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PRESCRIBED MOTION DYNAMICS FOR SPACECRAFT SOLAR
ARRAY DEPLOYMENT

Leah Kiner*, Cody Allard† and Hanspeter Schaub‡

In the early stages of any spacecraft mission, the importance of verifying mis-
sion requirements through extensive simulation and subsequent analysis cannot
be understated. As concepts for space vehicles and their attached appendages
continue to grow in complexity, the ability to rapidly model these spacecraft de-
signs and simulate the dynamical impacts between components becomes critical
for mission success and reliability of the selected spacecraft design. Previous work
developed a prescribed motion dynamics module in the Basilisk astrodynamics
simulation framework that enabled simulation of the dynamics between a single
rigid body connected to a rigid spacecraft hub. The connected rigid body’s full
kinematic motion was prescribed using additional translational and rotational pro-
filer modules. This work expands the capability of these software tools to simulate
spacecraft components with multiple connected rigid elements. The advancement
of spacecraft solar array designs from small-scale single-hinged rigid panels to
immense, precisely articulable flexible-substrate arrays is the focus of this work.
By considering each solar array as a collection of N connected rigid elements, the
previously developed prescribed motion dynamics module is used to simulate the
dynamics of each element acting on the spacecraft hub. N instances of both the
translational and rotational kinematic profiler modules are used to profile the kine-
matic states of each array element relative to the spacecraft hub. The dynamical
impact of several array deployment configurations on the spacecraft hub is shown
and compared for each deployment scenario. The deployment modeling method-
ology presented in this work provides general reconfiguration solutions that are
not specific to a single design, but rather can model a family of deployable sub-
components.

INTRODUCTION

Effective modeling and simulation of complex spacecraft concepts is crucial for the success of
any space mission. Particularly in the early phases of spacecraft mission design, the ability to
rapidly model a wide range of complex spacecraft configurations in a generalized way is paramount
to analyze and verify mission requirements. Further, as mission concepts continue to evolve and
become more ambitious, the spacecraft designs required to fulfill the goals of such missions also
grow with increasing complexity. For example, to meet the needs of deep-space missions such as
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Deep Space 11 , Dawn,2 and Psyche,3 spacecraft ionic thruster designs have advanced from hub-
fixed configurations to being mounted on gimbaled platforms4, 5 to account for offsets between the
spacecraft center of mass and the thrust vector.5, 6 Advancements in orbital servicing and docking
operations have driven the development of multi-link robotic arms such as the Canadarm7–9 that
was used on the Space Shuttle and the ISS. Similar advancements in complexity have been seen for
spacecraft solar power systems, which is central to the motivation of this work.

Spacecraft solar power systems10 have seen a drastic evolution since the launch of the first solar
powered Vanguard 1 spacecraft in 1958. Launched with just six body-mounted solar cells producing
only a single watt of power, Vanguard 1 marked the beginning of solar-powered spacecraft devel-
opment. Within the next year, solar powered designs advanced to strut-mounted solar ”paddles”
seen first on Pioneer 5 which later advanced to deployable fixed-orientation solar panels beginning
in 1961 with the Ranger series and the Lunar Orbiter 1 in 1966. By 1973, the US launched Mariner
10, the first two-wing gimbaled solar array design that enabled tracking of the Sun. This concept,
together with the cheaper hub-fixed panel design, remain in primary use today. The latest missions
to the farthest edges of our solar system such as the Lucy mission to the Trojan asteroids and the
DART binary asteroid impact mission have required extensive solar powered advancements to meet
higher power needs. The Lucy mission uses two large circular flexible-substrate solar arrays which
deploy using a rotational motor-driven lanyard11, 12 and articulate to track the Sun. The DART
spacecraft also uses flexible-substrate solar arrays, however the two rectangular arrays deploy using
a roll-out method.

Inspired by the deployment mechanisms seen in the Lucy and DART missions, this work focuses
on modeling similar solar array deployment mechanisms in the Basilisk* astrodynamics simulation
software architecture. The spacecraft-centric, modular implementation of the spacecraft dynamics
and flight software modules enables rapid simulation of a wide variety of spacecraft configurations
that can be integrated easily with reaction wheels, thrusters, or fuel tank sloshing. Exploiting the
modularity of Basilisk, the existing capability to simulate a rigid body following prescribed mo-
tion13, 14 relative to a central spacecraft hub is expanded to simulate the solar array deployment
scenarios. To demonstrate the applicability and versatility of the developed simulation software
tools, this paper considers four distinct solar array deployment scenarios. The space vehicle in all
scenarios consists of a central rigid hub with two symmetrically attached solar arrays. Each solar
array is modeled as a collection of N rigid elements. All four scenarios deploy the arrays individ-
ually rather than simultaneously to reflect a single mission design choice. Two scenarios illustrate
the circular rotational array deployment seen in Fig. (1). The second two scenarios illustrate the
telescoping solar panel deployment seen in Fig. (2).

For all deployment scenarios, the array elements are initially oriented in a stowed configuration
where they are stacked together into a wedge-like shape. The stowed configuration for both rota-
tional deployment scenarios are identical and shown in Fig. 1(a). The stowed configurations for the
telescoping scenarios are also identical and are shown in Fig. 2(a). Further, each array deploys in
two stages. The first stage is the initial deployment phase where the stacked elements rotate together
from the stowed configuration away from the spacecraft hub into the initial deployment configura-
tion. The initial array 1 deployment configurations for each scenario are illustrated in Figs. 1(b)
and 2(b). The initial deployment configurations for array 2 are shown in Figs. 1(d) and 2(d). The
second stage is the main deployment stage where the elements begin to unfurl to their deployed
locations. The configurations with both arrays fully deployed are illustrated in Figs. 1(e) and 2(e),
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(a) Stowed (b) Array 1 initial deployed (c) Array 1 final deployed

(d) Array 2 initial deployed (e) Array 2 final deployed

Figure 1. Solar array configurations for the rotational deployment scenarios.
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(a) Stowed (b) Array 1 initial deployed (c) Array 1 final deployed

(d) Array 2 initial deployed (e) Array 2 final deployed

Figure 2. Solar array configurations for the telescoping deployment scenarios.
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respectively.

The first rotational scenario demonstrates a purely rigid deployment and the other imitates the
time-varying lanyard deployment used in the Lucy mission. Similarly, the telescoping deployment
scenarios demonstrate both a rigid deployment and a time-varying lanyard deployment. The lanyard
deployment scenarios are a best attempt to imitate the time-varying nature of solar arrays deployed
using a motor-driven lanyard. To mimic this type of deployment, all array elements begin to move at
the start of the main deployment phase. The elements synchronously lock into their final positions at
the end of the main deployment phase. This method of deployment contrasts with the rigid deploy-
ments, where the stacked elements lock into place at different intervals throughout the deployment.
The elements in the rigid rotational deployment scenario rotate together throughout the deployment
and individually lock into place at regular intervals until the array is fully deployed. The elements
in the rigid telescoping deployment scenario instead remain stacked in the initial deployment con-
figuration while each element is individually pushed away from the hub at regular intervals until the
panel is fully deployed.

The structure of this paper is as follows. First, an overview of each deployment scenario is
given with the required frame definitions and parameters for the spacecraft and solar array models.
Second, the previously derived prescribed motion dynamics required to simulate the deployment
scenarios are presented. Next, the software implementation of the spacecraft dynamics using the
Basilisk astrodynamics simulation framework is discussed and an overview of the kinematic trans-
lational and rotational modules used to profile the motion of each individual array element is given.
Finally, the simulation setup for each deployment scenario is presented in the results section along
with the simulation results for each of the four scenarios. The profiled array element states are
shown and the effect of the deployment on the hub rotational motion is presented and compared for
each deployment scenario.

PROBLEM STATEMENT

The array deployment scenarios in this work consider a space vehicle consisting of a rigid hub and
two identical solar arrays that are each modeled as a collection of N rigid elements. The spacecraft
geometry and required frame definitions for the rotational deployment scenarios are illustrated in
Fig (3). The frame information for the telescoping deployment scenarios is illustrated in Fig (4).
Figure 3(a) illustrates the stowed frame orientations for the rotational deployment scenarios and
3(b) presents both array initial deployment configurations for clarity. Both arrays are included in
the latter figure for the purpose of compactness. Similarly, Fig. 4(a) illustrates the stowed frame
orientations for the telescoping deployment scenarios. Figure 4(b) presents two deployed array 2
elements where N = 2 to clarify the frame orientations for the main telescoping deployment phase.
Array 1 is not presented for both compactness and simplicity in this scenario geometry.

For all scenarios, the rigid hub body frame is denoted B : {B, b̂1, b̂2, b̂3} and is located at the hub
center of mass point Bc. The solar arrays are symmetrically mounted to the hub at the hub-fixed
points M1 and M2. Solar array 1 is designated as the array mounted along the positive b̂1 axis. Each
individual array element’s kinematic motion is profiled relative to a hub-fixed mount frame denoted
as Mi : {Mi, m̂i1 , m̂i2 , m̂i3} where i = 1, 2. The mount frames in all deployment scenarios
have the same orientation as the spacecraft body frame, as seen in Figs. (3) and (4). Therefore, the
angular velocity of each mount frame with respect to the hub frame ωMi/B is fixed at zero for all
deployment scenarios.
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M2

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂3

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>� <latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="AqCv52kMLFx7eU9cnZaL51W80nI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1kUxGUF+4A2hMl02o6dTMLMpFBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn7x+0VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2Mb3O/PaFSsUg86mlMvRAPBRswgrWRfNvuhViPCObpXean7lPm21Wn5syAlolbkCoUaPj2V68fkSSkQhOOleq6Tqy9FEvNCKdZpZcoGmMyxkPaNVTgkCovnSXP0IlR+mgQSfOERjP190aKQ6WmYWAm85xq0cvF/7xuogfXXspEnGgqyPzQIOFIRyivAfWZpETzqSGYSGayIjLCEhNtyqqYEtzFLy+T1lnNvaxdPJxX6zdFHWU4gmM4BReuoA730IAmEJjAM7zCm5VaL9a79TEfLVnFziH8gfX5A7jok7s=</latexit>F1j
<latexit sha1_base64="HO4LHY8Q+f3DWrDBqM/6nU3WFTI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17IoiMsK9gFtCJPppB07mYSZSaGE/okbF4q49U/c+TdO2iy0emDgcM693DMnSDhT2nG+rNLK6tr6RnmzsrW9s7tn7x+0VZxKQlsk5rHsBlhRzgRtaaY57SaS4ijgtBOMb3K/M6FSsVg86GlCvQgPBQsZwdpIvm33I6xHBPPsduZn9ceZb1edmjMH+kvcglShQNO3P/uDmKQRFZpwrFTPdRLtZVhqRjidVfqpogkmYzykPUMFjqjysnnyGToxygCFsTRPaDRXf25kOFJqGgVmMs+plr1c/M/rpTq88jImklRTQRaHwpQjHaO8BjRgkhLNp4ZgIpnJisgIS0y0KatiSnCXv/yXtOs196J2fn9WbVwXdZThCI7hFFy4hAbcQRNaQGACT/ACr1ZmPVtv1vtitGQVO4fwC9bHN7puk7w=</latexit>F2j

<latexit sha1_base64="dpGgjLxUTgK7RTa3SlCXwzwmQqY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktVj0WBfFYwX5Au5Rsmm3TZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrW9sbuW3Czu7e/sHxcOjppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvp35rSeqNJPi0Uxi6kd4IFjICDZWat710spo2iuW3LI7B1olXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRa6iaYxJmM8oB1LBY6o9tP5tVN0ZpU+CqWyJQyaq78nUhxpPYkC2xlhM9TL3kz8z+skJrz2UybixFBBFovChCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMGG4C2/vEqalbJ3Wa4+XJRqN1kceTiBUzgHD66gBvdQhwYQGMEzvMKbI50X5935WLTmnGzmGP7A+fwBT9qO+Q==</latexit>

F2j

<latexit sha1_base64="V1MQwF62wUhUFQzI8+0yFpyZswY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8RzAOSJcxOZpNJZmeWmVkhLPsPXjwo4tX/8ebfOEn2oIkFDUVVN91dQcyZNq777RRWVtfWN4qbpa3tnd298v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY30791hNVmknxaCYx9SM8ECxkBBsrNe96qTfKeuWKW3VnQMvEy0kFctR75a9uX5IkosIQjrXueG5s/BQrwwinWambaBpjMsYD2rFU4IhqP51dm6ETq/RRKJUtYdBM/T2R4kjrSRTYzgiboV70puJ/Xicx4bWfMhEnhgoyXxQmHBmJpq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/HlZdI8q3qX1YuH80rtJo+jCEdwDKfgwRXU4B7q0AACI3iGV3hzpPPivDsf89aCk88cwh84nz9OVI74</latexit>

F1j

<latexit sha1_base64="6r+5VxTfm2rfZudh2nAwRZt+CiI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1kUxGUF+8A2hMl00o6dTMLMRCghf+HGhSJu/Rt3/o2TNgttPXDhcM693HuPH3OmtG1/W6Wl5ZXVtfJ6ZWNza3unurvXVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/vs79zhOVikXiXk9i6oZ4KFjACNZGerjxUuKl7DHLvGrNrttToEXiFKQGBZpe9as/iEgSUqEJx0r1HDvWboqlZoTTrNJPFI0xGeMh7RkqcEiVm04vztCRUQYoiKQpodFU/T2R4lCpSeibzhDrkZr3cvE/r5fo4NJNmYgTTQWZLQoSjnSE8vfRgElKNJ8Ygolk5lZERlhiok1IFROCM//yImmf1J3z+tndaa1xVcRRhgM4hGNw4AIacAtNaAEBAc/wCm+Wsl6sd+tj1lqyipl9+APr8wfhZpES</latexit>

Fcij

(a) Stowed configuration

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2

<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂3

<latexit sha1_base64="u7WArIosx311G8pR4mwp5WK/Tew=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjRuhgn1AO5RMmmlDk8yYZApl6He4caGIWz/GnX9jpp2Fth4IHM65l3tygpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6DbzW2OqNIvko5nE1Bd4IFnICDZW8rsCmyHBPL2f9rxeueJW3RnQMvFyUoEc9V75q9uPSCKoNIRjrTueGxs/xcowwum01E00jTEZ4QHtWCqxoNpPZ6Gn6MQqfRRGyj5p0Ez9vZFiofVEBHYyC6kXvUz8z+skJrz2UybjxFBJ5ofChCMToawB1GeKEsMnlmCimM2KyBArTIztqWRL8Ba/vEyaZ1XvsnrxcF6p3eR1FOEIjuEUPLiCGtxBHRpA4Ame4RXenLHz4rw7H/PRgpPvHMIfOJ8/s2CSEQ==</latexit>M1

<latexit sha1_base64="rJL0bGAc7eEHDZkc9eNsJCHdz6I=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQixchgnlAsoTZSScZMjO7zMwKYckvePGgiFd/yJt/426yB00saCiquunuCiLBjXXdb6ewsrq2vlHcLG1t7+zulfcPmiaMNcMGC0Wo2wE1KLjChuVWYDvSSGUgsBWMbzO/9YTa8FA92kmEvqRDxQecUZtJ9z2v1CtX3Ko7A1kmXk4qkKPeK391+yGLJSrLBDWm47mR9ROqLWcCp6VubDCibEyH2EmpohKNn8xunZKTVOmTQajTUpbM1N8TCZXGTGSQdkpqR2bRy8T/vE5sB9d+wlUUW1RsvmgQC2JDkj1O+lwjs2KSEso0T28lbEQ1ZTaNJwvBW3x5mTTPqt5l9eLhvFK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd4c6bw4787HvLXg5DOH8AfO5w8CW42T</latexit>

M1

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2

<latexit sha1_base64="k1iKSEc+ALfVNNjO4a6N66bote0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nqxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RqWasjZVQuleSAwTXLI2cBCsl2hG4lCwbji5y/3uE9OGK/kI04QFMRlJHnFKwEp+PyYwpkRkzdmgWnPr7hx4lXgFqaECrUH1qz9UNI2ZBCqIMb7nJhBkRAOngs0q/dSwhNAJGTHfUkliZoJsHnmGz6wyxJHS9knAc/X3RkZiY6ZxaCfziGbZy8X/PD+F6DbIuExSYJIuPopSgUHh/H485JpREFNLCNXcZsV0TDShYFuq2BK85ZNXSeei7l3Xrx4ua41mUUcZnaBTdI48dIMa6B61UBtRpNAzekVvDjgvzrvzsRgtOcXOMfoD5/MHdRORYg==</latexit>B

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

<latexit sha1_base64="EdHPyg1sbET0eO81iM0SIth8pbo=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKwjwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+AM6Elp8=</latexit>

b̂1

<latexit sha1_base64="flyIN/8H8NkV85uKlRewloDN0l4=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnycDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANAIlqA=</latexit>

b̂2

<latexit sha1_base64="YzulpqYQ2wm331mvC0y3wrJVuyU=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmO21p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacNqnGGkjBfa+N0Q680LBIjWOzZWFeR6cBnbNqTsTwHnilqQGSjQD+8uLBE5jwjVmSKme6yTaz5DUFDOSV71UkQThERqQnqEcxUT52SR/Do+MEsG+kOZwDSfq740MxapIZyZjpIdq1ivE/7xeqvtXfkZ5kmrC8fShfsqgFrAoA0ZUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP0YyWoQ==</latexit>

b̂3

Bc

<latexit sha1_base64="AfSalIQhJfz+Ig1puSDwLdjcN0s=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZnia1l040aoYB/QDiWTZtrQTDImmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY3WZ+a0yVZlI8mklM/QgPBAsZwcZKfjfCZkgwT++nvWqvVHYr7gxomXg5KUOOeq/01e1LkkRUGMKx1h3PjY2fYmUY4XRa7CaaxpiM8IB2LBU4otpPZ6Gn6NQqfRRKZZ8waKb+3khxpPUkCuxkFlIvepn4n9dJTHjtp0zEiaGCzA+FCUdGoqwB1GeKEsMnlmCimM2KyBArTIztqWhL8Ba/vEya1Yp3Wbl4OC/XbvI6CnAMJ3AGHlxBDe6gDg0g8ATP8Apvzth5cd6dj/noipPvHMEfOJ8/tOSSEg==</latexit>M2

<latexit sha1_base64="A9YUsW/GV3HH+1PSkcph8aLH6C4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8egFy9CRPOAZAmzk04yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95hMqzSP5aMYx+iEdSN7njBorPdx1K91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i/L5/Vmpep3FkYcjOIZT8OASqnALNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8fzuONgA==</latexit>

M2

<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2

<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂3

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�
<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�
<latexit sha1_base64="AqCv52kMLFx7eU9cnZaL51W80nI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1kUxGUF+4A2hMl02o6dTMLMpFBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn7x+0VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2Mb3O/PaFSsUg86mlMvRAPBRswgrWRfNvuhViPCObpXean7lPm21Wn5syAlolbkCoUaPj2V68fkSSkQhOOleq6Tqy9FEvNCKdZpZcoGmMyxkPaNVTgkCovnSXP0IlR+mgQSfOERjP190aKQ6WmYWAm85xq0cvF/7xuogfXXspEnGgqyPzQIOFIRyivAfWZpETzqSGYSGayIjLCEhNtyqqYEtzFLy+T1lnNvaxdPJxX6zdFHWU4gmM4BReuoA730IAmEJjAM7zCm5VaL9a79TEfLVnFziH8gfX5A7jok7s=</latexit>F1j

<latexit sha1_base64="HO4LHY8Q+f3DWrDBqM/6nU3WFTI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17IoiMsK9gFtCJPppB07mYSZSaGE/okbF4q49U/c+TdO2iy0emDgcM693DMnSDhT2nG+rNLK6tr6RnmzsrW9s7tn7x+0VZxKQlsk5rHsBlhRzgRtaaY57SaS4ijgtBOMb3K/M6FSsVg86GlCvQgPBQsZwdpIvm33I6xHBPPsduZn9ceZb1edmjMH+kvcglShQNO3P/uDmKQRFZpwrFTPdRLtZVhqRjidVfqpogkmYzykPUMFjqjysnnyGToxygCFsTRPaDRXf25kOFJqGgVmMs+plr1c/M/rpTq88jImklRTQRaHwpQjHaO8BjRgkhLNp4ZgIpnJisgIS0y0KatiSnCXv/yXtOs196J2fn9WbVwXdZThCI7hFFy4hAbcQRNaQGACT/ACr1ZmPVtv1vtitGQVO4fwC9bHN7puk7w=</latexit>F2j

<latexit sha1_base64="dpGgjLxUTgK7RTa3SlCXwzwmQqY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktVj0WBfFYwX5Au5Rsmm3TZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrW9sbuW3Czu7e/sHxcOjppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvp35rSeqNJPi0Uxi6kd4IFjICDZWat710spo2iuW3LI7B1olXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRa6iaYxJmM8oB1LBY6o9tP5tVN0ZpU+CqWyJQyaq78nUhxpPYkC2xlhM9TL3kz8z+skJrz2UybixFBBFovChCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMGG4C2/vEqalbJ3Wa4+XJRqN1kceTiBUzgHD66gBvdQhwYQGMEzvMKbI50X5935WLTmnGzmGP7A+fwBT9qO+Q==</latexit>

F2j

<latexit sha1_base64="V1MQwF62wUhUFQzI8+0yFpyZswY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8RzAOSJcxOZpNJZmeWmVkhLPsPXjwo4tX/8ebfOEn2oIkFDUVVN91dQcyZNq777RRWVtfWN4qbpa3tnd298v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY30791hNVmknxaCYx9SM8ECxkBBsrNe96qTfKeuWKW3VnQMvEy0kFctR75a9uX5IkosIQjrXueG5s/BQrwwinWambaBpjMsYD2rFU4IhqP51dm6ETq/RRKJUtYdBM/T2R4kjrSRTYzgiboV70puJ/Xicx4bWfMhEnhgoyXxQmHBmJpq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/HlZdI8q3qX1YuH80rtJo+jCEdwDKfgwRXU4B7q0AACI3iGV3hzpPPivDsf89aCk88cwh84nz9OVI74</latexit>

F1j

<latexit sha1_base64="HUrrKkgT3zJ2xwdGSkI6cRtac8s=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1kUxGUF+8A2hMl00o6dTMLMRCghf+HGhSJu/Rt3/o2TNgttPXDhcM693HuPH3OmtG1/W6Wl5ZXVtfJ6ZWNza3unurvXVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/vs79zhOVikXiXk9i6oZ4KFjACNZGerjxUuKlzmOWedWaXbenQIvEKUgNCjS96ld/EJEkpEITjpXqOXas3RRLzQinWaWfKBpjMsZD2jNU4JAqN51enKEjowxQEElTQqOp+nsixaFSk9A3nSHWIzXv5eJ/Xi/RwaWbMhEnmgoyWxQkHOkI5e+jAZOUaD4xBBPJzK2IjLDERJuQKiYEZ/7lRdI+qTvn9bO701rjqoijDAdwCMfgwAU04Baa0AICAp7hFd4sZb1Y79bHrLVkFTP78AfW5w+L3pDa</latexit>

Fc1j
<latexit sha1_base64="9SrE3gSpivEl0rHYOznNlbCiSWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVY9FQTxWsB/YhrDZbtq1m03Y3Qgl5F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5fsyZ0rb9bRVWVtfWN4qbpa3tnd298v5BW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv++Hrqd56oVCwS93oSUzfEQ8ECRrA20sONlxIvrT1mmVeu2FV7BrRMnJxUIEfTK3/1BxFJQio04VipnmPH2k2x1IxwmpX6iaIxJmM8pD1DBQ6pctPZxRk6McoABZE0JTSaqb8nUhwqNQl90xliPVKL3lT8z+slOrh0UybiRFNB5ouChCMdoen7aMAkJZpPDMFEMnMrIiMsMdEmpJIJwVl8eZm0a1XnvFq/O6s0rvI4inAEx3AKDlxAA26hCS0gIOAZXuHNUtaL9W59zFsLVj5zCH9gff4AjWWQ2w==</latexit>

Fc2j

(b) Initial deployed configuration

Figure 3. Rotational deployment scenario frame definitions.

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2

<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂ 3

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2

<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂ 3

<latexit sha1_base64="k1iKSEc+ALfVNNjO4a6N66bote0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nqxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RqWasjZVQuleSAwTXLI2cBCsl2hG4lCwbji5y/3uE9OGK/kI04QFMRlJHnFKwEp+PyYwpkRkzdmgWnPr7hx4lXgFqaECrUH1qz9UNI2ZBCqIMb7nJhBkRAOngs0q/dSwhNAJGTHfUkliZoJsHnmGz6wyxJHS9knAc/X3RkZiY6ZxaCfziGbZy8X/PD+F6DbIuExSYJIuPopSgUHh/H485JpREFNLCNXcZsV0TDShYFuq2BK85ZNXSeei7l3Xrx4ua41mUUcZnaBTdI48dIMa6B61UBtRpNAzekVvDjgvzrvzsRgtOcXOMfoD5/MHdRORYg==</latexit>B
<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

<latexit sha1_base64="EdHPyg1sbET0eO81iM0SIth8pbo=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKwjwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+AM6Elp8=</latexit>

b̂1

<latexit sha1_base64="flyIN/8H8NkV85uKlRewloDN0l4=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnycDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANAIlqA=</latexit>

b̂2

<latexit sha1_base64="YzulpqYQ2wm331mvC0y3wrJVuyU=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmO21p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacNqnGGkjBfa+N0Q680LBIjWOzZWFeR6cBnbNqTsTwHnilqQGSjQD+8uLBE5jwjVmSKme6yTaz5DUFDOSV71UkQThERqQnqEcxUT52SR/Do+MEsG+kOZwDSfq740MxapIZyZjpIdq1ivE/7xeqvtXfkZ5kmrC8fShfsqgFrAoA0ZUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP0YyWoQ==</latexit>

b̂3

Bc

<latexit sha1_base64="AqCv52kMLFx7eU9cnZaL51W80nI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1kUxGUF+4A2hMl02o6dTMLMpFBC/sSNC0Xc+ifu/BsnbRbaemDgcM693DMniDlT2nG+rdLK6tr6RnmzsrW9s7tn7x+0VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB2Mb3O/PaFSsUg86mlMvRAPBRswgrWRfNvuhViPCObpXean7lPm21Wn5syAlolbkCoUaPj2V68fkSSkQhOOleq6Tqy9FEvNCKdZpZcoGmMyxkPaNVTgkCovnSXP0IlR+mgQSfOERjP190aKQ6WmYWAm85xq0cvF/7xuogfXXspEnGgqyPzQIOFIRyivAfWZpETzqSGYSGayIjLCEhNtyqqYEtzFLy+T1lnNvaxdPJxX6zdFHWU4gmM4BReuoA730IAmEJjAM7zCm5VaL9a79TEfLVnFziH8gfX5A7jok7s=</latexit>F1j

<latexit sha1_base64="HO4LHY8Q+f3DWrDBqM/6nU3WFTI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17IoiMsK9gFtCJPppB07mYSZSaGE/okbF4q49U/c+TdO2iy0emDgcM693DMnSDhT2nG+rNLK6tr6RnmzsrW9s7tn7x+0VZxKQlsk5rHsBlhRzgRtaaY57SaS4ijgtBOMb3K/M6FSsVg86GlCvQgPBQsZwdpIvm33I6xHBPPsduZn9ceZb1edmjMH+kvcglShQNO3P/uDmKQRFZpwrFTPdRLtZVhqRjidVfqpogkmYzykPUMFjqjysnnyGToxygCFsTRPaDRXf25kOFJqGgVmMs+plr1c/M/rpTq88jImklRTQRaHwpQjHaO8BjRgkhLNp4ZgIpnJisgIS0y0KatiSnCXv/yXtOs196J2fn9WbVwXdZThCI7hFFy4hAbcQRNaQGACT/ACr1ZmPVtv1vtitGQVO4fwC9bHN7puk7w=</latexit>F2j

<latexit sha1_base64="KIO65bwv8Z7SZVuPR+6+Nf4nIf8=">AAAB+HicbVDLSsNAFL3xWeujVZduBovgqiTF17Loxo1QwT6gDWEynbRDJ5MwMxFqyJe4caGIWz/FnX/jpM1CWw8MHM65l3vm+DFnStv2t7Wyura+sVnaKm/v7O5VqvsHHRUlktA2iXgkez5WlDNB25ppTnuxpDj0Oe36k5vc7z5SqVgkHvQ0pm6IR4IFjGBtJK9aGYRYjwnm6V3mpY3Mq9bsuj0DWiZOQWpQoOVVvwbDiCQhFZpwrFTfsWPtplhqRjjNyoNE0RiTCR7RvqECh1S56Sx4hk6MMkRBJM0TGs3U3xspDpWahr6ZzGOqRS8X//P6iQ6u3JSJONFUkPmhIOFIRyhvAQ2ZpETzqSGYSGayIjLGEhNtuiqbEpzFLy+TTqPuXNTP789qzeuijhIcwTGcggOX0IRbaEEbCCTwDK/wZj1ZL9a79TEfXbGKnUP4A+vzB/ltk08=</latexit>M2

<latexit sha1_base64="dX+7HyZmqRb/GyrAZLkIYtMTO9Q=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURX8uiGzdCBfuANoTJdNIOnUzCzESoIV/ixoUibv0Ud/6NkzYLbT0wcDjnXu6Z48ecKW3b31ZpZXVtfaO8Wdna3tmt1vb2OypKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1Jze5332kUrFIPOhpTN0QjwQLGMHaSF6tOgixHhPM07vMS53Mq9Xthj0DWiZOQepQoOXVvgbDiCQhFZpwrFTfsWPtplhqRjjNKoNE0RiTCR7RvqECh1S56Sx4ho6NMkRBJM0TGs3U3xspDpWahr6ZzGOqRS8X//P6iQ6u3JSJONFUkPmhIOFIRyhvAQ2ZpETzqSGYSGayIjLGEhNtuqqYEpzFLy+TzmnDuWic35/Vm9dFHWU4hCM4AQcuoQm30II2EEjgGV7hzXqyXqx362M+WrKKnQP4A+vzB/fok04=</latexit>M1

<latexit sha1_base64="V1MQwF62wUhUFQzI8+0yFpyZswY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQEI8RzAOSJcxOZpNJZmeWmVkhLPsPXjwo4tX/8ebfOEn2oIkFDUVVN91dQcyZNq777RRWVtfWN4qbpa3tnd298v5BU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY30791hNVmknxaCYx9SM8ECxkBBsrNe96qTfKeuWKW3VnQMvEy0kFctR75a9uX5IkosIQjrXueG5s/BQrwwinWambaBpjMsYD2rFU4IhqP51dm6ETq/RRKJUtYdBM/T2R4kjrSRTYzgiboV70puJ/Xicx4bWfMhEnhgoyXxQmHBmJpq+jPlOUGD6xBBPF7K2IDLHCxNiASjYEb/HlZdI8q3qX1YuH80rtJo+jCEdwDKfgwRXU4B7q0AACI3iGV3hzpPPivDsf89aCk88cwh84nz9OVI74</latexit>

F1j

<latexit sha1_base64="dpGgjLxUTgK7RTa3SlCXwzwmQqY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktVj0WBfFYwX5Au5Rsmm3TZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrW9sbuW3Czu7e/sHxcOjppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywvp35rSeqNJPi0Uxi6kd4IFjICDZWat710spo2iuW3LI7B1olXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRa6iaYxJmM8oB1LBY6o9tP5tVN0ZpU+CqWyJQyaq78nUhxpPYkC2xlhM9TL3kz8z+skJrz2UybixFBBFovChCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMGG4C2/vEqalbJ3Wa4+XJRqN1kceTiBUzgHD66gBvdQhwYQGMEzvMKbI50X5935WLTmnGzmGP7A+fwBT9qO+Q==</latexit>

F2j

<latexit sha1_base64="tO4WYTJfdHCZ2R7x8AC4DK3VuWQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRixehgmkLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPGiZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDv1m09cGxGrRxwnPIjoQIm+YBSt5N93M2/SLVfcqjsDWSZeTiqQo94tf3V6MUsjrpBJakzbcxMMMqpRMMknpU5qeELZiA5421JFI26CbHbshJxYpUf6sbalkMzU3xMZjYwZR6HtjCgOzaI3Ff/z2in2r4NMqCRFrth8UT+VBGMy/Zz0hOYM5dgSyrSwtxI2pJoytPmUbAje4svLpHFW9S6rFw/nldpNHkcRjuAYTsGDK6jBHdTBBwYCnuEV3hzlvDjvzse8teDkM4fwB87nD5Gujos=</latexit>

M1

<latexit sha1_base64="FukNs11sJX4PACTiEJqnHRP9mbs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kknx61j04kWoYNpCG8pmu22XbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYkUBl3321lZXVvf2CxsFbd3dvf2SweHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4up36zSeujYjVI44THkR0oERfMIpW8u+7WXXSLZXdijsDWSZeTsqQo94tfXV6MUsjrpBJakzbcxMMMqpRMMknxU5qeELZiA5421JFI26CbHbshJxapUf6sbalkMzU3xMZjYwZR6HtjCgOzaI3Ff/z2in2r4NMqCRFrth8UT+VBGMy/Zz0hOYM5dgSyrSwtxI2pJoytPkUbQje4svLpFGteJeVi4fzcu0mj6MAx3ACZ+DBFdTgDurgAwMBz/AKb45yXpx352PeuuLkM0fwB87nD5Mzjow=</latexit>

M2

<latexit sha1_base64="9SrE3gSpivEl0rHYOznNlbCiSWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVY9FQTxWsB/YhrDZbtq1m03Y3Qgl5F948aCIV/+NN/+N2zYHbX0w8Hhvhpl5fsyZ0rb9bRVWVtfWN4qbpa3tnd298v5BW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv++Hrqd56oVCwS93oSUzfEQ8ECRrA20sONlxIvrT1mmVeu2FV7BrRMnJxUIEfTK3/1BxFJQio04VipnmPH2k2x1IxwmpX6iaIxJmM8pD1DBQ6pctPZxRk6McoABZE0JTSaqb8nUhwqNQl90xliPVKL3lT8z+slOrh0UybiRFNB5ouChCMdoen7aMAkJZpPDMFEMnMrIiMsMdEmpJIJwVl8eZm0a1XnvFq/O6s0rvI4inAEx3AKDlxAA26hCS0gIOAZXuHNUtaL9W59zFsLVj5zCH9gff4AjWWQ2w==</latexit>

Fc2j

(a) Stowed configuration

<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2
<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂3

<latexit sha1_base64="szBw0aSWddu5V6D3F7L/O9lZwL8=">AAAB/3icbVDNS8MwHE39nPOrKnjxEjYET6MVUY8DLx4nuA9YS0nTdAtL0pKkwqg9+K948aCIV/8Nb/43plsPuvkg5PHe70deXpgyqrTjfFsrq2vrG5u1rfr2zu7evn1w2FNJJjHp4oQlchAiRRgVpKupZmSQSoJ4yEg/nNyUfv+BSEUTca+nKfE5GgkaU4y0kQL72AsTFqkpN1fujZHOeVEEbmA3nZYzA1wmbkWaoEInsL+8KMEZJ0JjhpQauk6q/RxJTTEjRd3LFEkRnqARGRoqECfKz2f5C3hqlAjGiTRHaDhTf2/kiKsyopnkSI/VoleK/3nDTMfXfk5Fmmki8PyhOGNQJ7AsA0ZUEqzZ1BCEJTVZIR4jibA2ldVNCe7il5dJ77zlXrbcu4tmu1HVUQMnoAHOgAuuQBvcgg7oAgwewTN4BW/Wk/VivVsf89EVq9o5An9gff4A1MqWhg==</latexit>

m̂1

<latexit sha1_base64="CXiyml6KhtwFKWHedUe2LedQDpE=">AAAB/3icbVBLS8NAGNzUV62vqODFS2gRPJWkiHosePFYwT6gCWGz2bRL9xF2N0KJPfhXvHhQxKt/w5v/xk2bg7YOLDvMfB87O1FKidKu+21V1tY3Nreq27Wd3b39A/vwqKdEJhHuIkGFHERQYUo47mqiKR6kEkMWUdyPJjeF33/AUhHB7/U0xQGDI04SgqA2Umif+JGgsZoyc+X+GOqczWZhK7QbbtOdw1klXkkaoEQntL/8WKCMYa4RhUoNPTfVQQ6lJojiWc3PFE4hmsARHhrKIcMqyOf5Z86ZUWInEdIcrp25+nsjh0wVEc0kg3qslr1C/M8bZjq5DnLC00xjjhYPJRl1tHCKMpyYSIw0nRoCkSQmq4PGUEKkTWU1U4K3/OVV0ms1vcumd3fRaNfLOqrgFNTBOfDAFWiDW9ABXYDAI3gGr+DNerJerHfrYzFascqdY/AH1ucP1k6Whw==</latexit>

m̂2

<latexit sha1_base64="TAFGxUHwu3T83ms2WJcWHNrMA4Q=">AAAB/3icbVDNS8MwHE3n15xfVcGLl7AheBqtinocePE4wX3AWkqaZltY0pQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNwUfu+BSEVFfK+nCfE5GsV0SDHSRgrsIy8ULFJTbq7MGyOd8TwPzgO74TSdGeAycUvSACXagf3lRQKnnMQaM6TUwHUS7WdIaooZyWteqkiC8ASNyMDQGHGi/GyWP4cnRongUEhzYg1n6u+NDHFVRDSTHOmxWvQK8T9vkOrhtZ/ROEk1ifH8oWHKoBawKANGVBKs2dQQhCU1WSEeI4mwNpXVTAnu4peXSfes6V423buLRqte1lEFx6AOToELrkAL3II26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/ANfSlog=</latexit>

m̂3

<latexit sha1_base64="0bpy/saQXrItt1UDjT6PGMUbZ4Q=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKojwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+ANSklqM=</latexit>

f̂1

<latexit sha1_base64="yb+HG1MYSOoeSuO7ylpolHq1oWQ=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFVS8RorWBiLRB9SE0WO47RWHTuyHaQqdOCvsDCAECt/g41/g9NmgJaTLJ/uvk8+X5gyqrTjfFtLyyura+uVjerm1vbOrr2331Eik5i0sWBC9kKkCKOctDXVjPRSSVASMtINRzeF330gUlHB7/U4JX6CBpzGFCNtpMA+9IZI514oWKTGibnyeDIJGoFdc+rOFHCRuCWpgRKtwP7yIoGzhHCNGVKq7zqp9nMkNcWMTKpepkiK8AgNSN9QjhKi/HyafwJPjBLBWEhzuIZT9fdGjhJVpDOTCdJDNe8V4n9eP9PxlZ9TnmaacDx7KM4Y1AIWZcCISoI1GxuCsKQmK8RDJBHWprKqKcGd//Ii6TTq7kX9/O6s1rwu66iAI3AMToELLkET3IIWaAMMHsEzeAVv1pP1Yr1bH7PRJavcOQB/YH3+ANYolqQ=</latexit>

f̂2
<latexit sha1_base64="1Nm6Xkq68EZGXnxjB3zMJ6Gw/Z0=">AAAB/3icbVA7T8MwGHR4lvIKILGwWFRITFXCe6xgYSwSfUhNFDmu01p17Mh2kKqQgb/CwgBCrPwNNv4NTpsBWk6yfLr7Pvl8YcKo0o7zbS0sLi2vrFbWqusbm1vb9s5uW4lUYtLCggnZDZEijHLS0lQz0k0kQXHISCcc3RR+54FIRQW/1+OE+DEacBpRjLSRAnvfGyKdeaFgfTWOzZVFeR6cBnbNqTsTwHnilqQGSjQD+8vrC5zGhGvMkFI910m0nyGpKWYkr3qpIgnCIzQgPUM5ionys0n+HB4ZpQ8jIc3hGk7U3xsZilWRzkzGSA/VrFeI/3m9VEdXfkZ5kmrC8fShKGVQC1iUAftUEqzZ2BCEJTVZIR4iibA2lVVNCe7sl+dJ+6TuXtTP785qjeuyjgo4AIfgGLjgEjTALWiCFsDgETyDV/BmPVkv1rv1MR1dsMqdPfAH1ucP16yWpQ==</latexit>

f̂3
<latexit sha1_base64="k1iKSEc+ALfVNNjO4a6N66bote0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1nqxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJoIbcN1vp7S2vrG5Vd6u7Ozu7R9UD486RqWasjZVQuleSAwTXLI2cBCsl2hG4lCwbji5y/3uE9OGK/kI04QFMRlJHnFKwEp+PyYwpkRkzdmgWnPr7hx4lXgFqaECrUH1qz9UNI2ZBCqIMb7nJhBkRAOngs0q/dSwhNAJGTHfUkliZoJsHnmGz6wyxJHS9knAc/X3RkZiY6ZxaCfziGbZy8X/PD+F6DbIuExSYJIuPopSgUHh/H485JpREFNLCNXcZsV0TDShYFuq2BK85ZNXSeei7l3Xrx4ua41mUUcZnaBTdI48dIMa6B61UBtRpNAzekVvDjgvzrvzsRgtOcXOMfoD5/MHdRORYg==</latexit>B

<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B

<latexit sha1_base64="EdHPyg1sbET0eO81iM0SIth8pbo=">AAAB/3icbVA7T8MwGHTKq5RXAImFxaJCYqoSxGusYGEsEn1ITRQ5rtNadezIdpCqkIG/wsIAQqz8DTb+DU6bAVpOsny6+z75fGHCqNKO821VlpZXVteq67WNza3tHXt3r6NEKjFpY8GE7IVIEUY5aWuqGeklkqA4ZKQbjm8Kv/tApKKC3+tJQvwYDTmNKEbaSIF94I2QzrxQsIGaxObKwjwP3MCuOw1nCrhI3JLUQYlWYH95A4HTmHCNGVKq7zqJ9jMkNcWM5DUvVSRBeIyGpG8oRzFRfjbNn8NjowxgJKQ5XMOp+nsjQ7Eq0pnJGOmRmvcK8T+vn+roys8oT1JNOJ49FKUMagGLMuCASoI1mxiCsKQmK8QjJBHWprKaKcGd//Ii6Zw23IvG+d1ZvXld1lEFh+AInAAXXIImuAUt0AYYPIJn8ArerCfrxXq3PmajFavc2Qd/YH3+AM6Elp8=</latexit>
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(b) Array 2 deployed configuration for N = 2

Figure 4. Telescoping deployment scenario frame definitions.
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The body frame of each rigid element is denoted Fij : {Fij , f̂ij1 , f̂ij2 , f̂ij3} where j = 1 · · ·N
denotes the jth array element and i = 1, 2 for each solar array. Accordingly, the translational and
rotational motion of each array element is profiled using the array element body frames Fij relative
to their respective mount frame Mi. The rotation axis for each array in all scenarios is identical and
is denoted Mi ŝ. The axis of translation for the translational scenarios is denoted Mi t̂ for each array.
The following sections describe each individual deployment scenario in further detail.

Rotational Deployment Scenarios

This section discusses the relationship between the defined frames for the rotational deployment
scenarios in greater detail. Knowledge of initial frame orientations, point locations, and the required
array element positions and attitudes relative to the spacecraft hub during deployment is necessary
for implementing these scenarios in the Basilisk software. Recall the spacecraft geometry and frame
definitions seen in Fig. (3) for the rotational deployment scenarios.

It is important to note that for these scenarios to be configured using the existing Basilisk profiler
modules, the array element frames must either purely translate or purely rotate with respect to their
respective mount frames. By re-configuring the element frames after the initial deployment phase to
be located at the centroid of each deployed array as seen in Fig. 3(b), the array element states can be
profiled using a purely 1 DOF rotational motion profiler. This frame re-configuration ensures that
the element translational states remain constant relative to their respective mount frames throughout
all deployment phases.

Stowed Configuration

In the stowed configuration seen in Fig. 3(a), first the center of mass location of each array
element must be defined in element frame components as the centroid of the triangular wedge as:

FijrFijc/Fij ,stowed =
[
(−1)iR cos(ϕ), 0.0, R

3 sin(ϕ)
]T

(1)

where R is the radius of each solar array, j = 1 · · ·N denotes the jth array element, and i = 1, 2
for each solar array. The interior array angles seen in Fig. (3) are:

ϕ = 90◦ − γ

2
(2)

γ =
360◦

N
(3)

The initial array element positions relative to the hub are defined as:

MirFij/Mi,stowed =
[
0.0, 0.0, 0.0

]T (4)

Next, the initial orientation of each array element must be defined relative to their respective array
mount frame. Because all array elements are initially stacked together in the stowed configuration,
only a single attitude needs to be determined to describe all element orientations. Viewing Fig.
3(a), it is clear that all element frames for both solar arrays are initially aligned with their respective
mount frames. Therefore, the attitude of each element frame can be described using the following
Principal Rotation Vector (PRV):15

MiγFij/Mi,stowed = θij,stowed
Mi ŝ = θij,stowed

Mi
01
0

 (5)
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where
θij,stowed = 0◦ (6)

Initial Deployment Phase

During the initial deployment phase for array 1, the array elements rotate together from the stowed
configuration seen in Fig. 1(a) to the initial deployed configuration seen in Fig. 1(b). Similarly, array
2 rotates from its stowed configuration seen in Fig 1(c) to its initial deployed configuration seen in
Fig. 1(d). During their respective initial deployment phases, the array 1 elements rotate together
by +90 degrees about the array 1 m̂2 axis and the array 2 elements rotate together by -90 degrees
about the array 2 m̂2. Therefore, the attitude of each element frame at the completion of the initial
deployment phase can be described for each array using the PRV:

MiγFij/Mi,init deploy = θij,init deploy
Mi ŝ = θij,init deploy

Mi
01
0

 (7)

where
θij,init deploy = (−1)i+190◦ (8)

Note that because the array elements purely rotate during the initial deployment phase, their
translational positions remain fixed to the vectors expressed in Eq. (4).

Main Deployment Phase

At the start of the main deployment phase for each array, the array element frames are re-
configured and placed at the centroid location of each deployed solar array. This frame shift is
shown in Fig. 3(b) for both arrays Therefore, the center of mass location of each array element must
be updated to reflect this frame change:

FijrFijc/Fij ,deploy =
[
2R
3 (−1)i cos(ϕ) sin

(γ
2

)
, 0.0, 2R

3 (−1)i cos(ϕ) cos
(γ
2

)]T
(9)

Further, because the element frame origins are now fixed at the centroid of each array relative to
the hub, the element frame locations relative to the hub must also be updated:

MirFij/Mi
=

[
(−1)i+1R, 0.0, 0.0

]T (10)

Once deployment is complete, the attitude of each array element relative to their respective array
mount frame are described by the PRVs:

MiγFij/Mi,deploy = θij,deploym̂2 = θij,deploy

Mi
01
0

 (11)

where
θij,deploy = (−1)i+1 (90◦ + (j − 1)γ) (12)
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Telescoping Deployment Scenarios

Next, recall the spacecraft geometry and frame definitions seen in Fig. (4) for the telescoping
deployment scenarios. Because each array element is rigid, the center of mass location of each
array element is simply defined as the centroid of the rectangular panel along the f1 body axis:

FijrFijc/Fij
=

[
L
2 , 0.0, 0.0

]T
(13)

where L is the fixed length of all array elements. Note that because no frame re-configuration is
needed for the telescoping scenarios, this vector is constant throughout all deployment phases.

Stowed Configuration

In the stowed configuration seen in Fig. 4(a), the array element frames are coincident with the
array mount frames. Therefore, the initial position of each array element is zero as in Eq. (4). The
orientation of all array element frames is +90 degrees relative to their respective mount frame m̂2

axis, which matches the initial frame attitudes in the rotational deployment scenarios given in Eq.
(5).

Initial Deployment Phase

During the initial deployment phase for array 1, the elements rotate together from the stowed
configuration seen in Fig. 2(a) to the initial deployed configuration seen in Fig. 2(b). The elements
rotate by -90 degrees about the m̂2 axis during this phase. During the initial deployment phase for
array 2, the array 2 elements rotate together by +90 degrees about the m̂2 axis from the configuration
seen in Fig. 2(c) to the initial deployed configuration seen in Fig. 2(d). Therefore, the attitude of
each element frame upon completion of the initial deployment phase can be described for each array
using the PRV:

MiγFij/Mi,init deploy = θij,init deploym̂2 = θij,init deploy

Mi
01
0

 (14)

where
θij,init deploy = 90◦ + (−1)i90◦ (15)

Note that because the array elements purely rotate during the initial deployment phase, their
translational positions remain fixed to the vectors expressed in Eq. (4).

Main Deployment Phase

During the main deployment phase, the array element frames purely translate about their respec-
tive mount frame m̂1 axis. The deployment configuration for array 1 is first shown in Fig. 2(c). The
final deployment configuration for both arrays is shown in Fig. 2(e). Once deployment is complete,
the array element positions relative to their respective mount frame are described by the vectors:

MirFij/Mi,deploy = lij,deploy
Mi t̂ = lij,deploy

Mi
10
0

 (16)

where
lij,deploy = (−1)i+1(j − 1)L (17)

Note that because the array elements purely translate during the main deployment phase, the
element attitudes are fixed as the PRVs seen in Eq. (14).
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DYNAMICS

The translational and rotational equations of motion for a space vehicle with a rigid prescribed
body attached to the spacecraft hub illustrated are derived in previous work13 and are implemented
for each array element in the deployment scenarios. The equations of motion are presented in Eqs.
(18) and (19) below.

mscr̈B/N +msc[ ˙̃ωB/N ]c =
∑

Fext −mPr
′′

Fc/B
− 2msc[ω̃B/N ]c

′ −msc[ω̃B/N ]2c (18)

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

Fc/B
−
(
[I

′
sc,B] + [ω̃B/N ][Isc,B]

)
ωB/N

−
(
[I

′
P,Fc

] + [ω̃B/N ][IP,Fc ]
)
ωF/B − [IP,Fc ]ω

′

F/B − mP[ω̃B/N ][r̃Fc/B]r
′

Fc/B
(19)

Equation (18) is the translational equation of motion for the spacecraft hub point B with respect
to the inertial frame. Equation (19) is the rotational equation of motion for the spacecraft system.
These vector equations are frame-independent and general so that they can be used to represent a
wide range of spacecraft configurations.

SOFTWARE IMPLEMENTATION

Recall that simulation of the deployment scenarios requires profiling the states of each individual
solar array element relative to the spacecraft hub. Because the array elements are assumed to be act-
ing according to prescribed motion, no individual equations of motions exist for the array elements.
Rather, the sub-effector motion states are prescribed kinematic translational and rotational states
which couple with the spacecraft hub motion. This creates a general nonlinear spacecraft dynamics
modeling solution where the deployment of multiple sub-components can be modeled. Therefore,
kinematic profilers must be developed to prescribe the required translational or rotational motion
for each array element with respect to the spacecraft hub frame. Note that strict discretion must
be taken to ensure the profiled motion is admissible and does not violate any fundamental laws of
physics.

Previous work13 developed two kinematic profiler modules in Basilisk for this purpose. The
first module profiled translational motion along a fixed axis in the mount frame, while the second
module profiled a rotation about a fixed axis in the mount frame. The Basilisk messaging system
is used as an interface to relay the profiled states at each time step from the profiler modules to the
prescribed motion dynamics module. A diagram illustrating the required Basilisk modules and their
connections for each individual array element is presented in Fig. (5).

This work enhances the previously developed translational and rotational profiler modules to
profile the motion of each array element. The following two sections discuss these profiler modules
in greater detail.

Rotational Motion Profiler

The rotational motion profiler developed in previous work13 applies a bang-bang angular accel-
eration profile to the prescribed body that results in the fastest possible single degree-of-freedom
rotation from a rest-to-rest state. As a result of this acceleration profile, the prescribed body’s an-
gular rotation rate changes linearly in time and reaches a maximum magnitude halfway through the
rotation. The resulting angular motion during the rotation is parabolic in time.
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Figure 5. Required simulation modules for each individual array element.

In this work, the rotational profiler is enhanced with a coast option added to the module where a
period of zero acceleration is added between the acceleration segments. The user is given the option
to configure how long the acceleration ramp segments are applied using a tRamp variable. Using
this profiler for each deployment phase, the array elements are configured to move at a constant rate
for nearly the entire deployment phase. In this work, the length of each deployment phase is chosen
and used with the specified tRamp variable to solve for the required element accelerations.

First, the length of the coast period during each deployment phase is found using the simple
expression:

tcoast = tdeploy − 2tramp (20)

Note that because each individual array has two deployment phases and four scenarios are simulated,
there are a total of 16 deployment phases. Ultimately, each of the 16 phases can have different
specified values for both tdeploy and tramp. In this work, the deployment parameters are identical for
each array, reducing the number of unique values for each of these parameters to 8. The specific
values chosen for each phase are outlined in the software implementation section of this paper. The
next sections discuss how the ramp segment accelerations for each element are found for each phase
of the deployment scenarios.

Rotational Rigid Deployment

For each phase of the rotational rigid deployment scenario, all array elements are given the same
profiled motion; however the only exception to this behavior is during the main deployment phase.
The elements move together until each element sequentially arrives to their final deployed orienta-
tion. Therefore, at the end of deployment only the last array element is in motion while all others
are locked in place.

The required acceleration magnitude for each element during the initial deployment phase is
found as:

αij,init deploy =
|θij,init deploy − θij,stowed|

tcoasttramp + t2ramp
(21)

The required angular acceleration magnitude for each element during the main deployment phase is
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found as:

αij,deploy =
360◦/N

tcoasttramp + t2ramp
(22)

Note that after each element arrives to its final deployed orientation, the angular acceleration and
angular velocity of the element is set to zero.

Rotational Lanyard Deployment

For the rotational lanyard deployment scenario, the array elements are given unique angular ac-
celerations during the main deployment phase in order to arrive at their final deployed orientations
at the same time. During the initial deployment phase the array elements are given the same angular
acceleration value specified in Eq. (21).

The required angular acceleration magnitude for each element during the main deployment phase
is found as:

αij,deploy =
|θij,deploy − θij,init deploy|

tcoasttramp + t2ramp
(23)

Translational Motion Profiler

Similar to the rotational motion profiler developed in previous work,13 the translational motion
profiler also applies a bang-bang acceleration profile to the prescribed body; however the profile
is purely translational along a single mount frame axis. The resulting velocity of the prescribed
body relative to the hub is linear in time and reaches a maximum magnitude halfway through the
translation. The translational motion of the body is therefore parabolic in time.

In this work, the translational profiler is also enhanced with a coast option added to the module.
The user configures the duration of the acceleration segments using the tRamp variable. This
addition to the profiler module more realistically reflects how the individual elements move during
deployment. Using this profiler for each deployment phase, the array elements are configured to
move at a constant rate for nearly the entire deployment phase. The length of each deployment
phase is chosen in this work and the expression in Eq. (20) is used to calculate the duration of each
coast period. The next sections discuss how the ramp segment accelerations for each element are
found for each phase of the deployment scenarios.

Telescoping Rigid Deployment

For the initial deployment phase of the telescoping rigid deployment scenario, all array elements
rotate together and are given the same profiled motion. During the main deployment phase, the
array elements are given the same acceleration values when they begin to move away from the
spacecraft hub. The array elements remain fixed in the initial deployed configuration during the
main deployment phase and individually telescope away from the spacecraft hub until the panel is
fully deployed.

The required angular acceleration magnitude for each element during the initial deployment phase
is found as:

αij,init deploy =
|θij,init deploy − θij,stowed|

tcoasttramp + t2ramp
(24)

The required linear acceleration magnitude for each element during the main deployment phase is
found as:

aij,deploy =
L

tcoasttramp + t2ramp
(25)
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Note that the linear acceleration and velocity of each element is fixed at zero until the element begins
telescoping away from the spacecraft hub.

Telescoping Lanyard Deployment

For the rotational lanyard deployment scenario, the array elements are given unique linear accel-
erations during the main deployment phase in order to arrive to their final deployed orientations at
the same time. During the initial deployment phase the array elements are given the same angular
acceleration value specified in Eq. (24).

The required linear acceleration magnitude for each element during the main deployment phase
is found as:

aij,deploy =
lij,deploy

tcoasttramp + t2ramp
(26)

RESULTS

Simulation Setup

All simulations in this work set up an initially non-rotating spacecraft hub with a mass of 800
kilograms. The spacecraft is not placed into any orbit and no gravitational bodies are added to the
scenarios. The hub body frame is initially aligned with the inertial reference frame. The relevant
simulation parameters for the deployment scenarios are provided in Tables (1-3). The hub-specific
parameters are given in Table (1) while the parameters for the rotational and telescoping scenarios
are given in Tables (2) and (3), respectively. A complete list of the scenario parameters can be found
on github†.

Rotational Deployment Results

Rotational Rigid Deployment

The simulation results for the rotational rigid deployment scenario are presented in Figs. (6) and
(7). Figure (6) presents the scalar element angles and angle rates for both arrays relative to the hub
while Fig. (7) presents the resulting hub dynamics due to the deployment. Viewing Figs. 6(a), array
1 is seen to first rotate +90 degrees during the initial deployment phase. After this initial rotation, the
array elements begin the main deployment phase and rotate together while sequentially locking into
their final deployed configurations. Array 1 element 1 does not rotate during the main deployment
phase. Fig. 6(b) illustrates array 2 deploying with symmetric behavior only after array 1 completes
its deployment.

Fig. 7(a) presents the hub inertial angular velocity. The hub rate about the b̂2 axis is seen to
vary with a maximum value occurring after array 1 completes the initial deployment phase. The
hub rates about the b̂1 and b̂3 axes are seen to remain near zero throughout the entire deployment.
During the main deployment phases, the second hub angular velocity component is seen to jump
consistently during the acceleration ramp segments for each element. This behavior is expected, as
the hub must respond to conserve the spacecraft angular momentum. The conservation of angular
momentum is evident from the hub returning to a resting state at the end of the deployment scenario.
Considering Figs. 7(b) and 7(c), the hub inertial attitude and position are seen to shift appropriately
during each phase of deployment. During the deployment of array 1 in the X-Z hub plane, the hub is

†https://github.com/leahkiner/sc-dynamics-sim/tree/conferences/
aas-gnc-feb-2024
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Table 1. Shared scenario parameters.

Parameter Value Unit

mhub 800.0 kg

B[Ihub,Bc ]

333.33 0.0 0.0
0.0 333.33 0.0
0.0 0.0 133.33

 kg · m2

rBc/B [0.0, 0.0, 0.0] m
BωB/N (t0) [0.1, 0.1, 0.1] deg/s
σB/N (t0) [0.0, 0.0, 0.0] N/A
MiωMi/B [0.0, 0.0, 0.0] deg/s
σMi/B [0.0, 0.0, 0.0] N/A
Mi ŝ [0.0, 1.0, 0.0] N/A
tinit deploy 5.0 min
tdeploy 20.0 min
tramp 1.0 s

Table 2. Rotational scenario parameters.

Parameter Value Unit

N 10 N/A
R 3.0 m
melement 8.0 kg

F [IElement,Fc ]

6.00167 0.0 0.0
0.0 8.2918 0.0
0.0 0.0 2.2935

 kg · m2

BrM1/B [0.5, 0.0, 0.5] m
BrM2/B [-0.5, 0.0, 0.5] m
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Table 3. Telescoping scenario parameters.

Parameter Value Unit

N 5 N/A
L 2.0 m
Mi t̂ [1.0, 0.0, 0.0] N/A
melement 10.0 kg

F [IElement,Fc ]

3.3354 0.0 0.0
0.0 3.8021 0.0
0.0 0.0 0.4708

 kg · m2

BrM1/B [0.5, 0.0, 1.0] m
BrM2/B [-0.5, 0.0, 1.0] m

seen to compensate by both translating and rotating negatively in the inertial X-Z plane. During the
deployment of array 2 in the X-Z hub plane, the hub appropriately translates and rotates positively
in the inertial X-Z plane.

Rotational Lanyard Deployment

Figs. (8) and (9) present the simulation results for the rotational lanyard deployment scenario.
Figure (8) presents the scalar element angles and angle rates for both arrays relative to the hub
while Fig. (9) presents the resulting hub dynamics due to the deployment. Identical to the rotational
rigid deployment scenario, Figs. 8(a) shows all elements of array 1 rotating +90 degrees during the
initial deployment phase. During the main deployment phase, all elements begin to move simulta-
neously and arrive to their final deployed orientations at the same instant as compared to the rigid
scenario. Considering Fig. 8(b), array 2 is seen to deploy with symmetric behavior only after array
1 completes its deployment.

Viewing Fig. (9), the hub motion during both array deployments is seen to closely match the
results seen in the rotational rigid deployment. The hub attitude and inertial position results in Figs.
9(b) and 9(c) are nearly identical to the results in Figs. 7(b) and 7(c). Considering Fig. 9(a), it is
interesting to see that the hub rate is much smoother throughout the entire deployment than seen in
Fig. 7(a). The hub behavior during the initial deployment of array 1 is identical between these two
scenarios; however for the lanyard deployment all array elements are given an acceleration at the
start of the main deployment phase. The smooth hub motion during the main lanyard deployment
phase is a result of all array elements moving at constant rates throughout most of this phase.

Telescoping Deployment Results

Telescoping Rigid Deployment

The simulation results for the telescoping rigid deployment scenario are presented in Figs. (10)
and (11). Figure (10) presents the scalar element displacements and rotation angles for both arrays
relative to the hub while Fig. (11) presents the resulting hub dynamics due to the deployment. Con-
sidering Figs. 10(a) and 10(c), array 1 is seen to first rotate -90 degrees while all elements remain
fixed to the hub with zero displacement. After the initial rotation is complete, the array elements are
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(a) Array 1 element angles.
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(b) Array 2 element angles.
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(c) Array 1 element angle rates.
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(d) Array 2 element angle rates.

Figure 6. Profiled array element rotational states for the rotational rigid deployment scenario.
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Figure 7. Hub inertial states for the rotational rigid deployment scenario.
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(a) Array 1 element angles.
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(b) Array 2 element angles.
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(c) Array 1 element angle rates.

0 10 20 30 40 50
Time (min)

0.30

0.25

0.20

0.15

0.10

0.05

0.00

(d
eg

/s
)

1

2

3

4

5

6

7

8

9

10

(d) Array 2 element angle rates.

Figure 8. Profiled array element rotational states for the rotational lanyard deployment scenario.
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Figure 9. Hub inertial states for the rotational lanyard deployment scenario.
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seen to translate away from the hub with positive displacements while the array rotational motion
remains fixed. The array elements remain fixed to the hub until they sequentially begin deploying
to their final positions in intervals of the element length L. Array 1 element 5 does not translate
during the main deployment phase. Viewing Figs. 10(b) and 10(d), array 2 is seen to deploy with
symmetric behavior only after array 1 completes its deployment.

The hub inertial angular velocity is presented in Fig. 11(a). The hub rate about the b̂2 axis is seen
to vary with a maximum value occurring after array 1 completes the initial deployment phase. The
hub rates about the b̂1 and b̂3 axes are seen to remain near zero throughout the entire deployment.
During the main deployment phases, the b̂2 angular velocity component is seen to jump consistently
during the acceleration ramp segments for each element. This behavior is expected, as the hub must
respond to conserve the spacecraft angular momentum. The conservation of angular momentum is
evident from the hub returning to a resting state at the end of the deployment scenario. Considering
Fig. 11(c), the hub inertial position is seen to shift appropriately during each phase of deployment.
During the deployment of array 1 along the hub +X axis, the hub is seen to move along the inertial
-X direction. During the deployment of array 2 along the hub -X axis, the hub is seen to shift along
the inertial +X direction. During the initial deployment phase for each array, the hub position is also
seen to shift along the inertial -Z direction which is a result of the array rotational motion in the hub
X-Z plane.

Telescoping Lanyard Deployment

Figs. (12) and (13) display the simulation results for the telescoping lanyard deployment scenario.
Figure (12) presents the scalar element displacements and rotation angles for both arrays relative to
the hub while Fig. (13) presents the resulting hub dynamics due to the deployment. Identical to the
telescoping rigid deployment scenario, Figs. 12(a) and 12(b) show array 1 rotating -90 degrees dur-
ing the initial deployment phase while all elements remain fixed to the hub with zero displacement.
After the initial rotation, the array elements begin to translate away from the hub simultaneously as
compared to the rigid scenario. The elements are seen to lock into their final deployed locations at
the same instant in this scenario. Array 1 element 1 does not translate during the main deployment
phase. Viewing Figs. 12(b) and 12(d), array 2 is seen to deploy with symmetric behavior only after
array 1 completes its deployment.

The hub motion displayed in Fig. (13) is seen to closely match the results seen in the telescoping
rigid deployment. The hub attitude and inertial position results in Figs. 13(b) and 13(c) are nearly
identical to the results in Figs. 11(b) and 11(c). Considering Fig. 13(a), it is interesting to see that
the hub rate is much smoother throughout the entire deployment than seen in Fig. 11(a). The hub
behavior during the initial deployment of array 1 is identical between these two scenarios; however
for the lanyard deployment all array elements are given an acceleration at the start of the main
deployment phase. This results in a larger change in the hub rate at a simulation time of 5 minutes
compared to the rigid scenario. The smooth hub motion during the main lanyard deployment phase
is due to all array elements moving at constant rates throughout most of this phase.

Hub Body Rate Comparison Across Scenarios

The inertial angular velocity of the spacecraft hub is a key state used for verifying that mission
requirements are met across the lifespan of a mission. A rate limit is often chosen that must not be
exceeded by the craft or the onboard fault protection system will be triggered. If the spacecraft is
directed to go into a safe state configuration until the rate is reduced, any number of the mission
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Figure 10. Profiled array element states for the telescoping rigid deployment scenario.
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Figure 11. Hub inertial states for the telescoping rigid deployment scenario.
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Figure 12. Profiled array element states for the telescoping lanyard deployment scenario.
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Figure 13. Hub inertial states for the telescoping lanyard deployment scenario.
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science objectives may be compromised. For this reason, it is of interest to compare the inertial hub
angular velocity across the different deployment scenarios. To do so, the magnitude of the hub rate
is plotted for each deployment scenario in Fig. (14).

Viewing Fig. (14), it is clear that the hub rate does not exceed 0.1 degrees per second for all
deployment scenarios. This upper bound is well below nominal hub rate limits of 2 degrees. As
expected, the rigid and lanyard deployment results for each scenario begin to noticeably diverge
after the initial deployment phase for array 1 where the hub rates are identical. While the lanyard
deployments have much smoother impacts on the hub rate, the rigid deployments cause the hub
rate to spike during the acceleration phases for each array element. It is interesting to see that
neither the rigid or lanyard deployments have an overall larger impact on the hub rate for both
deployment scenarios. For the rotational scenario, the hub rate transitions about halfway through
the main deployment phase for each array from being larger in the rigid deployment to being larger
in the lanyard deployment. The converse is true when examining the hub rate for the telescoping
deployment scenarios.
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Figure 14. Spacecraft hub body rate magnitude for each deployment scenario.

CONCLUSION

The ability to extensively simulate complex space vehicles before mission launch is crucial for
mission success. With the growing complexity of appendages attached to the central spacecraft
hub such as deploying articulable solar arrays and multi-link robotic manipulator arms, accurately
modeling the dynamics of these complex structures and analyzing their impact on the spacecraft hub
dynamics becomes increasingly more valuable to ensure confidence and reliability in the selected
spacecraft design.

This paper introduces a method to simulate a variety of solar array deployment scenarios utiliz-
ing the Basilisk astrodynamics simulation software framework. By considering each solar array as
a collection of N connected rigid elements, the previously developed prescribed motion dynamics
module is used to simulate the dynamics of each element acting on the spacecraft hub. N instances
of both the translational and rotational kinematic profiler modules are enhanced to profile the kine-
matic states of each array element relative to the spacecraft hub. The dynamical impact of several
array deployment configurations on the spacecraft hub is shown and compared for each deploy-
ment scenario. The development of these general software tools enables a more accessible, rapid
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approach to simulating and analyzing complex time-varying spacecraft geometries.
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