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MULTI-BODY PRESCRIBED SPACECRAFT DYNAMICS SUBJECT
TO ACTUATOR INPUTS

Leah Kiner; Cody Allard” and Hanspeter Schaub*

The kinematics of spacecraft components undergoing prescribed motion is of in-
terest when considering articulated solar panels or actuated motion platforms.
However, simulating a component’s trajectory given a general combination of ac-
tuator inputs presents challenges when the relationship between actuator and com-
ponent states is not directly known. This paper introduces a method of formulating
the rotational kinematics of a two-axis gimbal actuated sequentially by two stepper
motors. Given a series of step commands, the motor and gimbal state history are
analytically determined using a provided motor-to-gimbal angle lookup table. The
formulation is implemented and validated in a gimbal thruster pointing scenario.

INTRODUCTION

Early in the mission development phase, the complex dynamical behavior of candidate spacecraft
designs must be modeled to assess their ability to meet mission science and maneuverability re-
quirements. For example, consider a spacecraft with articulated solar panels,! or an electric thruster
mounted on a motion platform to change the body-relative thrust vector.” Here, three-dimensional
solid models are traditionally used to both realize and analyze complex spacecraft components in
these first stages of development processes. These solid models store fundamental kinematic infor-
mation describing how rigid spacecraft components can move with respect to a specified spacecraft
base of reference given a series of actuator inputs. The predominant challenge in utilizing these solid
models lies in the uniqueness of each solid model. Number of actuators, number of component de-
grees of freedom, and geometric constraints between actuators and the actuated component are all
challenges inherent in developing general methods to construct an actuated spacecraft component’s
trajectory.

The dynamics of such rigid spacecraft components whose motion is restricted to follow particular
trajectories in three-dimensional space are referred to as being prescribed, and hence these objects
are said to undergo prescribed motion. NASA’s Cassini spacecraft seen in Fig. (1) consisted of sev-
eral prescribed components including an articulated main engine, a one degree of freedom (DOF)
probe relay antenna, and a high-precision two DOF scan platform.> The Space Station Remote
Manipulator System (SSRMS) a.k.a. the "Canadarm” consists of eight links and seven active joints
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Figure 1. Cassini spacecraft.”

whose motion can be commanded either through pre-programmed trajectories or individually using
prescribed angles.>* Other common examples of prescribed spacecraft components include stepper
motors, actuated platforms, gimballed thrusters, and servo-ed sensors. Moreover, the dynamics of
such prescribed bodies are assumed to be one-way coupled with the other rigid spacecraft com-
ponents, meaning their motion impacts the dynamics of the spacecraft system, but not vice versa;
as precise servo sub-systems are used to achieve the spacecraft body-relative positioning. The va-
lidity of this assumption has to be analyzed based on the bandwidth and performance of the servo
controller.

One common approach of dealing with the dynamics of traditional actuated bodies such as re-
action control thrusters, reaction wheels, or magnetic actuators is to simply neglect the actuator
dynamics altogether if the response is assumed to be fast enough.> However, for high-precision
attitude control problems where actuator dynamics significantly impact the spacecraft dynamics or
controller performance, this assumption is not sufficient. Accordingly, Kristiansen and Hagen de-
veloped both a first and second order generalized MIMO linear model and incorporated mechanical
time delays into the actuator dynamics.” Similarly, other existing work seeks to analyze the robust
stabilization of nonlinear systems subject to unmodeled actuator and sensor dynamics.®® However,
because this work focuses on actuated bodies undergoing prescribed motion, the dynamics of these
bodies are assumed to be obtainable over the entire spectrum of actuation inputs, hence removing
the need to analyze uncertainty in the actuator dynamics.

For robotic manipulators consisting of chains of translational and rotational joints connected by
rigid links, one common approach for deriving the kinematic relationship between joints is forward
kinematics, where four Denavit and Hartenberg parameters (D-H parameters)° are required to derive
a compact and generalized transformation between robotic joints.!%!! However, for more complex
spacecraft components whose geometry is not a simple collection of joints and links, a method of
deriving the kinematic relationship between actuation inputs and resulting three-dimensional motion
is more complicated to resolve.

In practice, actuator manufacturers usually provide lookup tables that relate motor inputs to actu-
ator outputs. These tables are specific to the type of actuator and may not contain the full kinematic
state information of the actuated body. Some lookup tables may only provide scalar angular infor-
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Figure 2. Modules required for gimbal thruster pointing scenario simulation.

mation where the mapping from actuator inputs to the actuated body’s kinematic states is unclear.
Oftentimes interpolation must be used between data points given in such a lookup table to construct
the actuator’s kinematic states. Lookup tables may also not provide any state rate information, re-
quiring further approximations to be made to construct the actuator kinematics. To this end, several
challenges are presented when determining the full translational, rotational, and attitude kinematic
states of complex spacecraft components from three-dimensional solid models.

This paper expands upon prior work in multibody prescribed motion dynamics where the dy-
namics of a rigid spacecraft hub with a connected secondary rigid body undergoing prescribed mo-
tion were derived and validated using the Basilisk" open-source astrodynamics simulation software
package.!>!3 A general two-axis gimbal actuated sequentially by two stepper motors is considered
in this paper. The actuator is mounted to a fixed location on the rigid spacecraft hub, meaning its
translational, rotational, and attitude states are all described relative to a single base frame. Further,
the translational states of the actuator are considered fixed. As a result, only the rotational states of
the actuator must be determined to simulate its prescribed motion.

The sequence of modules required to simulate the prescribed gimbal motion in a spacecraft dy-
namics scenario is outlined in Fig. (2). The solution methodology presented in this work focuses
on development of Module 1, which solves for the gimbal’s prescribed kinematic rotational states
given a series of motor step count commands. Module 2 takes the gimbal’s prescribed states as in-
puts and simulates a spacecraft dynamics scenario where the gimbal actuator is connected to a rigid
spacecraft hub. Module 2 was implemented in Basilisk and its development was described in previ-
ous work.!? The approach taken in this work to develop Module 1 utilizes a motor-to-gimbal angle
lookup table provided by a two-axis gimbal manufacturer. Linear interpolation is used between
discreet data points given in the lookup table to solve for the gimbal attitude for any combination
of motor states. The developed formulation is validated in a gimbal thruster pointing scenario. If
desired, the resulting kinematic states of the actuator can be given as inputs to Module 2, where the
effect of the thruster pointing on the overall spacecraft motion can be simulated and analyzed.

PROBLEM STATEMENT
Spacecraft Model

This work considers a spacecraft consisting of a rigid central hub and an appended kinematically
prescribed actuator body. The spacecraft geometry of interest is illustrated in Fig. (3). The required
coordinate frames for the system dynamics derivation are as follows. The inertial reference frame

"https://hanspeterschaub.info/basilisk
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Figure 3. Spacecraft geometry, variables, and coordinate frames used for this derivation.

is indicated by N : {N,ny,ng,n3}. The spacecraft body frame B : {B, by, bo, 133} describes
the motion of the rigid hub. The origin of this frame is located at a hub-fixed point B. The hub-
fixed point B, is the hub center of mass location. The body frame of the actuator F : {F, fl, fg, fg}
describes the motion of the prescribed body attached to the spacecraft hub through a mount interface.
The origin of the actuator body frame is located at the point F' that is actuator-fixed. The point F¢ is
the center of mass of the actuator. The mount frame M : {M, 11, Mo, M3} is fixed with respect
to the spacecraft hub and is introduced as a matter of kinematic convenience.

The actuator prescribed motion is defined relative to the body-fixed mount frame to simplify the
associated kinematic description. Point M indicates the origin of the mount frame. The spacecraft
center of mass C' relative to point B is indicated by c. Note that points B, B, C, M, F' and F, need
not be necessarily coincident.

It is assumed that the translational and rotational states of the actuator with respect to the space-
craft hub are known and prescribable. These prescribed states of interest are provided in Table (1),
along with the other body-fixed parameters for this problem set up. The prescribed parameter ' no-
tation indicates a time derivative taken in the actuator frame /. Because the two bodies considered
are rigid bodies, the center of mass location of each body with respect to the origin of their respec-
tive body frames are known. Moreover, the position and attitude of the mount frame relative to the
hub frame are known because the mount frame is specified as fixed to the hub. The angular velocity
of the mount frame with respect to the hub frame w5 is zero for all time.

Actuator Model

The actuator considered in this work is a two-axis gimbal, meaning two successive angles are used
to describe the attitude of the gimbal relative to the mount frame. These angles are referred to as
“tip” and tilt” angles in this work. A general two-axis actuator applicable to this work is shown in



Table 1. Prescribed states of interest.
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Figure 4. Two-axis actuated platform.

Fig. (4). The gimbal attitude is controlled by two actuated stepper motors. Both motors rotate with
step angle A#, requiring each motor to take N, = % steps per revolution. As a result, there are
N2 possible combinations of motor positions for a general two-motor system with no constraints.
Manufacturers of gimbal actuators commonly provide a lookup table containing combinations of
stepper motor angles and the corresponding gimbal tip and tilt angles. The notations used in this

work for the stepper motor and gimbal angles are given in Table (2).

Depending on the actuator constraints, the stepper motors could be commanded to move simul-
taneously, individually, or a combination of both cases. This work assumes each motor is actuated
independently to achieve the desired gimbal attitude pointing. This assumption is necessary for
straightforward interpolation of the given lookup table data when the motor step size is not identical
to the lookup table step size. The inputs to the stepper motors are two step commands, identifying
the number of steps each motor must take to complete the desired attitude maneuver. For each mo-
tor step, the gimbal correspondingly moves through a sequential tip and tilt motion. The rotation
axes for the tip and tilt motion are typically specific and dependent on the type of gimbal actuator
chosen.

Motor Input to Gimbal Platform Kinematic States Methodology

Recall that Fig. (2) outlines the two fundamental modules required to simulate the gimbal actua-
tor’s prescribed motion and incorporate its dynamics into a full spacecraft gimbal thruster pointing
scenario. The focus of this work is the development of Module 1, which solves for the gimbal’s



Table 2. Stepper motor and gimbal angle notation.
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Figure 5. Solution methodology diagram.

prescribed kinematic rotational states given a series of motor step count commands. The process
used to develop the gimbal kinematic profiler is separated into three stages seen in Fig. (5). Stage
1 receives the motor step counts and analytically determines the stepper motors’ scalar rotational
states. A bang-bang acceleration profile applying the maximum allowable motor acceleration is
used to construct the motor state history for each step. Next, Stage 2 analytically profiles the gim-
bal’s motion using a motor-to-gimbal angle lookup table. Spherical linear interpolation is used
between discreet angles if the motor angle step size is not equal to the table-provided step size. The
initial and final gimbal attitude for each motor step is determined and expressed using Principal Ro-
tation Parameters (PRPs), where a second bang-bang acceleration profile is used to drive the gimbal
through the required relative PRP angle during a fixed motor step time At. Stage 2 also determines
the gimbal tip and tilt angle history for the motor step. The output of Stage 2 is a time history of
the gimbal’s PRPs, the PRP angle rate, and acceleration. Finally, Stage 3 formulates the gimbal’s
prescribed motion rotational states specified in Table (1). The following section discusses in detail
the formulation of each stage of Module 1.

GIMBAL ACTUATOR PRESCRIBED MOTION KINEMATICS
Stage 1: Stepper Motor Analytic Motion Profiler

The first stage required to prescribe the gimbal’s kinematic motion seen in Fig. (5) is to construct
the stepper motors’ rotational motion profiles given two step count command inputs. Given the
initial motor angles, initial gimbal angles, and the gimbal reference angles, a step count command
for each motor is determined that will drive the gimbal to the specified reference attitude. For gimbal
tip and tilt reference angles rr and ¢y, the corresponding motor reference angles Orer, and Orer,



are found using the provided lookup table. The next section discusses how to interpolate between
angles if the desired angles are not directly available in the lookup table. The required motor step

counts are:
arefl - 901 erefg - 902

" =TTAG "= TUAG M

Note that the stepper motors are actuated independently in this work to drive the gimbal to the
desired final attitude. If motor 1 is chosen to actuate first it will complete ng, steps before motor 2
begins to actuate and take ng, steps.

For a single motor step, the required angular rotation is achieved using a bang-bang acceleration
profile. Given the motor’s maximum angular acceleration magnitude Omax, this value is applied
positively for the first half of the step and negatively for the second half of the step. During the
acceleration phase, the motor angle rate increases linearly, reaching a maximum value halfway
through the step. During the deceleration phase, the motor angle rate decreases linearly and returns
to zero. The resulting angular profile is parabolic. The trajectory is concave-up for first half of the
step and concave-down for the second half.

Clearly, the stepper motor states can be determined entirely analytically. First, the time required
to take one motor step A6 is determined:

At =2 ..A—‘gztf—to )

max

The switch time ¢, indicates when the acceleration is alternated:

At
ts=to+ - 3)

The equations used to obtain the motor states for the first half of the step are:

G(t) = émax (43)

0(t) = Omax (t — to) (4b)
_AG (t—tg)?

o(t) = 2 t)? + 0o (4c)

During the deceleration phase, the motor equations are:

H(t) = _émax (Sa)

0(t) = Omax(t — t7) (5b)
— Af (ts — tf)2

0t) = ——- e Oret (5¢)

Equations (4)-(5) are the complete analytic expressions describing the motor states for an indi-
vidual motor step; therefore, development of stage 1 is complete. Note that for each successive
motor step, the parameters g, ts, and ¢y must be updated to reflect the advancement of time. Ac-
cordingly, the above equations can be used given any number of motor step counts to drive the
gimbal to the reference attitude.



Stage 2: Gimbal Motion Analytic Profiler

The second phase to prescribe the motion of the gimbal actuator seen in Fig. (5) is to profile
the gimbal’s trajectory for any number of motor step counts. The profiled gimbal motion should
be generalized so that it can be applied to any combination of motor steps. Given the scalar motor
state history from Stage 1, Stage 2 produces a gimbal trajectory using Principal Rotation attitude
Parameters (PRPs). PRPs are closely related to the Principal Rotation Vector (PRV) attitude vector
14

v = Pe (6)
The PRPs (9, €) represent the angle and rotation axis components of the PRV; where the attitude of
one frame relative to another is described by a rotation about a principal axis € by a principal angle
®.'% Tn addition to obtaining the gimbal’s attitude history, this stage also determines the gimbal
angles v, ¢, the scalar principal rotation angle rate ®, and acceleration ®. The PRP information is
output to Stage 4 and used to determine the prescribed motion states of the gimbal seen in Table (1).
The development of this stage is broken up into 3 steps outlined in the following section.

The first step to profile the gimbal’s motion is to determine the initial and final gimbal PRPs for
each motor step. Because the motor state history was analytically determined in Stage 1, the initial
and final motor angles can be used to determine the initial and final PRPs:

(01,62)0 — (P, €)o (01,02) — (P, €)¢ @)

The mapping above is often not directly known; however it is common for gimbal actuator manu-
facturers to provide a lookup table from motor angles to gimbal tip and tilt angles:

01,02 = ¥, ¢ ®)

The motor angles are discretized by a constant step size d6. If either the initial or final set of
motor angles coincides with a row in the lookup table, the provided gimbal tip and tilt angles can
be immediately converted to PRPs. A straightforward method treats the gimbal angles as Euler
Angles. The Euler Angles represent a sequential two-axis rotation from the mount frame reference
to the gimbal frame. These Euler angles can then be transformed to a direction cosine matrix
(DCM), followed by a transformation to PRPs.

The Euler angle sequence for a two-axis rotation is denoted (i-j) = (1, ¢), indicating that the
gimbal first performs a tip rotation about the M frame axis ¢ (1m;) by ¢ degrees, followed by a tilt
rotation about the intermediate/gimbal F frame axis j ( fj) by ¢ degrees. The Euler angle sequence
is mapped to the corresponding rotation matrix using the following expression:

(i-7) = (¥, ¢) = [C;()][Ci(¥)] = [FM] ©)

where [C;(¢)] and [C}j(¢)] are single-axis DCMs corresponding to the tip and tilt rotations, respec-
tively. For example, a (1-2) = (1), ¢) sequential rotation is expressed as:

cos¢p 0 —sing| |1 0 0
[Ca(p)][Ci(¥)]=1] 0 1 0 0 costy singy (10)
sing 0 cos¢ 0 —sinvy cosvy
cos¢ singsiny  —singcosy
[FM]=1] 0 cos 1 sin 1) (11)
sing —cos¢siny  cos¢cosy



Table 3. Provided lookup table for motor to gimbal angles.

Motor 1 Angle Motor 2 Angle | Gimbal Tip Angle Gimbal Tilt Angle
0i—1,1 0i—1,2 Yi1 Gi—1
0in 05,2 Vi i
th 02 (4 ¢
Oit1,1 Oit1,2 Yit1 Git1

The obtained DCM can be transformed to a PRV using the transformation: !4
& -1 n+1
{3 = —(FM]) =D sz — [FM))" (12)

n=1

Note Eq. (12) is singular for ® = +7. The tilde matrix operator [9] denotes:

B=|vs 0 -—u (13)

The principal rotation axis and angle information can extracted from the found PRV:

KA
I

(14a)
(14b)

o>
Il
2

However, it is likely the case that the true motor step angle A# is several orders of magnitude
smaller than the provided lookup table motor step size (66 > A#). Table (3) illustrates a section
of a typical lookup table provided by a gimbal manufacturer. The row containing red parameters
indicates a scenario where certain motor angles are not incorporated into the lookup table data. In
this case, interpolation is required to obtain an estimate of the gimbal PRPs. Assuming that each
motor individually actuates enables linear interpolation to be used when the motor angles do not
match a row in the provided lookup table. When interpolation is required, the two neighboring rows
bounding the current motor angles must be selected and transformed to PRPs.

The PRPs associated with the smaller and larger angles of the actuated motor are denoted (P4, €;)
and (Po, é2), respectively. The desired interpolated gimbal PRPs are denoted (&, €)er. To most
simply interpolate, a relative principal rotation axis and angle is determined so only the principal
angle must be interpolated. To determine the relative PRPs, the bounding PRPs must be subtracted:

(@, €)rel = (P2, €2) — (D1, €1) (15)



where!4

_ <I>2 (I)l . <I>2 . (I)l ~ ~
Pl = 2cos 1 cos —= cos — + sin — sin — és- e (16a)
2 2 2 2
cos 2 gin 226, — cos 22 sin 2Lé; + sin 22 sin 2L éy x é4
5 2 2 2 2 2 2 16b
€] — ) ( )

sin +
2
Using the actuated motor angles and the relative principal rotation angle, the relative interpolated
angle ®;y, is found between zero and P;:
Pret (0 — 0i5)
it = : a7
T b1y — 0y
where 7 = 1 when motor 1 is actuated and ;7 = 2 when motor 2 is actuated. The relative interpolated
PRPs are therefore obtained as (Pjnr, €re1). It should be noted that these PRPs represent a relative
gimbal attitude, meaning they must be added to the lower PRPs (®1, é;) found in the lookup table
to obtain the correct interpolated gimbal PRPs:

<(I)7 é)ref - ((I)inta érel) + (q)lv él) (18)
where!*
_ g} Dipe O . Dy . .
Pref = 2cos T cos — cos —2 — sin — sin — €1 * Eint (19a)
2 2 2 2
R cos qg“t sin %él + cos % sin 4)2““ €int + sin % sin %él X €int
Eref = > (19b)

Sin 5

At this step in the formulation of Stage 2, both initial and final gimbal PRPs (®, €) and (P, é);
are known. The next step Stage 2 involves profiling the gimbal trajectory between the initial and
final PRPs for a single motor step. A bang-bang acceleration profile similar to the one developed
in Stage 1 to define the stepper motor motion is used to drive the gimbal from its initial attitude to
the final attitude. Because the motor step time At is fixed, the gimbal is required to move through
the angle ®.r in time At. The acceleration required for the gimbal to complete the maneuver in the

correct time is:
_ 4CI)ref

o=

At?
The equations used to obtain the gimbal principal rotation angle, angle rate, and acceleration for the
first half of the motor step are:

(20)

d(t)=a (21a)

d(t) = aft — to) (21b)
q)ref (t tO)

() = = 1) (21c)

During the deceleration phase, the equations are:

b(t) = —a (22a)

(t) = alt —ty) (22b)
Dpep (ts — tf)?

O(t) = - f<(t_t]j"))2 + Bret (22¢)
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The profiled gimbal PRP attitude is denoted (P, é) » /M Where € = éf. The second step in
Stage 2 completes the formulation of the gimbal PRPs, principal angle rates, and accelerations for
a single motor step. Equations (21) and (22) are expressed generally so that the gimbal trajectory
can be constructed for any number of motor steps. Recall that the parameters ¢, 5, and ¢y must be
updated to reflect the advancement of time for each successive motor step.

The final step to complete development of Stage 2 involves determining the gimbal tip and tilt
angle trajectories for a single motor step. Although the tip and and tilt angles are not required in
Stage 3 to determine the gimbal’s prescribed motion states, it is useful to use these angles to visualize
the gimbal trajectory in two-dimensional space. For gimbal actuators that have limited ranges of
motion, checking the tip and tilt angles is useful to ensure the gimbal is functioning within its proper
range of motion.

Using the gimbal’s PRP attitude trajectory, the DCM corresponding to each PRP set can be de-
termined: 4

[FM] = e €l = [I5,5] cos ® — sin B[] + (1 — cos D)ée” (23)

Treating the gimbal tip and tilt angles as Euler angles once again enables application of inverse
trigonometric functions to elements of the determined DCM to obtain the tip and tilt angles. For
example, assuming a (1-2) = (¢, ¢) rotation yields the DCM result seen in Eq. (9). The gimbal
angles are simply:

vt (TAE) o—nt (T 24)

Equations (21 - 24) complete the development of Stage 2. The gimbal PRP attitude trajectory,
principal angle rates, and accelerations are next given as inputs to Stage 3 to determine the gimbal’s
prescribed motion states.

Stage 3: Determination of Gimbal Prescribed Motion States

The third stage required to obtain a full kinematic profile for a prescribed gimbal actuator is
to transform the gimbal’s profiled attitude trajectory, principal angle rates and accelerations to the
prescribed states outlined in Table (1). Recall that the translational parameters are assumed to be
zero and unaffected by the stepper motor motion for this actuator model.

First, the gimbal’s attitude relative to the mount frame is determined in terms of Modified Ro-
drigues parameters (MRPs). Formulated through a stereographic projection of the four-dimensional
quaternion set onto a three-dimensional hyperplane, this attitude set is chosen because it is a mini-
mal coordinate set with no constraints in R3 space.'* Other popular choices of attitude parameters
include Euler parameters (quaternions), direction cosine matrices (DCM) or Euler angles. The MRP
describing the gimbal attitude relative to the mount frame reference is denoted oz 4.

The time history of PRPs developed in Stage 2 are directly mapped to MRP space using the
following transformation:

01 &
or/m = |02 | =tan <> é (25)

g3
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Next, the gimbal angular velocity and angular acceleration relative to the mount frame can be
obtained using the known principal rotation axes and the principal angle rates and accelerations.
. . . . . !
Note that the notation used for a body frame time derivative of a vector v is denoted v ; therefore,
/ . . . .
Wr /M designates the F-frame time derivative of wz /4.

Fwrim=deé (26a)
Ty = beé (26b)

Equations (25-26) are the expressions required to fully prescribe the gimbal’s kinematic motion
and integrate the gimbal states into a spacecraft simulation software simulation.

SPACECRAFT SYSTEM PRESCRIBED MOTION DYNAMICS

The second module seen in Fig. (2) is required to simulate the prescribed gimbal motion in a
spacecraft dynamics scenario. The translational and rotational equations of motion for the spacecraft
system with a general prescribed body attached to the spacecraft hub illustrated in Fig. (3) are
derived in previous work!? and are implemented in Module 2. The results are presented in Egs. (27)
and (28) below.

M pn + Mael@pynle =Y Feu — mpry, /B — 2Mmsc|@p) wle — mgel@p/n)?e (27)

/

mclelinn + e.slomn = Lo = melen, plry, 5 — (1L p) + @5 lli.5]) ws/x

~ (] + @syNllTer] ) wrys = Uprlwrs — mel@swlFrslrs, s ©@8)

Equation (27) is the translational equation of motion for the spacecraft hub point B with respect
to the inertial frame. This vector equation is frame-independent and general so that it can represent
a wide range of spacecraft configurations chosen for software implementation. Equation (28) is the
rotational equation of motion for the spacecraft system. Note that although the prescribed gimbal
states are not directly present in Eq. (27) or (28), they are incorporated into several of the existing
variables.!?

NUMERICAL SIMULATION

The validity of the formulation developed in this work is demonstrated through a numerical sim-
ulation scenario. Fortunately, there are a wide variety of prescribed motion actuator scenarios that
can be considered for the simulation. This work can be applied to actuated spacecraft components
or even robotic components independent from the space domain. Robotic manipulator arms, actu-
ated motion platforms, servo-ed sensors or cameras, gimbal thrusters, and articulated solar arrays
are just a few examples of objects whose motion can be purely prescribed using the formulation
developed in this work.

The application of interest chosen to simulate in this work is a spacecraft gimbal thruster, where
the body-frame relative thrust direction is commanded. Gimbal actuators often have a limited range
of pointing motion; where both the gimbal tip and tilt angles are given upper and lower bounds. In
this simulation, the gimbal pointing range is chosen to be —25° < ¢ < 25° and —30° < ¢ < 30°.

12



Table 4. Simulation setup parameters.

Parameter Value Unit

At 1 sec
A0 0.5 deg
00 2.0 deg
OUmax 2.0 deg/s2
T, 256 steps
Mgy 256 steps
o, 0.0 deg
0o, 0.0 deg
0, 128.0 deg
0, 128.0 deg
Yo 25.0 deg
b0 0.0 deg
vy -25.0 deg
¥ 0.0 deg

The simulation sets up a gimbal thruster platform that is initially operating at one extreme of its
pointing range (19 = 25.0°, ¢9 = 0.0°). The corresponding motor angles are zero for this initial
gimbal attitude. The chosen gimbal reference attitude is at the opposite end of the gimbal’s operating
range, where both stepper motors must rotate by 128 degrees to achieve the desired attitude. Motor
1 is commanded to move first, followed by motor 2. The simulation setup parameters are shown in
Fig. (4).

Note that 512 motor steps are required for the gimbal to complete the desired attitude motion. For
such an extensive simulation, it is very difficult to view the stepper motor angle rate and acceleration
profiles. For this reason, Fig. (6) presents a simplified scenario where each motor completes only
ten steps. As is expected, the motors’ angle, angle rate, and acceleration profiles are indicative of
the bang-bang acceleration profile described in this work. The simulation results for the desired
attitude pointing scenario are presented in Figs. (7-10) below. Figure (7) depicts the sequential
stepper motor motion across the entire simulation period. Motor 2 is seen to remain at rest while
motor 1 completes the required motion, and vice versa. Fig. (8) presents the time history of the
thruster’s prescribed states. To improve the visualization of the gimbal motion, Fig. (9) presents
both a two-dimensional and three-dimensional view of the gimbal thruster pointing direction. The
red diamond shape seen in Figure (9(a)) represents a typical boundary that delineates the gimbal’s
allowable pointing range from areas the gimbal cannot actuate to. Figure (10) illustrates the gimbal
thruster’s initial and final orientations relative to the spacecraft hub.

CONCLUSION

This paper introduces a method of formulating the full rotational kinematic motion of a two-axis
gimbal that is actuated sequentially using two stepper motors. Given a series of successive motor
step count commands, the presented method analytically determines the motor angles and rates as-
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suming a bang-bang acceleration profile for each step. The corresponding gimbal tip and tilt angles,
PRP attitude trajectory, principal angle rates, and accelerations are determined using a provided
gimbal manufacturer lookup table and linear interpolation as needed. The method of determining
the gimbal’s prescribed kinematic rotational states is presented. Accordingly, the prescribed gimbal
state trajectory can be readily implemented into a spacecraft dynamics simulation to conduct any
desired system dynamics analysis. Future work will investigate simultaneous motor actuation and
expand the analysis to incorporate the stepper motors’ effect on the gimbal’s translational motion.
Future work will also include creation of a gimbal actuator module in Basilisk to interface with
the existing prescribed motion dynamics module in order to simulate a full spacecraft dynamics
scenario.
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