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SPACECRAFT SIMULATION SOFTWARE IMPLEMENTATION OF
GENERAL PRESCRIBED MOTION DYNAMICS OF TWO
CONNECTED RIGID BODIES

L. Kiner; J. Vaz Carneiro] C. Allard* and H. Schaub®

The dynamics of systems with multiple connected rigid bodies are inherently
coupled and complicated to derive as the number of appended bodies and degrees
of freedom of the system increases. Prior work in multi-body dynamics using the
elegant back-substitution method is expanded to consider a spacecraft consisting
of a rigid hub and a relative six-degree of freedom (6 DOF) connected secondary
rigid body following prescribed motion. The problem can be reduced in number
of degrees of freedom depending on the application without the need to re-derive
the equations of motion. An angular momentum-based equation of motion devel-
opment is considered for the dynamics formulation. The Basilisk astrodynamics
simulation framework is used to implement and validate the dynamics using the
conservation quantities of angular momentum and energy.

INTRODUCTION

The persistent growth of ambitious missions to space has prompted increasingly complex space-
craft concepts. Such spacecraft often consist of multiple rigid bodies that are connected to the cen-
tral rigid spacecraft hub. Solar arrays, robotic manipulators, gimbal thrusters, and communication
dishes are examples of such connected rigid spacecraft components. The dynamics of these multi-
body systems are notably challenging to implement in software because of the resulting dynamic
coupling between the rigid spacecraft elements. For example, the modeling of deployable solar ar-
rays presents varying levels of complexity depending on the degree of dynamic intricacy considered.
Hinged rigid body approaches have been be considered as well as higher-order dynamics modeling
to incorporate flexible dynamics and global bending modes.!?> The Space Station Remote Manipu-
lator System (SSRMS) consisting of eight links and seven active joints is another prominent example
of the advances in multi-body dynamics development. In order to ignore structural deflections and
rigid-body rates, the seven DOF robotic manipulator arm must move slowly white recruiting paral-
lel processing for real-time implementation.®> As a result of such intricate multi-body systems, the
field of multi-body dynamics has been widely studied for several decades.’>*
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For multi-body systems, the dynamics of each body both influence and are influenced by the
motion of the other system bodies. Therefore, knowledge of the general spacecraft hub dynamics
relies on integrating additional equations of motion for each of the appended bodies in the system.
As more bodies are added to the system, the corresponding computational load for numerical inte-
gration increases. However, particular prescribed components exist whose dynamics are assumed
to be independent of the motion of the other bodies in the system. Such components are considered
to only influence the dynamics of the rest of the system, meaning they impact the motion of the
spacecraft’s rigid hub. This one-way dynamic coupling is characteristic of stepper motor-controlled
articulable solar arrays, actuated platforms, gimbal thrusters, servo’d sensors, and high bandwidth
control components. These spacecraft components are referred to as prescribed bodies in this paper.
Moreover, it is not necessary to completely derive the equations of motion of such components if
their motion is instead prescribed through a commanded reference trajectory. As a result, some de-
grees of freedom of the hub equations of motion may be eliminated for bodies with a priori known
states.? This appropriately reduces the computational overhead for complex spacecraft simulations.

Previous work in multi-body prescribed motion dynamics has investigated a wide variety of ap-
plications. Ardakani and Bridges studied the dynamic coupling between a rigid vehicle following
prescribed planar motion containing fluid and the fluid motion using Lagrangian Mechanics.” Ger-
rits and Veldman studied the same problem using Newtonian and Eulerian mechanics.®° Jain and
Rodriguez developed a recursive algorithm to model the dynamics of a serial-chain of hinges un-
dergoing optional prescribed motion.?> The formulated dynamics algorithm was applied to NASA’s
Cassini spacecraft, where it was used to model Cassini’s articulated main engine and high precision
scan platform in 2 DOF and probe relay antenna in 1 DOF.? The formulation is used in real-time
aboard Cassini as part of its flexible multi-body dynamics simulation software package.?

This paper builds on previous multi-body prescribed dynamics work by developing a general
method of prescribing the three-dimensional motion of a prescribed rigid body with respect to a
spacecraft hub. This work further advances the current spacecraft simulation capability by imple-
menting the derived general formulation modularly into the open-source Basilisk astrodynamics
software package *. A spacecraft consisting of a rigid hub and a relative six-degree of freedom (6
DOF) connected prescribed rigid body is considered for the dynamics formulation. The prescribed
body is mounted onto an interface that is fixed with respect to the hub. The prescribed body may
be commanded to translate and rotate in three-dimensional space with respect to the interface it is
mounted on. An angular momentum-based equation of motion development is considered and the
derived translational and rotational dynamics are implemented Basilisk and validated using the con-
servation quantities of orbital angular momentum, orbital energy, and rotational angular momentum.

The organization of this paper is as follows. First, the required reference frame definitions for
the dynamics derivation are established. Next, the 6 DOF translational and rotational equations of
motion for a spacecraft consisting of a rigid hub and connected prescribed body following prescribed
motion are presented. The software implementation of the derived multi-body dynamics and the
translational and rotational motion flight software profilers are next outlined. The simulation results
are then presented along with the dynamics validation. The concluding remarks are given in the
final section.

“https://hanspeterschaub.info/basilisk/index.html
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PROBLEM STATEMENT

The spacecraft geometry of interest for this derivation is illustrated in Fig. (1):
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Figure 1. Spacecraft geometry, variables, and coordinate frames used for this derivation.

The four coordinate frames required for the following derivation are as follows. The space-
craft hub dynamics are developed with respect to an inertial reference frame indicated by N :
{N,ny,n9,n3}. The spacecraft body frame B : { B, by, by, 53} describes the motion of the space-
craft hub. The origin of this frame is located at a body-fixed point B. The point B, is defined as the
center of mass of the hub. The prescribed body frame F : { F, fl, fg, fg} is the frame that describes
the motion of the prescribed body attached to the spacecraft hub through the mount interface. The
origin of this frame is located at the point F' that is body-fixed to the prescribed body. The point F
is defined as the center of mass of the prescribed body. The mount frame M : { M, mq, 1y, s}
is located on and fixed with respect to the spacecraft hub. The origin of the mount frame is located
at a body-fixed point M. The mount frame serves as an intermediate frame that aids in describing
the motion of the prescribed body with respect to the spacecraft body frame.

DERIVATION OF EQUATIONS OF MOTION

This section derives the spacecraft translational and rotational equations of motion using Newto-
nian and Eularian mechanics. This approach is desired because the derived equations are general,
compact, and directly express the spacecraft hub dynamics. Accordingly, the equations of motion
are straightforward to implement and validate in software.

Spacecraft Translational Equations of Motion

The spacecraft hub translational equations of motion are derived beginning with Newton’s second
law for the spacecraft center of mass:'”

Moy = Fent (1)



where

To solve for ¢, first the vector ¢ must be defined:

MhubT + mpr
c— hub” B, /B PTF./B 3)

MMge

Next the body-frame time derivative of c is taken.

! /
/ mhuerC/B + mPrFC/B
c = “
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Eq. (4) may be further simplified with the assumption that the hub center of mass is body-fixed
(rg, /B = 0):

, mpT/
¢ = —1dE 5)
Mgc
where r;,c /p May be defined as:
Tr/B =T r T Tr/mtTv/B=TrFtTr/M (6)

Note above that point M is body-fixed (r;\/l /B = 0). Expanding the body-frame derivative of

TR/ F gives:
f
/ d
TRJF = gt (TF.F) +WF/B X TR F = WF/B X TE/F (7

Note that the vector 7, /p is constant in the F-frame. Further simplification of Eq. (6) using Eq.
(7) gives:
T g = Wr/BITE./F+ TEM ®)

The second body-frame derivative of the center of mass position with respect to point B is:
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where 7. /p May be defined as:
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Tr g =Tr/r+Trm = WrlTE F+@r/BIT e/ + Trm =

(&% 8lr e e+ [@FB TR P+ TEpr (10)

Further simplification of Eq. (10) yields the final result:

"
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Next the inertial time derivative of ¢ may be taken using the transport theorem:

é=c +uwgyxec (12)



Taking the second time derivative of ¢ gives:
E=¢ +uwp X e (13)

oo
The term ¢ is expressed as:
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Substituting Egs. (12) and (14) into Eq. (13) yields:

1

é=c + (wpnxc)+ (wB/N X c/) + wp/n X <c/ + wp/n X c) (15)

Further simplifying and expanding the above result yields:
é=c +2 (wB/N X Cl) + (wB/./\/' X C) + wp/N X (wB/N X C) (16)
Eq. (16) may be substituted into Eq. (2) to give the following result:

’I';C/N _ 1'“.B/N n c// + 2 (wB/./\f X c’) + (wB//\/' X C) —|—LUB/N X (UJB/N X C) 17)

Substitution of Eq. (17) into Eq. (1) gives the translational equations of motion of this system:
Mie [FB/N +c +2 (LUB//\/‘ X c/> + (wp/n X €) +wp/n X (wpyn ¥ c)} =F.. (18)

Bringing second-order derivatives to the left-hand side and substituting in Eq. (9) for ¢’ gives the
desired form of the system translational equations of motion for software implementation:

msc".;B/N + msc[‘bB/./\/']c =Fopt — mPTl}l?C/B — Qmsc[‘bB/./\/']c/ - msc[‘;’B/./\/'Pc (19)

Spacecraft Rotational Equations of Motion

The derivation of the spacecraft hub rotational equations of motion begins with Euler’s equation
applied to the case where the angular momentum derivative is taken about a body-fixed point not
coincident with the system center of mass:'®

Hy.p = Lp + ms(rp/n X ) (20)

where L g is the external torque acting on the spacecraft about point B. The angular momentum of
the spacecraft about the body-fixed point B must first be defined:

H, p = Hy, g + Hp (21
The hub angular momentum about point B is:
Hyw, 5 = Hyub,B. + Mhub(TB,/B X 7B./B) (22)

where
’I:'BC/B:TBC/B+LUB/NX7°BC/B:(.UB/NXTBC/B (23)



Note that the vector rg_, is constant in the B-frame. The hub angular momentum about its center

of mass point B, is:
Hhw, B, = [Inub,B.]ws/N

Eq. (22) is rewritten using Eqgs. (23) and (24):
Hyub, B = [Inub, B |wp/n + b (TB, /B X WB/N X TB./B)
Further simplification gives the intermediate result:
Hyuwb,3 = [T, B.Jws/n — muuwl75,/5]°ws/n = (Thw,B.) — muwl75,/8]°) wi/n
The above expression may finally be simplified to:
Hiw, 5 = [T, Blws/n
Next, the prescribed body angular momentum about point B is:

Hp p = Hp p, + mp(Tp, g X 7'F,/B)

where
. !
TF,/B = TFC/B +wB/N X TF,/B

The prescribed body angular momentum about its center of mass, point F is:
Hp . = [Ipp.Jwr/nv
Eq. (28) is rewritten using Eqgs. (29) and (30):
fﬁu3=[51ﬂwfmv+ﬂnP<TEJBX G@UB‘FWBMJX7WUB>>
Simplifying Eq. (31) gives the intermediate result:
Hp p = [Ip r]wr/n + melFr, 8]7 5, 5 — melir, 5 ws/n
Further simplification yields:
Hp p = [Ip plwp/n + e rlwz /s + melFr plrg, 5
Eq. (21) can now be rewritten using Eqgs. (27) and (33):

Hyp = [Innlws/n + [Ipslwp/n + [Ip.pJwrs + melfr, slry, o

(24)
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The hub and prescribed body inertias about point B are combined to give the spacecraft inertia

about point B:
[Ise,B] = [Inub,B] + [Ip,B]

Rewriting Eq. (34) using Eq. (35) gives:

Hy p = I Blws/n + [Ip.rlwrs + melFr BTy, o

(35)

(36)



The inertial time derivative of the spacecraft angular momentum about point B can now be taken
using the Transport Theorem:

.. /

Hyp=H p+wp/n %X Hse.B (37)

The body-frame derivative of the space vehicle angular momentum is expressed as:

’ ’

H p = Iy plwp/n + [se,Blwp/n + Up plwrs + e rlwr /g + me[fr slrg s (38)
The body-frame derivative of the spacecraft inertia about point B can be expressed as:
Use.5] = [T, 5] + [Ip ] = [Ip B] (39)
Note that the hub inertia about point B is constant in the B frame. Next the body-frame derivative
of the prescribed body inertia about point B may be defined. First recall that the inertia of the
prescribed body about point B is defined as:
[Ie,5) = [Ip,r.] + me[Fp, 8] [Fr. 8] (40)
Taking the body-frame derivative of Eq. (40):

Iy 5) = e ) + e ([, 5l P )" + (P 5] 57 ) (1

The body-frame derivative of the first term in Eq. (41) may be evaluated using the Transport
Theorem of the inertia tensor'! noting that the prescribed body inertia about its center of mass F,. is
constant in the F'-frame:

;
Uni) = ol r) + @5 slle s — lor)@rys) = (@rlller) ~ Upr)@rs] @

Substituting Eq. (42) into Eq. (41) gives the final result:

[1y.5) = @8l o) + e ] + mp (7, )7 )T + sl pT)  @3)

Eq. (37) can now be rewritten as:

. !

Hyp = Hy. p + [0p/n] e, 8lwsn + (@58 e, r)wz 5 + mel@p v )[Fr. 8lrs, /B (44)

Eq. (44) may be substituted into Eq. (20) to give the intermediate result for the system rotational
equations of motion:

!

Hy, p + [@p/n L Blwpn + [@p/n e pwr)s + melop vl [Fr. )7, 5
= LB + mSC(FB/N X C) (45)
Substituting H slc, g using Eq. (38) into the above equation gives:

/

e slws/n + e, Blws/n + Ip g Jwr/s + [IP,FC]W}/B + mp [":FC/B]T;C/B
+ [@p /e Blwpn + [@p /N Ip R wr s + mel@p ) [Fr BT, 5
= Lp + ms(fp/ny x c) (46)
Further simplification of the above equation gives the desired form of the system rotational equations
of motion for software implementation:

mucl€lin + eslonn = L = melie, vy, 5 — (o) + [@snlle.s]) wi)n

- ([Il;,FC] + [@p/n] [IP,FCD wrs — e r)wrs — melopn][Fr slrg, s (47)



SOFTWARE IMPLEMENTATION

The open-source Basilisk astrodynamics software package is chosen to simulate the derived multi
body dynamics. The modular dynamics architecture of Basilisk utilizes the elegant backsubstitu-
tion method developed in prior work by Allard and Schaub which has been shown to solve the
critical issues of software maintainability, scalability, and testability while achieving computational
efficiency.'?

The derived multi-body dynamics are implemented in Basilisk as an instance of the stateEffector
abstract class. To integrate the prescribed dynamics into the modular architecture of Basilisk, the
translational and rotational equations of motion of the hub are expressed in the compact manner

using Eqgs. (19) and (47):
[A] [B]:| |:'l;B/N:| _ |:Vtrans:| 4
[[01 (1] [wsyar) = [ Ve @

where [A],[B],[C], and [D] are all 3 x 3 matrices of zeros and

Virans = Feat — mP"';C/B - 2msc[‘b8/./\/’]c/ — Mesc ["‘NJB/NPC (49)

’ /

Veow = Lz = melFrp)7 i — (o) + (@501 L8] ) @i
- ([Il/’,FC] + [@p/n] [IP,FC]) Wr/B — [IP,Fc]w’]-'/B — mplwp/n] ['F'FC/B]T}?C/B (50

Looking at Egs. (48-50), it is clear that only the right-hand side of Eq. (48) contains the states
of the prescribed body. Therefore, the hub states are directly impacted by the prescribed body’s
motion. Conversely, the left-hand side of Eq. (48) does not contain any second-order prescribed
state variables. This representation confirms that the prescribed states dynamics are not impacted
by the hub dynamics.

To simulate the formulated dynamics, a rotational maneuver and a translational maneuver are
individually simulated in Basilisk. Two new flight software modules are written to profile the pre-
scribed body’s translational and rotational motion. Figure (2) illustrates the Basilisk dynamics ar-
chitecture and module connections for the translational and rotational simulations.

Rotational Motion Profiler

To validate the derived rotational dynamics, a 1 DOF rotational motion flight software module
is written to profile the prescribed body’s motion with respect to the mount frame. The inputs
to the profiler are the scalar maximum angular acceleration for the attitude maneuver anax, the
prescribed body’s initial attitude with respect to the mount frame as the Principal Rotation Vector
prv_F0/M (Pg, ép), and the prescribed body’s reference attitude with respect to the mount frame
as the Principal Rotation Vector prv_F1/M (®q, é1). The prescribed body is assumed to be non-
rotating at the beginning of the attitude maneuver.

Subtracting the initial principal rotation vector from the reference principal rotation vector gives

the required rotation angle and axis for the maneuver:!®
) ® o )
Prer = 2cos™ ! (cos 71 cos 70 + sin 71 sin 70é1 . é0> (28



Simulation Task

:] Python Task spacecraft( ) < gravityEffector( )
[ ] SimModule A
[ ] FSWModule
—— MPI Path prescribedMotionStateEffector( )
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Figure 2. Basilisk dynamics architecture for the simulations.

Do i L1p. D1 o Do g i 21 Pog 5
cos = sin 5L €1 — cos 5 sin 5 €g + sin 5t sin 21 X €y (52)
Sim—q)gef

é:

During the first half of the attitude maneuver, the prescribed body is constantly accelerated with
the given maximum angular acceleration. The prescribed body’s angular velocity increases lin-
early during the acceleration phase and reaches a maximum magnitude halfway through the attitude
maneuver. The switch time ¢, is the simulation time halfway through the maneuver:

A
t = to + ; (53)

where the time required for the maneuver At is determined using the inputs to the profiler:

®
At =ty —ty =2y —= (54)

q)Max

The resulting trajectory of the angle ® swept during the first half of the maneuver is quadratic.
The profiled motion is concave upwards if the reference angle ®ger is greater than zero. If the
converse is true, the profiled motion is instead concave downwards. The described motion during
the first half of the attitude maneuver is characterized by the expressions:

(,U]:/M (t) — (/Max (55)
D(t) = amax(t — to) (56)
() = c1(t — tp)? (57)
where q)
5 o9



Similarly, the second half of the attitude maneuver decelerates the prescribed body constantly
until it reaches a non-rotating state. The prescribed body angular velocity decreases linearly from
its maximum magnitude back to zero. The trajectory swept during the second half of the maneuver
is quadratic and concave downwards if the reference angle ®g.¢ is positive. If ®rer is negative, the
profiled motion is instead concave upwards. The described motion during the second half of the
attitude maneuver is characterized by the expressions:

D(t) = —amax (59)
D(t) = amax(t — tf) (60)
D(t) = ca(t — ty)* + Prer (61)
where o
o Ref
= 5t “

Linear Motion Profiler

To validate the derived translational dynamics, a translational motion flight software module is
written to profile the prescribed body’s position with respect to the hub-fixed mount frame. The
inputs to the profiler are the scalar maximum acceleration for the maneuver apax, the mount frame
axis for the translational motion, and the prescribed body’s initial position vector with respect to
the mount frame 7/ , and the reference position vector or the prescribed body with respect to
the mount frame rp 5/, . The magnitudes of the initial and final position vectors are denoted 7
and rgef, respectively. The prescribed body is assumed to be at rest at the beginning of the attitude
maneuver.

Subtracting the initial position from the reference position vector gives the required relative po-
sition vector in the direction of translation:

Ar =rp/m, — TF/M, (63)

The magnitude of the determined relative position vector gives the required translational distance
Ar. During the first half of the maneuver, the prescribed body is constantly accelerated with the
given maximum acceleration. The prescribed body’s velocity increases linearly during the acceler-
ation phase and reaches a maximum magnitude halfway through the maneuver. Eq. (53) gives the
switch time ¢, for the translational maneuver.

The time required for the maneuver At is determined using the inputs to the profiler:

At = +/ M (64)
AMax

The resulting trajectory of the position vector r = ||7/y/||2 magnitude during the first half of the
maneuver is quadratic. The profiled motion is concave upwards if the reference position magnitude
TRef 18 greater than the initial position magnitude rg. If the converse is true, the profiled motion is
instead concave downwards. The described motion during the first half of the maneuver is charac-
terized by the expressions:

"

Tr/M (t) = amax (65)

7/ () = anas(t — to) (66)
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rem(t) = es(t — to)® + ro (67)

where
TRef —T0

2(ts — to)? (68)

C3 —

Similarly, the second half of the maneuver decelerates the prescribed body constantly until it
reaches the desired position with zero velocity. The prescribed body velocity decreases linearly
from its maximum magnitude back to zero. The trajectory during the second half of the maneuver
is quadratic and concave downwards if the reference position magnitude is greater than the initial
position magnitude. If the converse is true, the profiled motion is instead concave upwards. The
described motion during the second half of the maneuver is characterized by the expressions:

1

T (t) = —aMax (69)
rpar(t) = amax(t — t7) (70)
rem(t) = ca(t —t5)? + rrer (71)
where
TRef — T0

=< 7 72
AT 20, — ty)? (72)

RESULTS

Simulation Setup

The simulation sets up an initially non-rotating cylindrical spacecraft hub with a mass of 750
kilograms in a circular orbit about the Earth. The Earth-Centered Inertial (ECI) frame is the chosen
inertial frame of reference for the simulation. The hub body frame is initially aligned with the
inertial frame. The hub states for both maneuvers are listed in Table (1). The inertia of the hub
about its center of mass is taken to be:

900 0.0 0.0
BlIwb.,] = 0.0 800 0.0[kg m? (73)
0.0 0.0 600

The prescribed body is given a cubic geometry with a mass of 100 kilograms and moment of inertia
about its center of mass:

50 0.0 0.0
Fllpp]= 100 50 0.0|kg-m? (74)
0.0 0.0 50

The prescribed body’s initial states and mass properties are given in Table (2). The reference states
for the rotational and translational maneuvers are listed in Table (3) and Table (4), respectively.

11



Table 1. Initial hub states.

Parameter Value Unit

Mhub 750 kg
900 0.0 0.0

B[Ihub,Bc] 0.0 800 0.0 kg -m
0.0 0.0 600

TBC/B(t()) [0.0, 0.0, 0.0] m

rC/N(to) [-4020338.690, 7490566.741, 5248299.211] m

vC/N(to) [-5199.777, -3436.681, 1041.576] m

ws//\/(to) [0.0, 0.0, 0.0] deg/s

O'B/N(to) [0.0, 0.0, 0.0] N/A

Table 2. Initial prescribed body states.

Parameter  Value Unit
mp 100 kg
50 0.0 0.0
FlIp ] 0.0 50 0.0| kg-m?
0.0 0.0 50
rr r(to)  [0.0,0.0,0.0] m
TM/B (to) [00, OO, 00] m
rear(to)  [0.0,0.0,0.0] m
T (to)  10.0,0.0,0.0] m/s
T (to)  10.0,0.0,0.0] m/s’
ways(to) 0.0, 0.0, 0.0] deg/s
wr/m(to) [0.0,0.0,0.0] deg/s
Wz (to)  10.0,0.0,0.0] deg/s”
or/m(to) [0.0,0.0,0.0] N/A
dq 0.0 deg
To 0.0 m
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Table 3. Reference prescribed body states for the rotational maneuver.

Parameter Value Unit
DRer 30.0 deg
OF/M (Ref) [0.1316525,0.0,0.0] N/A
wlf/M Max 1.0 deg/s?
RotsAxis [1.0, 0.0, 0.0] N/A

Table 4. Reference prescribed body states for the translational maneuver.

Parameter  Value Unit
TRef 0.5 m
rF/M(Ref) [0.25, 0.0, 0.4330127] m
r;/M Max 2.5¢~% m/s2
TransAxis  [0.5, 0.0, v/3/2] N/A

Rotational Motion Simulation Results

The rotational simulation results are given in Figs. (3) and (4). Figure (3) presents the profiled
prescribed motion in subplots (a-c) and the resulting spacecraft hub motion in subplots(b-f). The
prescribed body converges to the reference angle in 11.2 seconds as a result of the chosen angu-
lar acceleration profile. Accordingly, the profiled angular velocity is linear, reaching a maximum
magnitude of 5.4544 deg/s halfway through the maneuver. The hub is expected to rotate oppositely
to the profiled rotation to maintain conservation of the system angular momentum. Subplots (b)
and (d) confirm this expected behavior. The orbital position of the hub with respect to the inertial
frame seen in subplot (d) does not visibly change due to the small period of time required for the
maneuver.

Figure (4) displays the changes in the four quantities of orbital angular momentum, orbital en-
ergy, rotational angular momentum, and rotational energy for this simulation. The orbital quantities
describe the movement of the spacecraft center of mass in orbit. The rotational quantities describe
the rotation of the spacecraft about its center of mass. For a purely rotational maneuver, the orbital
angular momentum, orbital energy, and spacecraft rotational angular momentum will be conserved.
Subplots (a) and (c) confirm the orbital and rotational angular momentum quantities are conserved.
However, in the software implementation the prescribed parameters are held fixed at the dynamics
integration level, resulting in the orbital energy being nearly conserved as seen in subplot (b). The
spacecraft rotational energy is not expected to be conserved because the positive and negative accel-
eration segments of the maneuver add and remove energy from the system, respectively. Subplot (d)
validates the described expected results for the spacecraft rotational energy. The spacecraft returns
to a state of zero rotational energy at the end of the maneuver.
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Figure 3. Kinematic states of the prescribed body and spacecraft hub for the rotational maneuver.
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Figure 4. Conservation of angular momentum and energy for the rotational maneuver.

Linear Motion Simulation Results

The simulation results for the translational maneuver can be seen in Figs. (5) and (6). The profiled
prescribed motion is presented in subplots (a-c) of Fig. (5) and the resulting spacecraft hub motion
in provided in subplots(b-f). The prescribed body is seen to converge to the reference position in
89.5 seconds as a result of the chosen acceleration profile. Accordingly, the profiled velocity is
linear, reaching a maximum magnitude of 11.17 mm/s halfway through the maneuver. Because the
maneuver is purely translational, the hub is expected to remain in a non-rotating state. Subplots
(d) and (f) confirm this expected behavior. The hub attitude and angular velocity with respect to
the inertial frame are both seen to remain unchanged. The small changes in the hub position with
respect to the inertial frame seen in subplot (b) are an expected result of the orbital motion of the
spacecraft about the Earth.

Figure (6) displays the changes in the four quantities of orbital angular momentum, orbital energy,
rotational angular momentum, and rotational energy for this simulation. For a purely translational
maneuver, the orbital angular momentum, orbital energy, and spacecraft rotational angular momen-
tum will be conserved. However, in the software implementation the prescribed parameters are held
fixed at the dynamics integration level, resulting in the expected quantities being nearly conserved
as seen in subplots (a-c). The spacecraft rotational energy is not expected to be conserved for the
translational case because the positive and negative acceleration segments of the maneuver add and
remove energy from the system, respectively. Subplot (d) validates the described expected results
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for the spacecraft rotational energy. The spacecraft returns to a state of zero rotational energy at the

end of the maneuver.
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Figure 5. Kinematic states of the prescribed body and spacecraft hub for the trans-

lational maneuver.
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Figure 6. Conservation of angular momentum and energy for the translational maneuver.
CONCLUSION

A multi-body dynamics model for general six-degree of freedom motion of a rigid prescribed
body connected to a spacecraft hub was developed using an angular momentum-based equation
of motion development. The derived dynamics were implemented in the Basilisk software for a
prescribed body following both translational and rotational prescribed motion with respect to the
spacecraft hub. The conservation quantities of orbital angular momentum, orbital energy, rotational
angular momentum, and rotational energy are checked for conservation. The obtained results give
confidence that the derivation presented is valid.
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