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TWO-AXIS GIMBAL SIMULATION OVERVIEW FOR THE
EMIRATES MISSION TO THE ASTEROID BELT

Leah Kiner* Cody Allard† and Hanspeter Schaub‡

The Emirates Mission to the Asteroid Belt (EMA) will utilize two Solar Electric
Propulsion (SEP) thrusters to traverse the solar system and visit a total of 7 main
belt asteroids. Mounted to a two-axis gimballed platform actuated by two stepper
motors, each SEP thruster is articulated individually to align with a commanded
inertial thrust direction. This paper gives a general overview of the SEP gimbal
functionality and outlines the flight software and simulation C++ algorithms de-
veloped to command and actuate the two-axis gimbals. Expanding upon previous
work in prescribed motion dynamics, this work develops modular flight software
and kinematic profiler modules to command and actuate the stepper motors and
gimbals. The previously developed prescribed motion dynamics formulation is
used to simulate the contribution of the profiled gimbal motion to the spacecraft
system dynamics. Simulation results are presented to demonstrate effective im-
plementation of the developed algorithms. The gimbal thrust axis is shown to
converge rapidly to the commanded reference direction.

INTRODUCTION

The Emirates Mission to the Asteroid Belt (EMA) is the first main belt multi-asteroid tour mis-
sion. Set to launch in 2028, the Mohammad Bin Rashid (MBR) explorer spacecraft will flyby 6
asteroids and rendezvous with the seventh.1 Depicted in Fig. (1), the explorer will use two Solar
Electric Propulsion (SEP) thrusters to navigate through space efficiently. Several other interplane-
tary space missions have successfully demonstrated the use of SEP technology including NASA’s
1998 Deep Space 12 mission, NASA’s 2001 Dawn3 mission, and NASA’s Psyche4 mission launched
in 2023. JAXA’s 2003 Hayabusa 1 and 2014 Hayabusa 2 missions also used SEP technology, along
with ESA’s 2003 Smart-1 mission.5–7

The SEP thrusters are actuated during the EMA SEP Point State,1 where they are used to thrust
along an inertial reference direction while keeping the explorer’s solar arrays pointed at the Sun.
Further, the SEP thrusters are responsible for autonomously managing the buildup of angular mo-
mentum on the spacecraft due to external perturbations while also absorbing the accumulated mo-
mentum along the thrust axis due to the thruster swirl torque. An in-depth discussion of the EMA
SEP Point state is provided in Reference 1.
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Figure 1: EMA explorer concept.*

A two-axis gimballed platform actuates each SEP thruster on the EMA spacecraft. The tip-
tilt motion of each platform is controlled by two stepper motors actuators. A substantial body of
literature has been devoted to control and simulation techniques for gimballed platforms. Newto-
nian/Eularian mechanics,8–14 Lagrangian mechanics,9, 15–17 and Kane’s method18 have all been used
to model the dynamics of gimballed platforms. These previous studies derive the gimbal equations
of motion specifically for each actuator application, rather than employing a general set of equa-
tions. Existing work has applied specific DC motor torque equations to model gimbals driven by
servo motors.8, 11, 12, 18 Many different control strategies have been applied for gimbal commanding
such as sliding mode control8, 15, 17 and variations of PID controllers.14, 18–21

The novelty of this work lies in its use of the previously developed prescribed motion dynamics
formulation,22–24 rather than deriving specific equations of motion for the EMA two-axis gimbal
platforms. The formulation requires that the actuated component motion is purely prescribed rela-
tive to the spacecraft hub; meaning the hub motion does not impact the actuator motion, however
not vice versa. Thus, there is no need to integrate any equations of motion for these components
and instead their motion can be modeled independently from the dynamics of the other spacecraft
components using a kinematic acceleration profile. This approach preserves the generality of the
gimbal equations, allowing them to be applied to simulate any type of articulated spacecraft com-
ponent. The validity of this assumption must be analyzed based on the bandwidth and performance
of the servo controller.

The NASA Cassini spacecraft features several prescribed components, including an articulated
main engine, a one-degree-of-freedom (DOF) probe relay antenna, and a high-precision two-DOF
scanning platform.25 Similarly, the Space Station Remote Manipulator System (SSRMS), also
known as the ”Canadarm” is composed of eight links and seven active joints. Its motion can be
controlled either via pre-programmed trajectories or by commanding individual joint angles.25, 26

Reference 23 provides a general overview and simplified simulation development for the two-axis
gimbals modeled in this work and serves as the background for the developed C++ algorithms.

The structure of this paper is as follows. The first section gives a general overview of the geometry
and functionality of the SEP gimbals and includes a discussion of the parameters and assumptions
used for modeling their actuation. The following section outlines the flight software and simulation
algorithms developed to command and actuate the gimbals. Next, simulation results for the EMA
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SEP Point state are presented demonstrating correct implementation of the C++ algorithms. The
concluding remarks are offered in the final section of this paper.

TWO-AXIS SEP GIMBAL ACTUATOR OVERVIEW

This section gives an overview of the two SEP gimbals on the EMA spacecraft. First, the geom-
etry and orientation of the gimbals relative to the spacecraft are discussed. The method by which
the gimbals actuate is next described in detail. Note that general terms and parameters are used
throughout this overview in order to illustrate the applicability of this work to simulate any two-axis
gimbal actuator. Parameters specific to the EMA gimbals are given as needed for context throughout
this overview.

First, five reference frames are required to fully describe the orientation of the SEP gimbals
relative to the EMA spacecraft. The spacecraft body frame is designated by B : {B, b̂1, b̂2, b̂3}.
This frame is fixed to the rigid spacecraft hub at the origin point B. Next, the actuation of each
gimbal is described relative to a hub-fixed mount frame denoted Mi : {Mi, m̂i,1, m̂i,2, m̂i,3}
where i = 1, 2 for each gimbal. The gimbal mount frames describe the orientation of each gimbal
relative to the spacecraft hub in the home configuration where both gimbal angles are zero. Finally,
the gimbal body frames are represented by Gi : {Gi, ĝi,1, ĝi,2, ĝi,3}. These frames are fixed to each
gimbal during actuation and their origin points Gi coincide with both the mount frame origin points
Mi and the gimbal center of mass points Gci .
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M2

Figure 2: Overhead (−b̂3) view of the SEP gimbal mount frame geometry.

The SEP gimbals are located underneath the EMA spacecraft hub and can be viewed from the
−b̂3 axis. Figure (2) shows an overhead view of the gimbals in the home configuration. In this
configuration, the gimbal body frames Gi coincide with their mount frames Mi. Viewing Fig. (2),
gimbal 1 is seen to be placed along the positive b̂2 axis, while gimbal 2 is along the negative b̂2 axis.
The star symbols indicate the gimbal stowed/launch configurations which are discussed in the next
section.
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Figure 3: Side view of SEP Gimbal mount frame geometry.

Figure (3) illustrates a side view of the gimbals when viewing from the b̂1 axis. From this view-
point, it becomes clear that both gimbal mount frames are canted by 15 degrees about the b̂1 axis.
The gimbal hub-relative attitudes in their home configurations are represented by the following
Euler angle sequence:27

[MiB] = (3-1) = (αi, β) = [C1(β)][C3(αi)] (1)

where [C1(β)] and [C3(αi)] are single-axis DCMs corresponding to first and third-axis rotations,
respectively:

[C1(β)][C3(αi)] =

1 0 0
0 cosβ sinβ
0 − sinβ cosβ

 cosαi sinαi 0
− sinαi cosαi 0

0 0 1

 (2)

The gimbal mount frame attitudes relative to the spacecraft body frame are therefore:

[MiB] =

 cosαi sinαi 0
− cosβ sinαi cosβ cosαi sinβ
sinβ sinαi − sinβ cosαi cosβ

 i = 1, 2 (3)

where β = 15 degrees for both gimbals, α1 = 90, and α2 = −90.

Next, recall that each gimbal actuates relative to its spacecraft-fixed mount frame Mi. A general
depiction of a gimbal body frame G relative to its mount frame M is shown in Fig. (4) for reference.
Note that the gimbal thrust direction vector t̂ is defined as the third gimbal body frame axis ĝ3, which
points in the direction of the thrust force felt by the spacecraft. Figure (4) depicts the direction of
SEP thrusting (blue) which is opposite to the thrust direction vector.

Specifically, the actuation of each gimbal can be represented by a two-axis rotation relative to the
mount frame using an Euler angle tip-tilt sequence (1-2) = (ψi, ϕi), indicating that the gimbal first
performs a tip rotation about the spacecraft-fixed mount Mi frame first axis m̂i1 by ψi degrees,
followed by a tilt rotation about the intermediate/gimbal Gi frame second axis ĝi2 by ϕi degrees.
The Euler angle sequence is mapped to the corresponding direction cosine attitude rotation matrix
using the following expression:

(1-2) = (ψi, ϕi) = [C2(ϕi)][C1(ψi)] = [GiMi] (4)
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Figure 4: Gimbal and Mount frame definitions.

where [C1(ψi)] and [C2(ϕi)] are single-axis DCMs corresponding to the tip and tilt rotations, re-
spectively:

[C2(ϕi)][C1(ψi)] =

cosϕi 0 − sinϕi
0 1 0

sinϕi 0 cosϕi

1 0 0
0 cosψi sinψi
0 − sinψi cosψi

 (5)

Each gimbal platform attitude relative to the hub-fixed mount frame is therefore:

[GiMi] =

cosϕi sinϕi sinψi − sinϕi cosψi
0 cosψi sinψi

sinϕi − cosϕi sinψi cosϕi cosψi

 i = 1, 2 (6)

It is important to note that the motion of each gimbal thrust axis is typically bounded by a cone
or diamond, where the boundary of either shape is defined as the actuation limit. In this work,
each gimbal’s motion is bounded by a diamond with the constraints ψmin ≤ ψ ≤ ψmax and ϕmin ≤
ϕ ≤ ϕmax where |ψmin| = |ψmax| = 15◦ and |ϕmin| = |ϕmax| = 25◦. Figure (5) illustrates a
two-dimensional view of each gimbal’s motion boundary. The allowable range is shown in green
and the unallowable range is shown in red. The star symbol indicates the gimbal stowed/launch
configuration, where (ψstowed, ϕstowed) = (ψmax, 0).

Next, recall that each two-axis gimbal is actuated via two stepping motors. The rotation angle
of each motor is denoted θ, where for gimbal i the associated motor angles are θi1 and θi2 . Note
that the SEP gimbal motors do not have a continuous 360 degree rotational range. Instead, each
motor actuates within the range 0 ≤ θ ≤ θmax where θmax is the hard-stop limit for each motor.
The gimbal boundary depicted in Fig. (5) is produced by actuating each stepper motor individually
to their hard-stop angles. Starting in the gimbal’s stowed configuration where both motor angles
are zero, actuating motor 1 to its hard-stop limit traces the north-east edge of the gimbal boundary.
If instead motor 2 is actuated independently from the stowed configuration, the south-east edge of
the gimbal boundary is traced by the gimbal thrust axis t̂ = ĝ3. Actuating both motors to their
hard-stop limits corresponds to the far left corner of the gimbal boundary. The stepper motors may
be actuated simultaneously or individually to actuate the gimbal thrust axes to any location within
the boundary.

Both motors rotate with an angular step size of ∆θ degrees in the step time ∆t. Typically the step
angle is a fixed parameter for stepper motors while the motor step time can be selected and varied
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ĝ2 <latexit sha1_base64="DEQlhW9xQgx015gwB+tblbcMxJ4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQgx4TMA9IljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJIPZhyjH9KB5H3OqLFS7a5bLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6yOPJwBMdwCh5cQQXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A581jNU=</latexit>

G

<latexit sha1_base64="ZRZCY5Fi4B1yhUM/y/yRRYOLTcE=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObK4jwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+AN9clqo=</latexit>

m̂1

<latexit sha1_base64="zJVNaD5WzbV5mBuj1vutzOf2cqg=">AAAB6HicbVBNS8NAEJ34WetX1aOXpUXwVBIR9Vjw4kVowX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38789hMqzWP5YCYJ+hEdSh5yRo2VGvf9UsWtunOQVeLlpAI56v3SV28QszRCaZigWnc9NzF+RpXhTOC02Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03RhuAtv7xKWhdV76rqNS4rtXIeRwFOoQzn4ME11OAO6tAEBgjP8ApvzqPz4rw7H4vWNSefOYE/cD5/AJ1ljLc=</latexit>

M

<latexit sha1_base64="uLtdXjPV23GiQDLnbM3uaIknFOA=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTPYChWkJAUvy6IblxXsBdoQJtNpO3QyCTMnQold+CpuXCji1tdw59s4bbPQ6g8DH/85h3PmD2LBNTjOl5VbWl5ZXcuvFzY2t7Z37N29po4SRVmDRiJS7YBoJrhkDeAgWDtWjISBYK1gdD2tt+6Z0jySdzCOmReSgeR9TgkYy7cPSuUuDBkQ3z3FGVVPSr5ddCrOTPgvuBkUUaa6b392exFNQiaBCqJ1x3Vi8FKigFPBJoVuollM6IgMWMegJCHTXjq7f4KPjdPD/UiZJwHP3J8TKQm1HoeB6QwJDPVibWr+V+sk0L/0Ui7jBJik80X9RGCI8DQM3OOKURBjA4Qqbm7FdEgUoWAiK5gQ3MUv/4VmteKeV85uq8XaVRZHHh2iI1RGLrpANXSD6qiBKHpAT+gFvVqP1rP1Zr3PW3NWNrOPfsn6+AZ5gpR5</latexit>

(✓1, ✓2)

<latexit sha1_base64="Eu500gR434O5ezWXm284FhYeTac=">AAAB73icbVDLSgNBEOyNrxhfUY9eBhMhgoTZgI9j0IvHCOYByRJmJ7PJkNnZdWZWCEt+wosHRbz6O978GyfJHjRa0FBUddPd5ceCa4Pxl5NbWV1b38hvFra2d3b3ivsHLR0lirImjUSkOj7RTHDJmoYbwTqxYiT0BWv745uZ335kSvNI3ptJzLyQDCUPOCXGSp1yBZ8hfFruF0u4iudAf4mbkRJkaPSLn71BRJOQSUMF0brr4th4KVGGU8GmhV6iWUzomAxZ11JJQqa9dH7vFJ1YZYCCSNmSBs3VnxMpCbWehL7tDIkZ6WVvJv7ndRMTXHkpl3FimKSLRUEikInQ7Hk04IpRIyaWEKq4vRXREVGEGhtRwYbgLr/8l7RqVfeien5XK9WvszjycATHUAEXLqEOt9CAJlAQ8AQv8Oo8OM/Om/O+aM052cwh/ILz8Q0mlY4X</latexit>

(0, 0)

<latexit sha1_base64="WTlVU1pBVQphyPzFEW6jaSo+SJ4=">AAACA3icbVDJSgNBEO2JW4zbqDe9NCZCBAkzAZdj0IvHCGaBJISeTiVp0rPQXSMJQ8CLv+LFgyJe/Qlv/o2d5aDRBwWP96qoqudFUmh0nC8rtbS8srqWXs9sbG5t79i7e1UdxopDhYcyVHWPaZAigAoKlFCPFDDfk1DzBtcTv3YPSoswuMNRBC2f9QLRFZyhkdr2QS7fxD4gaydNhCEmPhuOx6fUOcm17axTcKagf4k7J1kyR7ltfzY7IY99CJBLpnXDdSJsJUyh4BLGmWasIWJ8wHrQMDRgPuhWMv1hTI+N0qHdUJkKkE7VnxMJ87Ue+Z7p9Bn29aI3Ef/zGjF2L1uJCKIYIeCzRd1YUgzpJBDaEQo4ypEhjCthbqW8zxTjaGLLmBDcxZf/kmqx4J4Xzm6L2dLVPI40OSRHJE9cckFK5IaUSYVw8kCeyAt5tR6tZ+vNep+1pqz5zD75BevjG8LelvQ=</latexit>

(✓max, 0)

<latexit sha1_base64="9LaOEhzx62cJCRNeK0xxpUB4GpI=">AAACFXicbVDJSgNBEO2JW4xb1KOXxkSIEMJMwOUY9OIxglkgCaGnU0ma9Cx010jCkJ/w4q948aCIV8Gbf2NnOWiSBwWP96qoqueGUmi07R8rsba+sbmV3E7t7O7tH6QPj6o6iBSHCg9koOou0yCFDxUUKKEeKmCeK6HmDm4nfu0RlBaB/4CjEFoe6/miKzhDI7XT+WyuiX1A1o6bCEOMPTYcj/N0hXiebaczdsGegi4TZ04yZI5yO/3d7AQ88sBHLpnWDccOsRUzhYJLGKeakYaQ8QHrQcNQn3mgW/H0qzE9M0qHdgNlykc6Vf9OxMzTeuS5ptNj2NeL3kRc5TUi7F63YuGHEYLPZ4u6kaQY0ElEtCMUcJQjQxhXwtxKeZ8pxtEEmTIhOIsvL5NqseBcFi7ui5nSzTyOJDkhpyRHHHJFSuSOlEmFcPJEXsgbebeerVfrw/qctSas+cwx+Qfr6xdrIp+g</latexit>

(✓max, ✓max)

<latexit sha1_base64="fho2nLVOzPKc5G0J2d921/eGY5g=">AAACA3icbVDJSgNBEO2JW4zbqDe9NCZCBAkzAZdj0IvHCGaBJISeTiVp0rPQXSMJQ8CLv+LFgyJe/Qlv/o2d5aDRBwWP96qoqudFUmh0nC8rtbS8srqWXs9sbG5t79i7e1UdxopDhYcyVHWPaZAigAoKlFCPFDDfk1DzBtcTv3YPSoswuMNRBC2f9QLRFZyhkdr2QS7vnNIm9gFZO2kiDDHx2XA8Psm17axTcKagf4k7J1kyR7ltfzY7IY99CJBLpnXDdSJsJUyh4BLGmWasIWJ8wHrQMDRgPuhWMv1hTI+N0qHdUJkKkE7VnxMJ87Ue+Z7p9Bn29aI3Ef/zGjF2L1uJCKIYIeCzRd1YUgzpJBDaEQo4ypEhjCthbqW8zxTjaGLLmBDcxZf/kmqx4J4Xzm6L2dLVPI40OSRHJE9cckFK5IaUSYVw8kCeyAt5tR6tZ+vNep+1pqz5zD75BevjG7OulvQ=</latexit>

(0, ✓max)

Figure 5: Gimbal tip-tilt motion boundary.

based on mission requirements. Each motor can take a maximum of nsmax = θmax
∆θ steps before

reaching the hard-stop limit given the fixed motor step angle.

ALGORITHMS

This section outlines the C++ algorithms developed to command and simulate the actuation of
the two-axis SEP gimbals and each of their two stepper motors. A block diagram illustrating the
algorithm flow is shown in Fig. (6). Three flight software modules (yellow) and two simulation
modules (blue) are developed in this work to actuate both the gimbals and their motors. The pre-
viously developed prescribed motion dynamics simulation module22, 24 (green) is used to simulate
the contribution of the profiled gimbal motion on the spacecraft dynamics. Note that because each
gimbal is actuated by two stepper motors, two stepperMotorController flight software and
stepperMotor simulation modules are required to simulate a single gimbal. The first section
below describes the three modules contained in the gimbal flight software algorithm chain in detail.
The first module in the algorithm chain is the axisToGimbalAngles module, which computes
the gimbal angles (ψ, ϕ) corresponding to a commanded thrust direction vector in the spacecraft
body frame B t̂. The second module in the algorithm chain is the
gimbalAnglesToMotorAngles module, which determines the stepper motor angles θ1 and θ2
that correspond to the computed gimbal angles. Finally, two instances of the
stepperMotorController module are used to determine the number of integer steps ns re-
quired for each motor to actuate to the computed reference values.

The second section outlines two unique kinematics modules used for simulation of the two-axis
gimbal motion. The first modules in the algorithm chain are two instances of the
stepperMotor module. Given the computed number of steps ns for each motor from the
stepperMotorController modules, each stepperMotor module simulates the kinematic
motion of each motor using a bang-bang acceleration profile for each individual motor step taken.
The second module in the algorithm chain is the twoAxisGimbal module. Using the current
motor angles and the commanded motor steps from the stepperMotor and
stepperMotorController modules, respectively, this module profiles the two-axis gimbal
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Figure 6: SEP gimbal flight software and simulation algorithms.
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hub-relative kinematic motion as a function of time.

The third and final section describes the prescribed motion dynamics module used to simulate the
impact of the two-axis gimbal motion on the spacecraft hub motion.

Flight Software Algorithms

axisToGimbalAngles Module

The first module in the gimbal flight software algorithm chain is the axisToGimbalAngles
module; where the incoming thrust direction command B t̂ is mapped to the corresponding two-axis
gimbal tip and tilt angles ψ and ϕ, respectively.

Given the fixed attitude description of the gimbal platform mount frame M relative to the space-
craft body frame B as the Direction Cosine Matrix (DCM) [MB], the commanded thrust direction
can first be mapped to the gimbal mount frame:

Mt̂ = [MB]B t̂ (7)

This vector represents the direction of the thrust force felt by the spacecraft expressed in gimbal
mount frame components. This thrust direction vector is identical to the gimbal thrust direction
axis, defined as a fixed axis of the gimbal body frame G:

Mĝi =
Mt̂ i ∈ {1, 2, 3} (8)

Next, the gimbal tip and tilt angles are determined using the Euler angle27 sequence (j-k) =
(ψ, ϕ), indicating that the gimbal first performs a tip rotation about the gimbal platform mount
frame m̂j axis by ψ degrees, followed by a tilt rotation about the intermediate/gimbal G frame axis
ĝk by ϕ degrees. The Euler angle sequence is mapped to the corresponding attitude rotation DCM
using the following expression:

(j-k) = (ψ, ϕ) = [Ck(ϕ)][Cj(ψ)] = [GM] (9)

where [Cj(ψ)] and [Ck(ϕ)] are single-axis DCMs corresponding to the tip and tilt rotations, respec-
tively. This matrix can also be expressed using the gimbal body frame axes:

[GM] =


MĝT1

MĝT2

MĝT3

 =


Mĝ11

Mĝ12
Mĝ13

Mĝ21
Mĝ22

Mĝ23

Mĝ31
Mĝ32

Mĝ33

 (10)

Recall that the gimbal thrust direction axis Mĝi is known and fixed. Therefore, row i of the known
DCM [GM] can be used to solve for the unknown gimbal tip and tilt angles. For example, assuming
{i, j, k} = {3, 1, 2}, the gimbal body frame attitude can be expressed relative to the mount frame
using the (1-2) = (ψ, ϕ) Euler angle sequence:

[GM] = [C2(ϕ)][C1(ψ)] =

cosϕ 0 − sinϕ
0 1 0

sinϕ 0 cosϕ

1 0 0
0 cosψ sinψ
0 − sinψ cosψ


=

cosϕ sinϕ sinψ − sinϕ cosψ
0 cosψ sinψ

sinϕ − cosϕ sinψ cosϕ cosψ

 (11)
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where

Mĝ3 =

Mĝ31
Mĝ32
Mĝ33

 =

 sinϕ
− cosϕ sinψ
cosϕ cosψ

 (12)

The required gimbal tip and tilt angles are therefore:

ψ = tan−1

(−ĝ32
ĝ33

)
(13)

ϕ = sin−1 (ĝ31) (14)

gimbalAnglesToMotorAngles Module

The gimbalAnglesToMotorAngles module is the second flight software module in the
algorithm chain. After receiving the computed gimbal angles from the
gimbalAxisToGimbalAngles module, the corresponding stepper motor 1 and stepper motor
2 angles required to achieve this gimbal attitude are determined and output from the module.

Note that this module requires the gimbal manufacturer to provide two gimbal-to-motor-angle
look-up tables (LUT). One LUT is provided for each stepper motor. The structure of these tables is
outlined in Fig. (7). Implicitly, each LUT varies the gimbal tip and tilt angles in ascending order
along its columns and rows, respectively. Both tables discretize the gimbal angles by the fixed
value given by δψϕ. The motor angles corresponding to the discreet combination of gimbal angles
are explicitly provided in each LUT. Accordingly, the motor angles corresponding to the minimum
gimbal angles are located in the upper-left entry of each table and the angles corresponding to the
maximum gimbal angles are located in the bottom-right entry of each table.

A flow diagram for the algorithm developed for this module is provided in Fig. (8. Given the
provided LUTs and the desired gimbal tip and tilt angles, this module first determines whether no
interpolation, linear interpolation, or bilinear interpolation is required to obtain the corresponding
stepper motor angles. If both gimbal angles are exactly divisible by the discretization value δψϕ,
the corresponding motor angles can be directly extracted from the LUTs and no interpolation is
required. Linear interpolation is required if only one of the gimbal angles is exactly divisible by
δψϕ. If neither gimbal angle is divisible by δψϕ, bilinear interpolation is required to obtain each
motor angle.

Next, upper and lower bounds for the gimbal angles are determined if interpolation is required.
If linear interpolation is required, the upper and lower bounds for the gimbal angle not divisible by
δψϕ are determined as the nearest multiples of δψϕ. If bilinear interpolation is required, the upper
and lower bounds for both gimbal angles are computed similarly. Using these boundary values, the
corresponding motor angles are directly extracted from the provided LUTs.

A boundary case check must first be completed before interpolation can be performed with the
extracted motor angles. This is because in order to generalize this module for any unique two-axis
gimbal, there is no constraint placed on the range of each gimbal angle. Therefore, if the range of
one gimbal angle is not identical to the other there will be blank entries in the LUTs corresponding
to invalid motor positions. If any of the extracted motor angles are returned as blank entries, a
boundary case is identified and the type of interpolation required is adjusted.

For example, if linear interpolation is selected for one of the motors and one of the two returned
bounding values is empty, no interpolation is performed and the valid bounding value is returned
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✓(�min, i)

<latexit sha1_base64="64EJ+z+zVaeBFMr4vrEoSpBxxwA=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiBEkDAjbsegF48RzAKZEHo6L0mTnoXuN5IwzAd48Ve8eFDEqx/gzb+xsxw0saChqKrH61deJIVG2/62MkvLK6tr2fXcxubW9k5+d6+mw1hxqPJQhqrhMQ1SBFBFgRIakQLmexLq3uBm7NcfQGkRBvc4iqDls14guoIzNFI7X3CxD8iKbtQX7cRFGGLis2GanlA30kYS6bFJ2SV7ArpInBkpkBkq7fyX2wl57EOAXDKtm44dYSthCgWXkObcWEPE+ID1oGlowHzQrWRyTEqPjNKh3VCZFyCdqL8nEuZrPfI9k/QZ9vW8Nxb/85oxdq9aiQiiGCHg00XdWFIM6bgZ2hEKOMqRIYwrYf5KeZ8pxtH0lzMlOPMnL5Laacm5KJ3fnRXK17M6suSAHJIiccglKZNbUiFVwskjeSav5M16sl6sd+tjGs1Ys5l98gfW5w9sYpvd</latexit>

✓(�max, i)

<latexit sha1_base64="OQiamjpOVTNcNkP7T4i+ocqjWbQ=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqCAlEW/LohuXFewFmhAm00k7dHJh5kQooeDGV3HjQhG3voQ738ZpmoVWfxj4+M85nDm/nwiuwLK+jNLC4tLySnm1sra+sbllbu+0VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vFH19N6555JxePoDsYJc0MyiHjAKQFteeaeA0MGpOYkQ+5lfHKMnUTldOSZVatu5cJ/wS6gigo1PfPT6cc0DVkEVBCleraVgJsRCZwKNqk4qWIJoSMyYD2NEQmZcrP8hgk+1E4fB7HULwKcuz8nMhIqNQ593RkSGKr52tT8r9ZLIbh0Mx4lKbCIzhYFqcAQ42kguM8loyDGGgiVXP8V0yGRhIKOraJDsOdP/gvtk7p9Xj+7Pa02roo4ymgfHaAastEFaqAb1EQtRNEDekIv6NV4NJ6NN+N91loyipld9EvGxzerrJeN</latexit>

✓(�i, i)

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · · <latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · · <latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······
<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······
<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>

······

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·
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Figure 7: Gimbal-to-motor angle lookup table data format.

as the true motor angle. If neither bounding value returned is valid, an assertion error is thrown.
If bilinear interpolation is selected for one of the motors and one of the four returned bounding
values is empty, the triangular centroid of the remaining three bounding points is determined as
the true motor angle. If two of the four returned bounding values are empty, linear interpolation
is instead performed with the two valid values. If only one of the returned values is valid, no
interpolation is performed and the valid bounding value is returned as the true motor angle. If all
four returned bounding points for each motor are invalid, an assertion error is thrown. With these
boundary checks in place, this module is generalized for many different types of two-axis gimbals
with varying ranges. The algorithm given in Fig. (8) shows how to compute the corresponding
motor angles in any circumstance.

stepperMotorController Module

The final modules in the flight software algorithm chain are two stepperMotorController
modules. For each stepper motor, an instance of this module is invoked and used to determine the
number of discreet steps ns required to actuate the motor from its current position θ to the reference
angle θref computed in the previous gimbalAnglesToMotorAngles module. The required
number of integer steps ns for each motor is computed as:

ns =


⌊ θref−θ

∆θ ⌋ if ⌈ θref−θ
∆θ ⌉ − θref−θ

∆θ > θref−θ
∆θ − ⌊ θref−θ

∆θ ⌋,

⌈ θref−θ
∆θ ⌉ if ⌈ θref−θ

∆θ ⌉ − θref−θ
∆θ < θref−θ

∆θ − ⌊ θref−θ
∆θ ⌋.

(15)

The above logic is used to ensure an integer number of steps is returned. If the computed number
of steps is not an integer, the result is rounded to the nearest integer. Note that while the main
function of this module is to output the required number of motor steps ns, this module also tracks
the current motor angle and step count at the flight software control frequency for the purpose of
fault protection.

Kinematics Algorithms

stepperMotor Module
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Figure 8: gimbalAnglesToMotorAngles algorithm flow.
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Given the commanded number of steps to each motor ns from the flight software
stepperMotorController modules, the stepperMotor kinematics module is next used
to simulate the stepping motion of each stepper motor. A bang-bang acceleration profile is used
to profile each individual motor step. Given a fixed motor step angle ∆θ and a selected motor step
time ∆t, the maximum angular acceleration θ̈max required to profile each motor step can be obtained
using the expression:

θ̈max =
4∆θ

∆t2
(16)

Note that each motor can take forward or backward steps. For a forward motor step, the acceleration
is applied positively during the first half of the step and negatively during the second half. For a
backward step, the acceleration is first applied negatively and second applied positively.

The switch time ts indicates the time the acceleration is alternated:

ts = t0 +
∆t

2
(17)

The equations used to kinematically profile each motor step are:23

θ̈(t) =


±θ̈max if t0 ≤ t < ts

∓θ̈max if ts ≤ t < tf

0 if t ≥ tf

(18)

θ̇(t) =


±θ̈max(t− t0) if t0 ≤ t < ts

∓θ̈max(t− tf ) if ts ≤ t < tf

0 if t ≥ tf

(19)

θ(t) =


±∆θ
2

(t−t0)2
(ts−t0)2 + θ0 if t0 ≤ t < ts

∓∆θ
2

(t−tf )2
(ts−tf )2

+ θref if ts ≤ t < tf

θref if t ≥ tf

(20)

Note that for each successive motor step, the parameters t0, ts, and tf must be continually updated
to reflect the advancement of time. Doing so enables use of the above equations for each motor step.

Additional logic is included in this module to allow for controller interruptions during a stepping
sequence. If a new step count command is published before actuation is completed for the previous
step command, this module considers the new command as truth and resets the motor step count
prior to beginning the new commanded step sequence. If the motor is interrupted during the com-
pletion of a step, the current step is completed before the new command sequence is initiated. The
algorithm flow for this module is provided in Fig. (9).

twoAxisGimbal Module

The twoAxisGimbal kinematics module is the primary module responsible for profiling the
gimbal actuation. Given the current motor angles from the stepperMotor modules and the
motor step commands from the stepperMotorController modules, this module profiles the
corresponding gimbal motion in time using a second set of LUTs.

Similar to the two gimbal-to-motor angle LUTs described previously, this module requires the
gimbal manufacturer to provide two motor-to-gimbal angle LUTs. One LUT is provided for each

12
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Figure 9: stepperMotor algorithm flow.

gimbal angle. The structure of these tables is outlined in Fig. (10). Implicitly, each LUT varies
the motor 1 and 2 angles in ascending order along its columns and rows, respectively. Both tables
discretize the motor angles by the fixed value given by δθ. The gimbal angles corresponding to the
discreet combination of motor angles are explicitly provided in each LUT. Accordingly, the gimbal
angles corresponding to the minimum motor angles are located in the upper-left entry of each table
and the angles corresponding to the maximum motor angles are located in the bottom-right entry of
each table. These LUTs are used to interpolate the gimbal motion for any combination of stepper
motor motion. Note that these tables are square because the range of both motors are identical.
Therefore, no boundary case checks need to be performed prior to gimbal angle interpolation.

The algorithm flow for this module is provided in Fig. (11). The logic enables simultaneous
or independent motor actuation. The motors can be commanded independently by ensuring one
of the motor step command messages is zero. If the number of steps commanded to each motor
are identical, both motors will actuate simultaneously for the duration of the gimbal motion. The
corresponding gimbal motion will reflect the shortest path to reach the commanded attitude. In this
case, the gimbal will take the same number of steps as the motors to reach the commanded attitude.
The gimbal motion is considered to be contained within a single actuation segment for this case.

If the motor step commands do not match, the gimbal motion is defined using two actuation
segments. During the first segment, both motors will actuate simultaneously until the motor with
less commanded steps completes its required step counts. The second actuation segment profiles
the gimbal motion for the remaining number of motor steps that must be completed by the motor
with the greater number of steps. The number of steps the gimbal actuates ng in this case is equal

13
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<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit>· · · · · ·<latexit sha1_base64="55sOSU5HPxbK7YtEvDbWa4BT2Is=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xjw4jGCeUCyhNnZ2WTI7Ow60xsIId/hxYMiXv0Yb/6Nk2QPmljQdFHVzfRUkEph0HW/nbX1jc2t7cJOcXdv/+CwdHTcNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUM72Z+a8S1EYl6xHHK/Zj2lYgEo2glv8vCBA1ZtF6p7FbcOcgq8XJShhz1XumrGyYsi7lCJqkxHc9N0Z9QjYJJPi12M8NTyoa0zzuWKhpz40/mR0/JuVVCEiXalkIyV39vTGhszDgO7GRMcWCWvZn4n9fJMLr1J0KlGXLFFg9FmSSYkFkCJBSaM5RjSyjTwt5K2IBqytDmVLQheMtfXiXNasW7rlw9XJZr1TyOApzCGVyABzdQg3uoQwMYPMEzvMKbM3JenHfnYzG65uQ7J/AHzucPt4eSCA==</latexit> · · ·
· · ·

<latexit sha1_base64="j05yiEw90v76a0bUqyuo5qXW4MI=">AAACAHicbVDLSsNAFJ3UV62vqgsXboJFcFWS4mtZcOOygn1AE8JketsOnUzCzI1YQjb+ihsXirj1M9z5N04fC209cOFwzr3ce0+YCK7Rcb6twsrq2vpGcbO0tb2zu1feP2jpOFUMmiwWseqEVIPgEprIUUAnUUCjUEA7HN1M/PYDKM1jeY/jBPyIDiTvc0bRSEH5yMMhIA0yN8g8hEfMIi7zPA/KFafqTGEvE3dOKmSORlD+8noxSyOQyATVuus6CfoZVciZgLzkpRoSykZ0AF1DJY1A+9n0gdw+NUrP7sfKlER7qv6eyGik9TgKTWdEcagXvYn4n9dNsX/tZ1wmKYJks0X9VNgY25M07B5XwFCMDaFMcXOrzYZUUYYms5IJwV18eZm0alX3snpxd16p1+ZxFMkxOSFnxCVXpE5uSYM0CSM5eSav5M16sl6sd+tj1lqw5jOH5A+szx/oDZc5</latexit>

✓1min

<latexit sha1_base64="XAzLW46y9Mu171QmU6f7EcWRWMo=">AAACAHicbVDLSsNAFJ3UV62vqgsXboJFcFWS4mtZcOOygn1AE8JketsOnUzCzI1YQjb+ihsXirj1M9z5N04fC209cOFwzr3ce0+YCK7Rcb6twsrq2vpGcbO0tb2zu1feP2jpOFUMmiwWseqEVIPgEprIUUAnUUCjUEA7HN1M/PYDKM1jeY/jBPyIDiTvc0bRSEH5yMMhIA2yWpB5CI+YRVzmeR6UK07VmcJeJu6cVMgcjaD85fVilkYgkQmqddd1EvQzqpAzAXnJSzUklI3oALqGShqB9rPpA7l9apSe3Y+VKYn2VP09kdFI63EUms6I4lAvehPxP6+bYv/az7hMUgTJZov6qbAxtidp2D2ugKEYG0KZ4uZWmw2pogxNZiUTgrv48jJp1aruZfXi7rxSr83jKJJjckLOiEuuSJ3ckgZpEkZy8kxeyZv1ZL1Y79bHrLVgzWcOyR9Ynz/pn5c6</latexit>

✓2min

<latexit sha1_base64="AB3US0iVFH1iPzgZ/VG3FZEnEwk=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIrkpSfC0LblxWsA9oQphMb9uhkwczN9ISsvFX3LhQxK2f4c6/cdpmoa0HLhzOuZd77wkSwRXa9rexsrq2vrFZ2ipv7+zu7ZsHhy0Vp5JBk8Uilp2AKhA8giZyFNBJJNAwENAORrdTv/0IUvE4esBJAl5IBxHvc0ZRS7557OIQkPpZzc9chDFmIR3nee6bFbtqz2AtE6cgFVKg4Ztfbi9maQgRMkGV6jp2gl5GJXImIC+7qYKEshEdQFfTiIagvGz2QG6daaVn9WOpK0Jrpv6eyGio1CQMdGdIcagWvan4n9dNsX/jZTxKUoSIzRf1U2FhbE3TsHpcAkMx0YQyyfWtFhtSSRnqzMo6BGfx5WXSqlWdq+rl/UWlXiviKJETckrOiUOuSZ3ckQZpEkZy8kxeyZvxZLwY78bHvHXFKGaOyB8Ynz/spZc8</latexit>

✓2max

<latexit sha1_base64="ZI1ZPxmYPcxLXeLdn6u1DdxWEwg=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIrkpSfC0LblxWsA9oQphMb9uhkwczN9ISsvFX3LhQxK2f4c6/cdpmoa0HLhzOuZd77wkSwRXa9rexsrq2vrFZ2ipv7+zu7ZsHhy0Vp5JBk8Uilp2AKhA8giZyFNBJJNAwENAORrdTv/0IUvE4esBJAl5IBxHvc0ZRS7557OIQkPqZ42cuwhizkI7zPPfNil21Z7CWiVOQCinQ8M0vtxezNIQImaBKdR07QS+jEjkTkJfdVEFC2YgOoKtpRENQXjZ7ILfOtNKz+rHUFaE1U39PZDRUahIGujOkOFSL3lT8z+um2L/xMh4lKULE5ov6qbAwtqZpWD0ugaGYaEKZ5PpWiw2ppAx1ZmUdgrP48jJp1arOVfXy/qJSrxVxlMgJOSXnxCHXpE7uSIM0CSM5eSav5M14Ml6Md+Nj3rpiFDNH5A+Mzx/rE5c7</latexit>

✓1max

<latexit sha1_base64="eg/y/MGByQkXylSwMXMI2+RgNMk=">AAACH3icbVBNS8NAEN34WetX1aOXxSIoSEmKVo8FLx4rWBWaEjbbqV3cbMLuRCwh/8SLf8WLB0XEW/+N2w/BVh8MPN6bYWZemEhh0HUHztz8wuLScmGluLq2vrFZ2tq+NnGqOTR5LGN9GzIDUihookAJt4kGFoUSbsL786F/8wDaiFhdYT+BdsTulOgKztBKQanmJ0Yc+NgDZEFWDTIf4RGzSKg8z4/oj+FNG4dBqexW3BHoX+JNSJlM0AhKX34n5mkECrlkxrQ8N8F2xjQKLiEv+qmBhPF7dgctSxWLwLSz0X853bdKh3ZjbUshHam/JzIWGdOPQtsZMeyZWW8o/ue1UuyetTOhkhRB8fGibiopxnQYFu0IDRxl3xLGtbC3Ut5jmnG0kRZtCN7sy3/JdbXi1Sonl8flenUSR4Hskj1yQDxySurkgjRIk3DyRF7IG3l3np1X58P5HLfOOZOZHTIFZ/ANW7+kYw==</latexit>

 (✓2min
, ✓1min

)

<latexit sha1_base64="AWaxhia6ocqgiOg3Afml62E4L4A=">AAACH3icbZBNSwMxEIazftb6VfXoJViEClJ2i1aPghePFawK3bJk02kbms0uyaxYlv0nXvwrXjwoIt78N6a1ilYHAi/vM8Nk3jCRwqDrvjszs3PzC4uFpeLyyuraemlj89LEqebQ5LGM9XXIDEihoIkCJVwnGlgUSrgKB6cjfnUD2ohYXeAwgXbEekp0BWdoraBU9xMjKj72AVmQ1YLMR7jFLGK3eZ7v0y/gfQOhLNgLSmW36o6L/hXeRJTJpBpB6c3vxDyNQCGXzJiW5ybYzphGwSXkRT81kDA+YD1oWalYBKadje/L6a51OrQba/sU0rH7cyJjkTHDKLSdEcO+mWYj8z/WSrF73M6ESlIExT8XdVNJMaajsGhHaOAoh1YwroX9K+V9phlHG2nRhuBNn/xXXNaqXr16eH5QPqlN4iiQbbJDKsQjR+SEnJEGaRJO7sgDeSLPzr3z6Lw4r5+tM85kZov8Kuf9A175pGU=</latexit>

 (✓2max
, ✓1min

)
<latexit sha1_base64="TuULmItTbMzC+ckFwF/LioC54oI=">AAACH3icbVDJSgNBEO1xN25Rj14agxBBwkzQ6FHw4lHBLJAJQ0+nkjTpWeiukYRh/sSLv+LFgyLizb+xswgm8UHB470qqur5sRQabfvbWlpeWV1b39jMbW3v7O7l9w9qOkoUhyqPZKQaPtMgRQhVFCihEStggS+h7vdvRn79EZQWUfiAwxhaAeuGoiM4QyN5+Yoba1F0sQfIvLTspS7CANOADbIsO6O/hjNrnHr5gl2yx6CLxJmSApnizst/ue2IJwGEyCXTuunYMbZSplBwCVnOTTTEjPdZF5qGhiwA3UrH/2X0xCht2omUqRDpWP07kbJA62Hgm86AYU/PeyPxP6+ZYOeqlYowThBCPlnUSSTFiI7Com2hgKMcGsK4EuZWyntMMY4m0pwJwZl/eZHUyiWnUrq4Py9cl6dxbJAjckyKxCGX5JrckjtSJZw8kRfyRt6tZ+vV+rA+J61L1nTmkMzA+v4BYgGkZw==</latexit>

 (✓2max
, ✓1max

)

<latexit sha1_base64="0xU0LOGmFnec6sWlpcv6uIgh1jM=">AAACH3icbZBNSwMxEIazftb6VfXoJViEClJ2i1aPghePFawK3bJk02kbms0uyaxYlv0nXvwrXjwoIt78N6a1ilYHAi/vM8Nk3jCRwqDrvjszs3PzC4uFpeLyyuraemlj89LEqebQ5LGM9XXIDEihoIkCJVwnGlgUSrgKB6cjfnUD2ohYXeAwgXbEekp0BWdoraBU9xMjKj72AVmQ1YLMR7jFLBIqz/N9+gW8b8BuLdgLSmW36o6L/hXeRJTJpBpB6c3vxDyNQCGXzJiW5ybYzphGwSXkRT81kDA+YD1oWalYBKadje/L6a51OrQba/sU0rH7cyJjkTHDKLSdEcO+mWYj8z/WSrF73M6ESlIExT8XdVNJMaajsGhHaOAoh1YwroX9K+V9phlHG2nRhuBNn/xXXNaqXr16eH5QPqlN4iiQbbJDKsQjR+SEnJEGaRJO7sgDeSLPzr3z6Lw4r5+tM85kZov8Kuf9A17HpGU=</latexit>

 (✓2min
, ✓1max

)
<latexit sha1_base64="OZuyzIlvjqLMYm1qCQ8ue56rtHo=">AAACFnicbVBNS8NAEN34WetX1KOXxSIoaEmKX8eCF48VbBWaEjbbqV3cbMLuRCwhv8KLf8WLB0W8ijf/jdtawa8HA4/3ZpiZF6VSGPS8d2dicmp6ZrY0V55fWFxadldWWybJNIcmT2SiLyJmQAoFTRQo4SLVwOJIwnl0dTz0z69BG5GoMxyk0InZpRI9wRlaKXR3g9SIrQD7gCzMa2EeINxgHgtVFMUO/TL8MBdFsR26Fa/qjUD/En9MKmSMRui+Bd2EZzEo5JIZ0/a9FDs50yi4hKIcZAZSxq/YJbQtVSwG08lHbxV00ypd2ku0LYV0pH6fyFlszCCObGfMsG9+e0PxP6+dYe+okwuVZgiKfy7qZZJiQocZ0a7QwFEOLGFcC3sr5X2mGUebZNmG4P9++S9p1ar+QXX/dK9Sr43jKJF1skG2iE8OSZ2ckAZpEk5uyT15JE/OnfPgPDsvn60TznhmjfyA8/oBXMigFQ==</latexit>

 (✓2min
, ✓1i

)

<latexit sha1_base64="tr2faNKk5kmfSTC8PBZyO98UtfY=">AAACFnicbVDJSgNBEO1xN25Rj14ag6CgYSa4HQNePEYwC2SGoadTYxp7FrprxDDMV3jxV7x4UMSrePNv7CyC24OCx3tVVNULUik02vaHNTU9Mzs3v7BYWlpeWV0rr2+0dJIpDk2eyER1AqZBihiaKFBCJ1XAokBCO7g+G/rtG1BaJPElDlLwInYVi1BwhkbyywduqsWui31A5uc1P3cRbjGP2G1RFPv0y3D8XBTFnl+u2FV7BPqXOBNSIRM0/PK720t4FkGMXDKtu46dopczhYJLKEpupiFl/JpdQdfQmEWgvXz0VkF3jNKjYaJMxUhH6veJnEVaD6LAdEYM+/q3NxT/87oZhqdeLuI0Q4j5eFGYSYoJHWZEe0IBRzkwhHElzK2U95liHE2SJROC8/vlv6RVqzrH1aOLw0q9NoljgWyRbbJLHHJC6uScNEiTcHJHHsgTebburUfrxXodt05Zk5lN8gPW2ydf8KAX</latexit>

 (✓2max
, ✓1i

)

<latexit sha1_base64="BOmCeJrMDertrqseNAbilrUnHqY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICUpvpYFNy4r2Ac0JUymk3bo5MHMjVBCf8CNv+LGhSJu3bvzb5ymEbT1wMC559zLnXu8WHAFlvVlFJaWV1bXiuuljc2t7R1zd6+lokRS1qSRiGTHI4oJHrImcBCsE0tGAk+wtje6nvrteyYVj8I7GMesF5BByH1OCWjJNY+cWPGKA0MGxE1rbsonk1P8U9tZfeKaZatqZcCLxM5JGeVouOan049oErAQqCBKdW0rhl5KJHAq2KTkJIrFhI7IgHU1DUnAVC/NrpngY630sR9J/ULAmfp7IiWBUuPA050BgaGa96bif143Af+ql/IwToCFdLbITwSGCE+jwX0uGQUx1oRQyfVfMR0SSSjoAEs6BHv+5EXSqlXti+r57Vm5XsvjKKIDdIgqyEaXqI5uUAM1EUUP6Am9oFfj0Xg23oz3WWvByGf20R8YH994/ZvH</latexit>

 (✓2i
, ✓1i

)
<latexit sha1_base64="bB8PzQy0LWVPEZHiUoMBidPe0n0=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgKWpLia1lw47KCrUJTwmR6awcnkzBzI5aQr3Djr7hxoYhbceffOK0VfB24cOace5l7T5RKYdDz3p2JyanpmdnSXHl+YXFp2V1ZbZkk0xyaPJGJvoiYASkUNFGghItUA4sjCefR1fHQP78GbUSiznCQQidml0r0BGdopdDdDVIjtgLsA7Iwr4W5KIod+vX2wzxAuME8Fqooiu3QrXhVbwT6l/hjUiFjNEL3LegmPItBIZfMmLbvpdjJmUbBJRTlIDOQMn7FLqFtqWIxmE4+Oqugm1bp0l6ibSmkI/X7RM5iYwZxZDtjhn3z2xuK/3ntDHtHnVyoNENQ/POjXiYpJnSYEe0KDRzlwBLGtbC7Ut5nmnG0SZZtCP7vk/+SVq3qH1T3T/cq9do4jhJZJxtki/jkkNTJCWmQJuHkltyTR/Lk3DkPzrPz8tk64Yxn1sgPOK8fU76gFQ==</latexit>

 (✓2i
, ✓1min

)
<latexit sha1_base64="OhvvutYrCzZKmigVc4e+Jjl30sg=">AAACFnicbVDJSgNBEO1xN25Rj14ag6CgYSa4HQNePEYwC2SGoadTYxp7FrprxDDMV3jxV7x4UMSrePNv7CyC24OC1+9V0VUvSKXQaNsf1tT0zOzc/MJiaWl5ZXWtvL7R0kmmODR5IhPVCZgGKWJookAJnVQBiwIJ7eD6bOi3b0BpkcSXOEjBi9hVLELBGRrJLx+4qRa7LvYBmZ/X/FwUxT79ejt+7iLcYh6x26Io9vxyxa7aI9C/xJmQCpmg4Zff3V7Cswhi5JJp3XXsFL2cKRRcQlFyMw0p49fsCrqGxiwC7eWjswq6Y5QeDRNlKkY6Ur9P5CzSehAFpjNi2Ne/vaH4n9fNMDz1chGnGULMxx+FmaSY0GFGtCcUcJQDQxhXwuxKeZ8pxtEkWTIhOL9P/ktatapzXD26OKzUa5M4FsgW2Sa7xCEnpE7OSYM0CSd35IE8kWfr3nq0XqzXceuUNZnZJD9gvX0CVsagFw==</latexit>
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)

Figure 10: Motor-to-gimbal angle lookup table data format.

to the greater of the two motor step commands.

ng =


ns if ns1 = ns2 = ns

|ns1 | if |ns1 | > |ns2 |
|ns2 | if |ns2 | > |ns1 |

(21)

For each actuation segment, the gimbal motion is profiled along a Principal Rotation Vector
(PRV)27 path. The required PRV angle is determined by first using the motor-to-gimbal LUTs to
obtain the gimbal angles at the start and end of the actuation segment. Next, the corresponding
initial ([G0M]) and final ([GfM]) gimbal attitude DCMs can be determined using Eq. (6). Using
these DCMS, the relative attitude ([FfG0]) between the initial and final gimbal attitudes is used to
solve for the required PRV γ:

[γ̃] = − ln([GfG0]) =

∞∑
n=1

(−1)n+1

n
(I3×3 − [GfG0])

n (22)

The tilde matrix operator [ṽ] indicates the matrix cross-product:

[ṽ] =

 0 −v3 v2
v3 0 −v1
−v2 v1 v0

 (23)

Finally, the principal rotation axis and angle information can extracted from the determined PRV:

Φ = |γ| (24a)

ê =
γ

Φ
(24b)

Given the number of gimbal steps during the actuation segment, the determined PRV angle Φ
is divided evenly by the number of gimbal steps to ensure the gimbal and motors finish actuation
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Figure 11: twoAxisGimbal algorithm flow.

simultaneously. The gimbal step motion is profile similarly to the motor step motion, where the cor-
responding gimbal step angle ∆λ is used in Eq. (16) to determine the required gimbal acceleration
during each step. Equations (17-20) are used to profile each gimbal step.

At each time step, the gimbal tip and tilt angles are output from this module using Eq. (14) and
the inverse of the transformations in Eqs. (22) and (24). This module also outputs the gimbal’s
hub-relative vector states σG/M,ωG/M and ω

′

G/M using the following expressions:

σG/M = tan

(
Φ

4

)
ê (25a)

GωG/M = Φ̇ê (25b)
Gω

′

G/M = Φ̈ê (25c)

DYNAMCIS ALGORITHMS

prescribedMotionStateEffector Module

The final module in the gimbal algorithm chain is the prescribedMotionStateEffector
dynamics module. Using the hub-relative gimbal rotational states provided from the twoAxisGimbal
kinematics module, this module adds the contribution of the gimbal actuation to the spacecraft dy-
namic using the following equations of motion derived in previous work:22

mscr̈B/N +msc[ ˙̃ωB/N ]c =
∑

Fext −mGr
′′

Gc/B
− 2msc[ω̃B/N ]c

′ −msc[ω̃B/N ]2c (26)

15



msc[c̃]r̈B/N + [Isc,B]ω̇B/N = LB −mG[r̃Gc/B]r
′′

Gc/B
−
(
[I

′
sc,B] + [ω̃B/N ][Isc,B]

)
ωB/N

−
(
[I

′
G,Gc

] + [ω̃B/N ][IG,Gc ]
)
ωG/B − [IG,Gc ]ω

′

G/B − mG[ω̃B/N ][r̃Gc/B]r
′

Gc/B
(27)

Eqs. (26) and (27) are the translational and rotational equations of motion describing a central rigid
spacecraft hub with an attached rigid prescribed motion component. Equation (26) is the transla-
tional equation of motion for the spacecraft hub point B with respect to the inertial frame. Equation
(27) is the rotational equation of motion for the spacecraft system. These vector equations are
both frame-independent and general, which enables the simulation of a wide variety of spacecraft
configurations.

SIMULATION RESULTS

This section first presents a general gimbal commanding scenario in order to demonstrate the
validity of the developed algorithms. This section next provides results simulating the EMA SEP
Point scenario using the developed algorithms. This scenario is used to demonstrate successful
implementation of the gimbal algorithms into the full EMA Guidance, Navigation and Control
(GNC) software stack. Relevant parameters for both simulations are provided in Table (1).

Table 1: Shared simulation parameters.

Parameter Notation Value Unit

Gimbal tip angle bound ψmax 18.5 deg
Gimbal tilt angle bound ϕmax 27.5 deg
Motor hard stop (upper limit) θmax 160 deg
Motor step angle ∆θ 0.008 deg
Motor step time ∆t 0.008 sec
Motor maximum acceleration θ̈max 2.0 deg/s2

LUT motor discretization angle δθ 0.5 deg
LUT gimbal discretization angle δψϕ 0.5 deg

General Gimbal Commanding Scenario

Table (1) provides the parameters used to obtain results for the general gimbal commanding
scenario. The gimbal begins in the stowed configuration where both motor angles are zero. The
chosen thrust direction vector command corresponds to the gimbal tip and tilt angles (ψref, ϕref) =
(−5◦,−10◦). Figure (12) shows the motor angles and steps taken while the gimbal is actuating to
the commanded reference. Figure (13) displays the gimbal trajectory and pointing accuracy during
the actuation. These results confirm the gimbal algorithms are performing as intended.

EMA SEP Point Scenario

Next, the EMA SEP Point scenario is simulated for seven days. Beginning in the home position,
first gimbal 1 is commanded once every hour for 3.5 days to actuate to the required body-relative
thrust direction vector. The SEP thrusters are switched after 3.5 days and gimbal 2 is commanded

16
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Figure 12: Motor actuation.
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Table 2: General commanding scenario parameters.

Parameter Notation Value Unit

Initial gimbal tip angle ψ0 0.0 deg
Initial gimbal tilt angle ϕ0 18.5 deg
Initial motor 1 angle θ01 0.0 deg
Initial motor 1 angle θ02 0.0 deg
Thrust direction reference vector B t̂ [−0.0858 − 0.4216 0.9027] N/A
Reference gimbal tip angle ψref -5.0 deg
Reference gimbal tilt angle ϕref -10.0 deg
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(b) Gimbal pointing accuracy.

Figure 13: Gimbal performance.

once every hour for the second 3.5 day period. Figure (14) provides the gimbal pointing accuracies
and reaction wheel speeds over the seven day thrusting period. After the initial transient periods
during the slew to the commanded attitude, the reaction wheel speeds are seen to evolve linearly
over time due to the constant swirl torque of each thruster. The reaction wheel speeds are seen to
remain within their operational envelopes for the full seven day period. Swapping the SEP thrusters
allows the spacecraft to end the 7-day thrust arc with minimal accumulated momentum due to their
opposite polarity.

CONCLUSION

The Emirates Mission to the Asteroid Belt GNC SEP Point State requires independent actuation
of two two-axis gimballed platforms in order to orient the SEP thrusters to a commanded body-
relative thrust direction. This paper outlines the C++ algorithms developed to command and actuate
the SEP gimbal platforms. Three flight software modules are developed to command two stepper
motors for each gimbal and two kinematics modules are developed to simulate the corresponding
stepper motor and gimbal motion. The previously developed prescribed motion dynamics module
is used to simulate the contribution of the gimbal motion to the spacecraft dynamics. The presented

18



(a) Thruster pointing accuracy. (b) Reaction wheel speeds.

Figure 14: SEP Point scenario results.

simulation results demonstrate successful execution of the EMA GNC SEP Point State. Future work
involves rigorous verification and validation of the algorithms presented in this work.
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