—é)qr+[qD5—rD3]=Mj

Bq+D3+(A—é)rp+[rD1—pD5]=M; (41)
Cr+D, +(I§—A) pg+[pD, —qD,] = M
From the system (4) we obtain the equations for summarized rotors angular momentums (40)
(42)

D,=M,+M{; D,=M;+M; D, =M]+M;,

. N . . N . . N .
where M{ => M}, Mj=> My, M{=> M,
1=1 1=1 1=1

Let us consider the dynamics of SC already with saturated wheels and, therefore, without action of any internal

and external torques, and then:
D, =const;; A; =const, (43)

With the help of (33)-(35) we express the kinetic energy (37) as the function of the Serret-Andoyer-Deprit variables:

2 12[qin2 2 ;
;G -L sin I+co§ . 1,\(L—D5)2—\/GZT{Dls,\InI+D3(,:\OSI}+
2 A B A B
D DI 11 (44)
b2 2N AL A +AL
2A 2B 241,

The Hamiltonian and canonical equations have the form (P — is the system potential energy, which equals to zero in our

torque-free case):
4 =T+P(|,¢72,g03,5ij);
,_OA o 04,

X OX
x=11.0,,05,6;}, X ={L,G,H A}

(45)

In the considered case, when the system is torque-free and the main wheels are already saturated, the

Hamiltonian equations for main positional coordinates {I, L} take the following form, since other coordinates are cyclic

(G =const, H = const, A; = const):

i—L 1 sin®l cos’ L L {DlsinI+D3cosl}_&
c A B Jer—zl A B o (46)

1 1jsinlcosl+M{—D1COS|—D3Sin|}
A B

(033

So, the equations (46) define the motion of the spacecraft at the stage, when the main wheels are saturated.



3.5. Hamiltonian Form of Attitude Dynamics Equations of Spacecraft with compensated pairs of rotors

Now we intend to write the equations for the stage of the motion after compensated pairs of rotors forming.

Let us consider the simple case of synchronous formations (t12=tss=tss=tcomp) Of all compensated pairs of rotors on all

axes in all layers (i.e. the all wheels already are compensated). The components of the system angular momentum can

be expressed as the functions of the Serret-Andoyer-Deprit variables, taking into consideration the conditions (10) of

the compensated pairs of rotors formation (02 i =

_O-lj' 041 :_st’ 06j :_O-Sj):

K, =/G?—Lsinl :Ap+i|j(alj+azj):Ap
=

K, =4G*-L cosl:Bq+ilj(agj+a4j):Bq (47)
j=1
KZ=L=Cr+in(o-5].+o-6j)=Cr
j=1
The canonical momentums for the relative motion of the j-layer-rotors are:
A= Ij(p-i-alj), Ay = |j(p+O'2J)
A3]:Ij(q+031), A4]:|j(q+0'4]) (48)
ASJ = Ij(r+051), AGJ = Ij(r+asj)
From (48), (29) and from (47) the expressions follow
> (a8,
A+ A
N N N L 1j 2j 1 )
z|i<o-1j+o'21)=2(A1j+A2j) 2pz|,=0; p= 1= N =K\/G2—L28|n| (49)
j=1 j=1 j=1 ZZI'
=
N
> (Ay+A)
ili<asj+o'41):i<A A, ) ZQZI =0 q=j: S :l\/GZ—LZCOSI (50)
j=1 j=1 ZZI B
=
N
N N N _Z_l(A51+A61') L
2085 +06;) = 2 (As + Ay ) =22 1 =0, r:FN—:E (51)
j=1 j=1 j=1 231
Then at the constraints (10) the kinetic energy takes the form:
N - - . 6
T=T,+>T; 2T,=Ap*’+Bq*+Cr?% T,=>T;
j=1 i=1
2T, =Jj(q2+r2)+lj(p+o-1j)z; =Jj(p2+r2)+(q+a3j)2; 2T, =Jj(p2+q2)+(r+asj)2;
2T2j =J.(q2+r2)+lj(p+02j)z; =Jj(p2+r2)+(q+o-4j)2; 2T, =Jj(p2+q2)+(r+crej)2;(52)
T, =[43;+21,|(p*+0* + %)+ 1, (o], + 0, + 03 + 05 + 02, + 03y );

2T :(A+4J_+2I_) pz+(E~3+4J_+2I_)q2+((§+4J_+2I_)r2+2ilj(crfj +03,+ 0%, + 05 + 0l + 08 )
=1

In the considered case the canonical impulses for angles of relative rotations are:



oT T
"85, oo,

and therefore, the following expression of the kinetic energy of the system with all compensated pairs of rotors (52) in

terms of the Serret-Andoyer-Deprit variables (47) will have the form:

2
k

5 ) H 2| 2| 2 N 6 AJ
Tzé{(G —L)(S'”A +°°; j L—}%Zz (53)

j=1 k=1

If we consider the motion without any potential torques (P(I,¢2,¢3,5ij ) = 0) then the Hamiltonian and the dynamics

of the considered system will correspond to a simple torque-free rigid body with inertia moments {A, B,C} :

a2 2 2
Py :l (GZ—LZ) sin I+cos | +L_ N
2 A B C

Basing on the Hamiltonian (54), it is possible to see, that the canonical equations for main positional coordinates {I, L}

il—'; (54)

and the corresponded phase portrait of the system, as well as the system’s dynamics will have the form, equal to the
case of a torque-free rigid body motion (fig.10). So, by this reasons the compensated pairs of rotors do not affect the
dynamics of the main body of the spacecraft. Therefore, the compensated pairs’ rotational energy recovery does not

influence on the dynamics of the main body spacecraft.

second

second

Fig. 10 The standard phase portrait {l, L} of attitude dynamics of spacecraft after compensated pairs

formation which is equal to the phase portrait of a free rigid body

From the different shapes of the Hamiltonians (54) and (44) we can conclude, that the phase portraits of the
motion on two stages (the first stage is the motion with saturated main wheels, and the second one is the stage after

compensated pairs of rotors forming) will be different. The phase spaces of motion on these two stages are presented at



the fig.11, where the left column of portraits describes the motion on the first stage, and the right column corresponds
to pictures of “jumps” of one concrete phase trajectory (red) to the motion on the second stage (blue). The immediate
change of the phase portraits forms occurs at the time-moment teomp 0f the compensated pairs formation. If we imagine
one single phase trajectory of the system, which belong to both phase spaces, the we need to recalculate its phase point,
which is final for the first stage, and initial for the second stage from the conditions of the continuity of the angular
velocity components of the main body of spacecraft {p, q, r}. Therefore, the values of coordinates of phase point at the

time tcomp Can be recalculated with the help of expressions (33)-(35) and (49)-(51):

2 , 2 .
p (tcomp ) A|: Gflrst flrst Sln Iflrst - D1:| Gsecond second Sln Isecond ’
_ 2 .
comp - |: f|rst flrst Cos'flrst 3:| \/Gsecond second COSIsecond 1
1
( comp) I: first :| = C Lsecond ’ (55)

Gf,m:(Ap(mmp)+D)+(Bq(comp) D,) +(Cr (turp )+ D ) -

s =[ A () [ty ) |+ € ()]

where the low index {“first” or “second”} shows the correspondence to the first or to the second stage of the spacecraft

motion. From (55) the values for coordinates of the phase point follow:

Lfirst (tcomp ) = é |:r( comp ) + D :| Lsecond ( comp ) Cr ( comp )
AD(tymp )+ D,
G2, L

first first

Bq (tcomp ) (56)
G2 .U

second second

comp

IﬂfSt (tmmp) = arcsin ’ Isecond (tcomp ) = arccos

The values (56) define the final conditions at the first stage and the initial conditions at the second stage of the attitude
motion of the spacecraft. So, we present at the right column of fig.11 the “interconnected” phase trajectory of complete
phase trajectory, started in the one type of the phase space (the red trajectory) and jumped into the new phase space (the
blue trajectory) at the time tcomp. The corresponded numerical parameters for calculations are described by the table 2.

From the numerical modeling it is ossible to see, firstly, possibility of jumping dynamicas from one separatrix
trajectory to another (fig.11-b, d), secondly, the jump from the rest (the equilibrium point) onto separatrix (fig.11-f),
thirdly, jumps from the regime of the direct precession to the back precession (fig.11-h, j), and, finally, jump from
complex dynamical regime with large oscilations of nutation angle to the regime of permanent rotation relative
equatorial axis x (fig.11-1).

The obtained mathematical models in Hamiltonian form and corresponding phase portraits are very informative
from the mechanical point of view and can be used in the framework of an extended analysis of the attitude dynamics
of spacecraft with saturated wheels and after their unloading at the action of some additional factors and perturbations,

including study of complex dynamical regimes and chaos.



Table 2.

Flg ll A I B I é | J | | p(tcomp ) I q(tcomp ) | r'(tcomp ) Dl I D3 I D5
[kg*m?] [rad/s] [kg*m?s]

@,Mb) | 4 7 10 | 0.05 | 0.01 0.01 0.00 0.00 0 0.0101 0
(c,(d | 4 | 7 | 10 | 005|001 | 001 0.00 0.00 0 0.201 0
., | 5 | 6 | 7 | 005]00L] 000 0.10 000 | 0.301 0 0
(9,(h) | 3 6 8 | 0.05] 0.01 0.01 0.02 -0.05 | 0.0501 | 0.3002 | 0.5995
®, () 4 7 10 | 0.05 | 0.01 0.00 0.01 -0.05 0.01 0.1001 | 0.0595
k), () 5 6 7 |0.05] 0.01 0.09 0.00 0.00 0.06 0.07 0.09

As it was indicated above, the system’s dynamics with compensated pairs of all rotors will be equal to the case
of a torque-free rigid body motion. This proven dynamical aspect, among other things, can be used at the design of
equipment/methods to unloading the total angular momentum of complete spacecraft by the interaction with the external
forces/torques. For example, when the need for the spacecraft angular momentum discharge arises, the mechanical
system can be restructured into the form with compensated wheels, and in this regime the spacecraft will realize the
“simple and well-known” case of rigid body attitude motion, and in this regime can be used the simple form of the
angular momentum unloading without gyroscopic effects of rotated wheels (i.e. without the complex attitude dynamics

of mechanical systems of gyrostats class). This is very important dynamical result.
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Fig. 11 Phase portraits {I, L} of attitude dynamics of spacecraft:
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left column — phase portrait SC with saturated main wheels; right column — the single phase trajectory

changing after compensated pairs forming (the jump from red to blue trajectory at the time-point tcomp)




4. The Gearbox for Spacecraft, New Schemes of Attitude Control and Instantaneous Spatial

Reorientations of Multi-Rotor Spacecraft

In addition to above described schemes of rotors subsystems formation to wheels unloading, it is possible to
suggest another direction of this idea to advised attitude control of multi-rotor spacecraft. The presented below schemes
of combinations of freed/compensated/captured rotors allow to construct new principles of attitude control realization.
In the framework of attitude control, the freed/compensated/captured rotors can form different subsystems with their
connections/unlocking/capture during the angular motion of the main body of spacecraft. Therefore, the described below
spacecraft’s internal multi-rotor subsystems will play the role of actuators of the attitude control system. These multi-
rotor subsystems can be formed on the base of an integrated multi-rotor kernel, which allows to constitute any predefined
combinations and unifications of rotors. By this reasons, we can call this multi-rotor kernel as the “gearbox for
spacecraft”, which control its attitude dynamics. So, in the next sections of the paper we present necessary details of

forming the multi-rotor elements of the multifunctional gearbox for spacecraft attitude control.

4.1. Conjugate Rotors Spin-Up And Their Captures

Let us briefly describe the main aspects of using conjugate rotors in the framework of the multi-rotor spacecraft
construction, and corresponding operations with them at the fulfill the conjugated spin-up and subsequent captures, that
was explained in [48]. We can call as the conjugate rotors the rotors, which are placed on the one common axis and
which spin under the action of spin-up torques with equal but opposite by the sign magnitudes. At the spin-up of these
conjugate rotors their summarized relative (to the main body of spacecraft) angular momentum has the zero-value during
whole time-interval of their relative rotation. Thus, the identical rotors rotating with equal angular velocities in opposite
directions on the identical electric motors produced the identical torques, as it is presented at the figure (fig.12), will

constitute the system of two conjugate rotors.

K
K part of main N SOE
———————— case of SC

Fig. 12 The conjugate rotors on the identical opposite electric motors

On the one hand, the conjugate rotors represent the neutral pair of rotors, but, on the other hand, in contradistinction to
the neutral pair the system of the conjugate rotors implies opportunity of the immediate termination of relative rotation

of one of the rotors transferring the whole rotor’s relative angular momentum to the main body of the spacecraft. This



immediate (fast-acting) transfer of the angular momentum of the rotor is fulfilled through the internal interaction
between the rotor and the main body by the direct contact (by the large friction), and therefore such mechanical process
we can call as the “mechanical capture”, or simply, as the “capture”. At the capture, the main body immediately change
its angular velocity that allows to influence on the attitude dynamics of the spacecraft, and to control it. The simplest
scheme of the rotor capture is depicted at the figure (fig.13), where the gear-type connection is schematically present.
Here we can note that the synchronous captures of the conjugate rotors do not change the dynamics, because their
summarized relative angular momentum is equal to zero. Moreover, the two separated in the time captures of two
conjugate rotors give to the main body the additional angular momentum on the time-interval between the captures.
This stepwise increase in value of angular momentum of the main body can be used, for example, to initiate the turn of

spacecraft.

@ (b)

Fig. 13 The capture of the rotor with the immediate transfer the relative angular momentum to the spacecraft

main body: the freely rotating rotor (a) and the rotor captured by the main body (b)

The conjugate rotors can be used for immediate change of the main body angular momentum with the help of
one of conjugate rotors capturing (the main body receives the relative angular momentum of the captured rotor). Here
it is worth to note that the second conjugate rotor remains in the free relative rotation, and if it will be captured, then the
angular momentum of the main body will return to its starting value before the capture of the first conjugate rotor. Also
in cases of captures implementations the phase portrait of the spacecraft will instantly change its type by analogy with

“phase jumps” like at the fig.11. So, it is quite effective and fast-acting technique for attitude control implementation.

4.2. The orthogonal connection of wheels
In addition to scheme of direct connection of rotors described in section 3.3, it is important consider the scheme
with the orthogonal connections (fig.14). In this case remains actual all aspects of the indicated above nonholonomic

dynamics and all principle of the motion mathematical modeling, including rules of constraints writing (12)-(17).
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Fig. 14 The orthogonal connection of two wheels with the formation of nonholonomic constraint

Let us consider as an example [59] the system nonholonomic dynamics at the orthogonal connection of wheels

## 3 and 5, and let the gears have a non-integer ratio (o = ngo;). The corresponding coefficients and the constraint
(17) will be following:
by =1 by =-Ng; o5 —Nyo, =0 (57)

Then, with the help (16) (17) and (57), we can write the equations for wheels relative rotation:

I(p+0,)=M;; H(p+06,)=M;;
H(G+05) =M =N Ayt {1(4+6,)=M,; (58)
(P +65)=M; + Ay I(F+65) =M.

From (57) the expression can be obtained by the way of differentiation:
Gy — NG, =0 (59)
The Lagrangian multiplier 4., for the constraint between rotors ##3 and 5 can be found from (59) and (58):

1

2‘53 :_m_(n%[lq_M;]_[”_ M;])H(t’tconstraint'tfree)’ (60)

where function H( tfree) “switches on” the action of the constraint during the time-interval t e [tcons"aim,tﬁee] .

t onstraint »
In the result, we have the complete equations system {(3), (58), (60)} to model the nonholonomic dynamics. The rotors
## 2, 4, 6 we consider as fixed relative the main body (o, =0, =0, =0), and to provide relative immovability of
“frozen” rotors in (61) we can formally select such internal torques (or formally “enable” large fast exponential friction
like (24)):

My=1p;  My=1d;  Mg=If (61)
As it was indicated above in the section 3.3, at the time-point of the nonholonomic constraint initiation the recalculation
of the motion parameters should be fulfilled from the ideal conditions of conservation of corresponding components of

the angular momentum and the kinetic energy (we as previously do not take into account the losses of energy due to

impact of gears):



Bq (tconstraint ) +1 O3 (tconstramt ) y (O) ;
Cr (tconstraim ) +1 Os (tconstramt ) z (0) ;

%( B - I )q2 (tconstraim ) ( (tconstralnt ) 3 (tconstraint - 0))2 = Ty (0)1

%(C -1 ) r2 (tconstraint ) (r (tconstramt ) Oy (tconstraim - 0))2 = Tz (0),

(62)
Bq (tconstraint + 0) + IGB ( constraint + O) = Ky (O)’

Cr (tconstraim + 0) + |n5303 (tconstramt ) = Kz (0)

%( B-1 )q2 (tconslralm + O) ( ( constraint + 0) + 03 ( constraint O))Z = Ty (O),

%(C - I )rz (tconstraint + 0) += ( ( constraint + 0) 530-3( constraint + 0))2 = Tz (0)

So, the modelling results are presented below at the figures (fig.15, 16), which are implemented for parameters from

the table 3.
Table 3.
teonsaine | tiree pt*) [ a) [ rt) [ o) [ ost) [ os(t*) [ p(t) [ at*) [ rt) [ ou(t®) [ ost) [ os(t")
Fig. [s] [rad/s] [rad/s]
(t*: Leonstraint = O) (t*: Leonstraint + 0)

15 0 50 0 007 | 007 | 015 | 01 | 015 0 01 [ 01 | 015 [ -01 [ -0.15
16 0 500 0 007 | 007 | 015 | 01 | 015 0 01 | 01 | 015 | -01 | -0.15
Fio.8 A [ B [C] 1 Ku(to) | Ky(to) [ Kilto) | To(to) | Ty(to) | Tolto) [ nss

g [kg*m2] [kg*m?/s [kg*m?/s7] [

15, 16 5 [ 7 J1o] 1 015 | 06 [ 085 [ 001 [ 003 [ 0.05

As can we see (fig.15,16), the essential redistribution of components of angular velocities and angular momentums
takes place before and after initiation of the orthogonal connection of rotors ## 3 and 5 with the formation of the
constraint Jss. Also the change of the position of body is fulfilled — this is confirmed by values of angles 6; between the

directions of the immovable vector of the system angular momentum and the body axes:
K K K
0, =arccos—*; 0, = arccos—=; 6, =arccos—- (63)
K K K

The modeling among other things shows that the time ts. Of the constraint (57) disabling affects the magnitude of angles
(63). It allows to select this time-moment to obtain the desired reorientation of the main body: the case fig.15-d
corresponds to increasing the average value of 6y, and the case fig.15-d — to increasing the average value of ,. So, the
orthogonal connection of wheels can be applied to immediate changing components of the relative angular momentum

and the attitude position of the main body.




"

-0157 T T T T T
200 a0 el B0 1000 1200

40 200 [

(a): p(t) —red, q(t) —lblue, r(t) — green

[LED

L]

045

1
200 [ 20 400 o0 [

(c): Ku(t) —red, Ky (t)l— blue, K; (t) — green

0.4
0.3
0.2
0.1
o
4.1
4.2q
-0.3- :

k
(e): the fulfilment of the constraint (57)

02

01

£2

25

15

a5

W,
Ml

(b): o1(t) —red, o3(t) —l blue, os(t) — green

1]

TEN

200 [ 200 400 [0 )

(d): Oy(t) — red, Gy(t) N blue, 6,(t) — green

k
(f): the value of As3(t)

Fig. 15 The numerical modeling of the dynamics at the orthogonal connection of wheels — case 1
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Fig. 16 The numerical modeling of the dynamics at the orthogonal connection of wheels — case 2



4.3. Variants of forming and using the compensated pair of rotors to change the relative angular momentum
The idea of the formation of the neutral pair, schematically described in the second paragraph, allows to build
the element of the multi-rotor kernel to change and to control the value of the relative angular momentum of the wheel.
Let us consider the formation of the neutral pair by the way of releasing (fig.17-a) and connecting two auxiliary rotors
(fig.17-b), which can work in three different variants. All of them should be calculated from the conditions of
conservations of the total angular momentum and the energy, like it was fulfilled above at the consideration of some

concrete examples.

(d)

Fig. 17 The variants of forming and using the neutral pairs and the rotational energy recovery

The first variant corresponds to the simple connection of freed pair of auxiliary rotors (fig.17-b) to reduce the
relative angular momentum of the wheel from the initial value K to the value K. The second variant (fig.17-c) implies
the procedure of the rotational energy recovery, when the auxiliary rotors interacts with the main body through identical
electric motors working in the regime of generators, that creates in each electric motor corresponding internal torque
and decelerates the angular velocities of all rotors (we can note here that the inverse process is possible, when the all
rotors start from the relative rest and increase their angular velocities by the spin-up internal torques). The third variant
(fig.17-d) corresponds to connection of wheel to fixed immovable auxiliary rotors, and then the direct capture will be
realized (in substance, this corresponds to direct attachment to the main rigid body by analogy with the scheme depicted

at fig.13), and the relative angular momentum of the wheel will be immediately transferred to the spacecraft main body.



4.4. Changing the direction of relative angular momentum of the wheel through forming two compensated pairs

The change of the relative angular momentum also is possible through the formation of the neutral pairs by the
following stepwise way. At the first step the group of three connected auxiliary rotors is released (fig.18-a), which is
connected to the active wheel involving into the rotation all of rotors (fig.18-b). In fact at the second step the two neutral
pairs are formed (they also are compensated pairs), and therefore summarized relative angular momentum of this rotors
equals to zero. At the third step, all of rotors disconnect reciprocal mechanical joining (fig.18-c), and after it, at the last
fourth step the new auxiliary rotor is added (fig.18-d) to connect with three rotating rotors and to compensate their
common relative angular momentum (fig.18-¢). As the result, the relative angular momentum of wheels will be turned
on /2 (undoubtedly, some change in the value of the relative angular momentum will take place). Inside the neutral
group of four connected rotors the recovery of rotational energy can be implemented through the all four identical rotor’s
electric motors activation in the generators regimes.

So, this change of the relative angular momentum provides, in fact, a change in the spatial position of the
spacecraft in the absolute space, since the total moment is preserved (but now it is differently distributed between the
internal rotors and the main body). That is, when the relative angular momentum changes, the spacecraft must turn in
the space and must initiate the corresponding rotation. This is the new and promising possibility for the new type of the

attitude control system developing.
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Fig. 18 Changing the relative angular momentum onto orthogonal direction



4.5. New Possibilities in Attitude Control.

Gearbox for Spacecraft. In the proposed above sections the different schemes of mechanical reconfigurations
were presented and described. These schemes of reconfigurations allow to realize different operations with the
spacecraft relative angular momentum created by the changeable subsystem of internal rotors. In the framework of this
internal subsystem, the rotors can, firstly, be released with arising corresponded degrees of freedom, secondly, be
captured by the main body of spacecraft with blocking their degrees of freedom, thirdly, they can form various
connections with each other (e.g. by gear-type) and can become disconnected. On the base of this idea, the special multi-
rotor kernel can be constructed, which allows to fulfill all indicted above operations with internal rotors. Due to the
specifics of the functional of this subsystem, it could be called as “the gearbox for spacecraft”. The internal construction
of the gearbox does not discussed in the present paper, because this is not a scientific, but an engineering problem.
Moreover, all internal elements of the gearbox and all conceptions of their use already were described above. However,
we can note the possibility of using the 3D multi-layer multi-rotor structure (fig.6-b), where all of rotor have independent
electric motors and various types of gear-connections between each other to realizing the logic of their subsystems

functioning.

The proposed gearbox will be able to perform all operations with internal rotors to unload relative angular
momentum of momentum/reaction wheels, to recover the stored rotational energy of wheels, to spin-up and to capture
conjugate rotors, and, finally to change the value and/or the direction of relative angular momentum by any necessary

way, that, in its turn, allows to create any necessary gyroscopic torques to rotate spacecraft (41):

M =D, —[gD, —rD,]; M =-D, —[rD, - pD;]; M =-D, —[pD, -qD, ].

At the end of this paragraph we should underline, that the considered above schemes of changing dynamical
properties of multi-rotor spacecraft by the mechanical restructuring were linked only with the relative angular
momentum internal redistribution and unloading. But the total problem of the angular momentum unloading implies its
complete discharge from spacecraft to external space environment. To unload the total absolute angular momentum of
spacecraft it is needed to use the interaction with external environments and corresponding forces/torques. In this

purpose it possible to suggest the simple mechanical device, which can be placed inside the gearbox.

The gravitational damper. So, let us place into the center of our gearbox an immovable sphere with viscous
liquid (fig.19-a), in which the second internal sphere (fig.19-b) can rotate in the liquid, creating the friction. Inside the
internal sphere the rigid body with three different inertia moments is rigidly fixed (fig.19-c). In other words, this
mechanical construction allows to the internal rigid body together with the internal sphere to rotate in the resistance
liquid relative external sphere. This relative rotation with friction dissipate the rotational energy of the main body and

it discharges the system total absolute angular momentum. The internal body with the three different inertia moments



starts its rotation under the action of the external gravitational field of a planet. This relative rotation of the internal
sphere can be allowed or prohibited by corresponding mechanical locks, which release or lock three degrees of freedom
of relative rotation of the internal body under the action of gravity torques. At the releasing these three degrees of
freedom the mechanical restructuring is realized and the corresponding processes of the rotational energy dissipation
and the angular momentum unloading are started. This mechanical device uses the external forces of gravity and,
therefore, can be called as the internal gravitational damper [60]. We can note, it is more preferable to use the
gravitational damper to unload the angular momentum when the all rotors of the gearbox are “frozen” or connected in
compensated pairs, when the spacecraft attitude dynamics is equivalent to the dynamics of simple rigid body (as it was
shown in this paper). Then the discharge of the angular momentum by the gravitational damper is fulfilled directly from
the main body of the spacecraft. The gravitational damper can be added into the gearbox construction as one of the main
parts. Detailed study of the attitude dynamics of the spacecraft with the gravitational damper it is an important scientific

topic for further research.
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Fig. 19 The internal gravitational damper to unloading complete angular momentum of spacecraft



Indicating the alternative scheme of liquid-filled dampers for energy dissipation in space technology, we can
mention such systems, like viscous “magnetic dampers” [61], and also “fluid rings” [62-65].

The viscous magnetic damper works on the principle of liquid friction creation by the movable internal
magnetic element, which interact with external magnetic fields.

The “fluid rings” represents a device is pumping liquid through ring tubes using a pump. Fluid rings create a
circulation of the liquid mass in the ring tube, and this creates a gyroscopic effect that can be used to control the
spacecraft angular motion (the “liquid rotors” are rotated). Also, moving liquid masses in fluid rings can resist to
spacecraft angular motion, i.e. it is also possible to create the internal liquid friction, which will change the relative
angular momentum of the “liquid rotor” and will translate the part of the relative angular momentum to the main body.
Fluid rings do not provide an interaction with any external forces fields and, therefore, it cannot unload the absolute
angular momentum.

So, summarizing the indicated above aspects of the process of relative and/or total absolute angular momentum
changing it is possible to conclude the following. New opportunities arise at the using the “gearboxes for spacecraft” as
the new type of the attitude control systems and corresponding mechanical actuators, which can immediately redistribute
the relative angular momentum of wheels and the main body, can immediately unload the rotors relative angular
momentum, can unload the total absolute angular momentum by gravitational forces, and can change the phase portrait
and dynamical behavior of spacecraft. All of this opportunities based on the principle of additional degrees of freedom
releasing.

Like any technical system, the proposed “gearboxes for spacecraft” is not free from disadvantages. The main
disadvantage of the proposed system is its certain redundancy (many degrees of freedom, many bodies, and many types
of interbody connections). However, it represents the new method of redistribution of the spacecraft relative angular
momentum with additional possibilities of transferring its part to “new” internal bodies with releasing “new” degree of
freedom: then relative angular momentum can be transferred to “new” bodies on the longitudinal axes (relative the
initial direction of the main rotor angular momentum), or to “new” bodies on orthogonal (to main rotor angular
momentum) axes with large changes of the spacecraft angular attitude — this cannot be done by any currently available
unloading scheme. In other words, on the one hand, the method is proposed for unloading the relative angular
momentum of rotors/wheels, but on the other hand, it represents the new method for the angular motion control due to

the resource of accumulated relative angular momentum. Perhaps, the last aspect is even more important.

5. Conclusion

The problem of unlading the relative angular momentum of reaction/momentum wheels is solved with the help of

the new proposed principle of mechanical system restructuring. This principle suppose releasing new additional degrees



of freedom and using them to initiate additional internal motion to redistribute the relative angular momentum between
the system elements. According to the proposed principle, inside the main body of the spacecraft the additional rotors
can be freed and connected to the main wheels by the gear type. Such connections constitute new rotors’ mechanical
subsystems instantly nullifying the relative angular momentum, and redistributing the rotational energy of main wheels
between new rotors systems with the possibility of the recovery of electric energy consumed initially to spin-up of

wheels.

The constructed principle also allows to build the multi-rotors mechanical subsystems with changeable quantity of
internal degrees of freedom and different types and possibilities of rotors releasing/connecting/spin-
up/disconnecting/capturing. Such multi-rotors mechanical subsystems can be used to realize different schemes of
redistributing and changing the relative angular momentum of the spacecraft. It in its turn, it allows to change and to
control not only the angular velocities of internal rotors, but also the angular attitude and velocity of the main body of
the spacecraft. The multi-rotors subsystems were figuratively called in this paper as “gearboxes”. The gearbox can have
different types of its internal structure. To unloading the total absolute angular momentum in the framework of the
spacecraft gearbox the “gravitational damper” is proposed. This damper interact with the external gravitational field,
and through the liquid friction it dissipates the rotational energy and the total absolute angular momentum. So, the

presented gearbox can be considered as the integrated form of multifunctional attitude control systems.

Summarizing all considered in this paper mechanical schemes and methods, the following advantages of the
proposed gearbox can be highlighted.

Firstly, the formation of compensated pairs of rotors inside the gearbox can instantly bring the spacecraft into
the “mono-body” dynamics at still rotating rotors during their kinetic energy recovery process. If we compensate all
rotors of the spacecraft, then the influence of gyroscopic torques from rotating rotors will be nullified, and the whole
relative angular momentum of rotors will be transferred to the main body (the whole total absolute angular momentum
of the system in this case will be accumulated in the main body). It is very important property of the attitude dynamics,
because in this regime we will have the simplest phase space/portrait (fig.10) of a simple rigid body, instead the
gyrostat’s phase spaces (fig.11, the left column). In other words, by forming compensated pairs, we instantly “turn on”
the simple rigid-body-dynamics, when the simple attitude control can be carried out. It is also easy to go back into the
“gyrostat mode” - we just need to disconnect compensated pairs, and to capture the auxiliary additional rotors. This
rigid-body-dynamics allows to easy unload the total absolute angular momentum directly from the main body of the
spacecraft by usual ways, including suggested mechanical scheme of the gravitational damper, or other actuators
(thrusters, magnet coils, etc.).

Secondly, the proposed gearbox has ability to transfer the relative angular momentum of one rotating rotor to



additional orthogonal rotors (and besides, with different gears ratios b). In this case, the main body must undoubtedly
fulfill an angular reorientation to provide the conservation of the total absolute angular momentum of the system. This
allow to perform complex angular maneuvers that are not available for usual reaction wheels systems (e.qg., it can be the
instantly activation of precessions around transversal axes of spacecraft, or attitude reorientations with large angles).

Thirdly, in the frame of the gearbox different variants of rotors connection are available (planar, orthogonal,
mixed schemes) with different gears ratios b;; (to use a predefined part of the relative angular momentum of rotors), and
also multiple variants of kinetic energy recovery are possible inside connected rotors.

Finally, all of these aspects characterize the proposed gearbox as the new multifunctional actuator for the

spacecraft attitude control due to the resource of accumulated relative angular momentum of internal rotors/wheels.
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