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decompose and order assembly activities and an efficient trgectory planner to study the
activities and determine how they can be physicadly accomplished. Task schedulers
search through possble combinaions of abdract “assemble-part-x” tasks, relying upon
the path planner to compute a valid and efficient trgectory that completes the task and to
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requirements. This paper presents a path planner for robotic assembly of a truss structure
composed of interchangeable beams and hubs to which beams can be attached. Because
initid teging will be peformed in a neutrd buoyancy environment, the dynamics are

based on underwater motion. A free-flying robot and the structura dements it caries to



asembly Stes are modded as smple shapes (eg., spheres, cylinders) with known inertia
and drag properties. Each path is optimized over a cogt function that currently includes
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trgjectories and costs.
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NOMENCLATURE

a = trandational acceleration vector, [ay ay a;
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J = cogt of efficiently completing atask
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Chapter 1. Introduction

Autonomous space condruction is required for large-scde projects, and sgnificant progress must
be made in the fidd of robotics before it can become a cod-effective redity. Advances in
gmulation and planning should teke place in conjunction with technologica advances and
growing commercid interests. A smple firs approximation of object and vehicle movement can
be ataned in computer Smulations, but red-world testing is aso important, and neutrd
buoyancy tedting is a rdatively easy way of experimenting with the same three-dimendond, Sx
degree-of-freedom (DOF) motion available in a space environment. Mot discrete path planners
and real-time task schedulers do not take into account the amount of time or fuel that the motion
of a vehicle ‘spends carrying out its tasks, and are optimized instead to identify the shortest
obstacle-free path. The solutions found by these dgorithms are therefore not truly optimized in a
rea-world sense, snce fud is in short supply on any spacecraft (once it is used it is gone
currently there are no viable spacecraft refuding technologies) and is a driving factor in the
lifetime of the vehide The time to completion of a tak can dso be criticd in collison
avoidance and sation upkeep. The inefficient completion of a large number of tasks would waste
vauable time and fud resources. The cost function weights used dso have a sgnificant impact
on the outcome of the optima solution.

This paper presents a smple mode for robotic structurd assembly and uses a rule-based
trgectory planner to determine the execution of these tasks underwater. This work provides a
foundation for the devdopment of more complex path planners that guarantee obdtacle
avoidance while optimizing over time and fud vaying reddive weghting factors Frd, a

description of the problem and the assumptions made are provided, dong with a review of the



equations of motion and dynamics governing the vehicle and objects modded in this paper.
Then, the trgectory generation dgorithm is presented, followed by a case sudy, find

conclusions, and a discussion of future work.



Chapter 2: Problem Description

2.1 Overview

Condder a task scheduler that uses Hierarchicd Task Network planning and ordered task
decomposition, such as the SHOP2 planner [1]. Such an dgorithm can be used to solve
generdized scenarios with multiple interchangesble parts and order assembly tasks. Given
interchangeable parts A and B, pat A can be connected to the first section and part B to the
second section, or vice-versa, 0 severa combinations may be found as workable solutions.
However, this does open up the problem of deciding which schedule to use over the others. To
find an optima solution, an andyss of the codts of each assembly task must be made. This
typicaly requires a cost function with weights associated with the “priority” of particdar
physca factors in conjunction with a dynamic trgectory planner that keeps track of the
movement of the vehidle and the cogts incurred (in terms of fud, time, eic), to give a numerica

vaue J that can be used to determine the relative cost of each assembly task. Generdly,

J:é.WXXi

2.1
- Wt + W @D

where X; are normaized cogt terms. The agorithms used to determine and keep track of the
dynamic date should be smple, however, to keep the runtime of the path planner short:
lengthening the runtime of the path planner would exponentialy increase the runtime of the task
scheduler that cdls it. Figure 2.1 shows the modules required for a complete task scheduling /

trgectory planning system, illustrating how the trgjectory planner fitsinto the overdl system.
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Figure 2.1 Autonomous Structura Assembly Planning Architecture

2.2 Problem Statement

For a given task scheduler that requires a genera measure J of the cost of efficiently completing
a tak, the god is to implement a trgectory planner that congructs feasble and efficient
continuous-time  trgjectories and assesses their cost. For this work, the EASE (Experimentd
Assembly of Structures in EVA) dructure is assembled using the SCAMP SSV  (Supplementa
Cameaa And Manewvering Plaform Space Simulation Vehicle) free-flying neutrd buoyancy
robot [2,3]. The trgectory planner computes an efficient route based on time and fud
consumption. Each condruction task involves two sub-tasks an “SSV travel to beam” event, and
an “SSV fly beam to hub” event. Figure 2.2 shows the vehicle and objects, and Fig. 2.3 describes

the generd movement of the objects during the construction task.
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Figure 2.3 Initid State, SSV-> Beam, SSV-Beam—> Hub

A task gpace congds of an inerttid frame of reference that encompasses one vehicle, one
beam, and one hub, with no other obstacles impinging upon this space. In order to smplify the
equations of motion, a constant Fuax, maximum thruster output, is gpplied for trandationd
motion, and a corresponding maximum moment limit is applied for rotationd motion.
Trandationd and rotationa motion is decoupled to further smplify the equations of motion (the
more complex Magnus-Robins effect — the lift creasted by the rotation of a cylinder or sphere —is
not used to the planner's advantage) [4]. Fud/power consumption is measured by the integration

of al thruster forces over time. Tota time dapsed, tiotal, IS

towm = ts e (2.2)

total

where ts is the time it takes SSV to move to the beam, and tsg is the time it takes SSV to move

the beam to the hub.

2.2.1 Assumptions
Object sates are precisaly known and do not change during the computation).
Vibrations are negligible.

The objects and the vehicle areinitidly at rest.



The beam, hub, and SCAMP SSV vehicle have uniform mass didributions and are neutrdly
buoyant in trandation and rotation.

Laminar flow is assumed (which leads to linear drag equations), and dl wake flow is
negligible.

SCAMP SSV can be modeled as a perfect sphere; beams can be modeled as cylindrical tubes.

The beam experiences drag dong its longitudind axis, but not over or dong the circular
Cross-section ends.

The identical propdler-driven thrusters on SCAMP SSV indantaneoudy ddiver commanded
thrust loads.

SCAMP SSV has a dngle magica contact point that when digned properly attaches the
vehiclerigidly to a beam; smilarly, abeam can be atached to a hub once aigned.

Docking (SSV to beam or beam to hub) occurs without force gpplication to the target.



Chapter 3. Trgectory Planner | mplementation

3.1 General Implementation Procedure

A trgectory planner has been implemented for determining EASE beam transport paths with
SCAMP SSV. The procedure to assemble each dructurd eement consists of two main seps.
SSV travels to the beam, and the SSV-beam pair travels to the hub. The trgectory planner (and
built-in cogt function) is input data detalling the initid date (trandation and rotation) of SSV, the
beam (with one end specified as the candidate for mating), and the hub (with one beam contact
point specified as the mating port). It is assumed that the objects and the vehicle are initidly at
rest. A dscrete set of valid SSV-beam mating points is identified (see Fig. 3.1), and then the path
planner searches over each of these contact points over the full transport path to find the

minimum-cost solution.

Figure 3.1 Beam coordinate systems and points



During a full trangport path, the vehicle flies to the beam and mates to it, then the vehicle-
beam par moves to the hub contact point. Time and fud consumption are tdlied over dl
trgectory segments, and the SSV-beam contact point and thrust scenario with minimum tota
cost is sedected as the solution. The totd minimum cogt J, dong with the find date data, is then

output to the task scheduler.

3.2 Data I nput

The date data given to the cost function includes the coordinate system at the center of mass of
each object — vehicle, beam, hub — and contact point(s) on each object that correspond to the
location of the physical connection between the two mated objects. Coordinate systems are
defined by a vector that gives the trandational offset of the origin of the sysem and a rotation
matrix that describes the orientation of the system reaive to an inertid frame Speontaces ON
SCAMP SSV can rigidly attach to any point on the beam and is defined as a point a digtance Rs
from the center of the vehidle dong the locd vehide x-axis (see Fig. 3.2). Ppeontacts 0N the beam
corresponds to one of the two endpoints that attaches to the hub (see Fig. 3.1), while one of the
three contact points on the hub Mpeontactrs S that point (see Fig. 3.5). The rotation of the beam
about its longitudind axis does not matter in terms of ataching the beam to the hub, so the x’-y’
axes of the contact point system are not daticaly defined — only the x’-y plane is defined. A

gmilar algument is true for the vehicle about its contact point when attaching to the beam.

3.3 Section of Beam Mating Points

The mating point for the vehicle to attach to the beam can be found andyticdly for the firgt hdf
of the SSV-to-beam trgectory. However, because the drag characteristics can change

ggnificantly depending on where the vehicle ataches itsdf to the beam, and because the



orientation of the vehicle determines the type of movement and thrust required to move the pair,
there is no smple anayticd method for determining the best place for the vehicle to atach itsdf
to the beam for the entire assembly process. The beam is divided into sections, with one ‘ring’ of
points per section. In the initid testing, three rings were searched — one at each end around
BPcontacts and one in the middle around Ppcyve, the center of mass point of the beam — to obtain
three points Spattachs & Which Speontacts May attach. An additional point could be added to the end
without the contact point, since the object being moved is known to be a single beam unattached
to any other Sructure, but because the current planner has no object avoidance code this is not
implemented. In order to test both cases (attaching each of the open ends to the hub), the cost
function is run twice, once with the firg contact point, and again with the second. To find the
inertial representation of each Spattachs, the locad points Ppeontacts,; are transformed into inertial

space:
' Peoncisi = Tout {0 0 Lg%/ 2]+ ey i =-1®@ 1 (1)

Technicaly, we don't want to find the closest points on the beam to SSV to which Speontacts
attaches — we want to find the trandationd motion, the closest points in SSV space SN where
'bems will be located after trandating, on a ring which is Re+Rs outward from 'peontacs;i. To find

the corresponding *Ns points for each 'peontactsi:

Ny =Ty X' Pows™  Peontactsi)
BNz,i :[BN Ble,i Q]

N, =®N,, XR; + Ry)

® Peontactai = Tine X' Poontacs = Pows)
°Nyi =[°Naw  °Nay ° Poorraceei]

SNs,i =T as X((Tgn < N4,i)+l Pewie)- IpCMS)

1x,i

(3.2)



Once the >Ns; points have been found, the rest of the assembly process is repeated for each

attach point case.

Figure 3.2 SCAMP SSV thruster force directions, coordinate systems, and points

3.4 SCAMP SSV Movement

The vehicle trgectory planner solves decoupled equaions of motion by firg trandaing then
rotating the vehicle. Computation of the optima coupled 6-DOF motion is left for future work.
Implementing trandation SN before rotation does not have any effect on drag, since SSV is
being modded as a pefect sphere and will have the same drag regardless of the direction in
which it moves. Trandation dters the SSV center-of-mass position 'pews by *Ns. The vehidle
then rotates so that the Speontacts point is perpendicular to the surface of the beam.

To find the axis about which SSV rotates, and the angle that it rotates through, we follow:

S _ | |
Peontactiires = TI rS >< Peontacts™ pCMS)
S Avie— SA s Sa
axIs= pcontactS pcontactl ieS (33)

S — -17SA SA
angle =Cos ( pcontactS' pcontactlires)

10



For SCAMP SSV done, the vehicle dynamics are rather smple, and because we assume that
the thrusers will nomindly operate & maximum thrust, the veocity of the vehide can be
characterized by ether: an gpproximady congant-dope ramp up to termind velocity, a drift or
maximum decderation ramp to dsop, and a levd termind velocity joining segment. While the
vehicle ramps up to and mantains termind velocity, it is assumed that the thrusters are supplying
maximum thrust. However, when the vehicle dows down it can do so in two ways it can ether
turn on the thrusters full reverse or it can let drag do dl the work to dow it to a hdt (see Figs.

3.3, 3.4).

\

Figure 3.3 Veocity ramps with thrusters dways full on

Figure 3.4 VVdocity ramps with thrusters full on until the end

Once these velocity ramps are determined, the solution is Straghtforward. For the rotationd
motion case, dl one has to do is look a the angles the vehicle moves through during each ramp —
if the tota angle necessary is equa to or greater than the addition of the ramp up and each ramp
down, then the extra angle segment necessary can be acquired by ‘congant holding' the vehicle
a termind velocity as long as necessary. If the totd angle necessary is less than the addition of

the two ramps, then a ramp-fitting exercise occurs, until a case is found where both the ramp up

11



finish and ramp down dat have matching speeds and the total angle of the combined ramp
movements equals the total angle necessary. The method used to find these ramps comes from
forward iterations of the SSV dynamic equations shown in Egs. (3.4). The equations of motion

are derived from kinematics and an SSV document [3].

At =18 =FxR- Cy*w?

® a; = (Fya 2R - Cyus* W)/ I
W =W, +a; XDt

Oy =0y +W, Dt + 0.5, Dt

(3.4)

For the accderation ramp, the initid velocities are zero. For the maximum-thrust decelerating
ramp, the initid condition for ? is the find condition from the accderation ramp, Fuax*2*Rs is
negative, and the iteration continues until ?; = 0. For the drag-only decderation ramp, the initid
condition for ? is the find condition from the full-on ramp up movement (the others are zeroed),
Fuax* 2* Rs isremoved, and thewhile loop isrun until ?; = 0.

A gmilar exercise occurs for the trandationd moation; al that is required are a few smple
subdtitutions, and one solves for the trandationa motions of the vector ingead. Egs. (3.5)

describe the accel eration segment.

QF=mga=F-C,*v

® & = (Fyax 2 Cys*Viy)/ Mg
Vi =V a0t

d; =d., +v., XDt +0.59 DO’

(359

Once this is accomplished, the times are known, the forces exerted during trandation are
directly known, and the moments exerted during rotation are known and the forces fal out of

those easily as wdl. From the forces and the amount of time the thrusters are on, the fud



consumption can be found for each force u; in Newtons exerted for a known period of time t; in

seconds from Eq. (2.1).

3.5 Determination of Destination Points on Hub

The hub is modded as an inetid-frame-fixed object, and therefore the specifics of its mass,
inertia, etc. need not be defined. Figure 3.5 shows just such a generd dtructure. There are three
possible mating points on each hub, the choice of which is specified by the task scheduler as the
find beam/hub date. The coordinate system of the contact point has the Z-axis running from the
center of mass through the contact point, and the x’-y' plane is perpendicular to that; the x'-y’
plane does not need to be drictly defined, because the beam x’-y' plane of its contact point dso
does not need to be strictly defined. The "peontact points are dl fixed rdaive to 'pewn: dl 7 -axes
are bent down 30° from the z-axis; the projection of the first Hpeontact point falls on the x-axis,

and al Mpeontactt points are 120° offset from each other in the x-y plane; and the distance from

I

p:ontact

%h Hpc()ntactH tO IpCMH |S 0381 m (15 |n)

>£th

Figure 3.5 Hub coordinate systems and points
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3.6 Combined SCAMP SSV-Beam Movement

Because thrust is not applied symmetricaly about the center of mass of the combined SSV-beam
object, the inertia matrix is not draightforward and the forces are not evenly didributed. This
makes it difficult to decouple trandationd and rotational motion, so some broad redtrictions are
made.

The SSV-beam path planner solves the equations of motion by firgt rotating then trandating
the par, and it finds the angle and axis in a Smilar way as before. It should be noted that,
whereas before the ramps were the same for every run, these ramps change depending on each
new placement of the vehicle dong the beam, and must be resolved again every time. It should
aso be noted that this may put the beam in a high drag configuration and tha the coefficients of
trandationd and rotationd drag for the cylinder will change depending on which 'Peontacts;i iS
being solved.

Fird, the equations need to be smplified as much as possble. If the motion is taken about the
principd axes of inertia (the origin is a the center of mass, and the orientation of the sysem &
determined by solving an egenvdue problem), then the inertia matrix becomes diagondized
agan [5,6]. Setting the goplied moments equa to an upper limit leaves three fewer variables to
solve (though it does make the solution less optimized). Using the first equation from Egs. (3.4)

and adynamicstext ([6]) gives

é. Mx = Ix>ax_ (Iy_ Iz)WyWZZMMM_ (deS+deB)*W

o

2
é My =108, - (1, - 1), W, =M,y - (CdNS+CdWB)*W32/ (3:6)
a Mz :Iz>az_ (Ix_ Iy)x,vxx,\ly :MMAX_ (des-I-CdWB)*Wz2

14



To amplify further, the rotationd motion can be solved by finding the moment of inerttia

about an arbitrary axis, lcmaxis, 8 before, rather than in x-y-z components:
| omasis = Lo XUs 1, U5 + 1,507 - 24, xu, U - 26, U, 3, - 29, 0U, U, (3.7)

with u = [ux uy ug] as the unit vector adong the axis of rotation (see Fig. 3.6); this leaves one

equation with one unknown to be solved iteratively, after the congtant value Max is applied [6].

xis of rotation

Figure 3.6 Axis and angle of rotation
Combining Egs. (3.6) and (3.7) gives.

é M =1 cyais @ =M yax - (Chus +deB)*W2
® a; = (Myax - (Cys +deB)*W51)/ICMaxis (3.8)

w; =w; , +a; Ot
Oy =0y +W, Dt +0.55, XDt
Once the ramps are computed and Myax has been converted to the SSV coordinate frame (M

= [Mx My M is given), the moments must be solved to find the forces each thruster exerts for

pure rotation only (the smplifications are due to the thruster force vectors, see Fig. 3.2):

15



o) , , . , . ,
AM=r u+r U+ U+, Ut Ut Ug
M, =0+0- 13Xy +1,, XU, +1,5XUs - T XUy

(3.9)
My_rz1>u1' r22>¢u2+0+0- N 2Us = g XUg

Mz :-ryl>U1+ry2>U2+rx3>U3- rx4>U4+0+0

where ri = [ry Iyi I'4] is the vector from the center of mass of the object combination to thruster u;.

In order to have pure rotation only, the forces must balance:

u+u, =0
u,+u, =0 (3.10)
u,+u, =0

then the equations can be solved symboalicaly and entered directly into the main code.

To find the trandaiona motion, Egs. (3.9) are smplified by:

M,=M, =M, =0

U Jlu, = Fyax (3.11)
Us [, = Fyax
Us || Us = Fyax

where the force vector closest to the center of mass of the SSV-beam pair is the one equa to
Fmax. From these, symbolic solutions for the forces can be entered directly into the main code.
Once these quantities are known, and the trandational component necessary is found and

trandated to the SSV frame, the following equations are iteratively solved:

& F=(m +my)>a=F - (Cys+Cyp)*V

® a = (utu, - (Cys +Chg)*Viy) /(Mg +my)
v, =V, +a X0t

d; =d., +v., XDt +0.59 >Dt’

(3.12)

16



3.7 Weighting and Final Result

Each time and fud consumption pair is utilized by the following cost function derived from EQ.
(2-1). This function uses simple weighing factors W, to determine the tradeoff between fud and

time.

‘J = Vvl >4:total +W2 U (313)

total

where W is the time weighting factor, and W is the fud/power weighting factor.

Whenever a new vaue of J is lower than the previous stored vaue, the new data overwrites
the old. This continues until dl solved-for time-fud consumption pairs have been compared. The
lowest J vdue, the time and fud consumptions, the find orientation of the vehicle, and numbers
detalling which path was executed in the path planner to give this result are then output to the

task scheduler.

17



Chapter 4. Case Study

The above trgectory planning dgorithm has been implemented in C++. The specific numerica

vaues used in the implemented code are lisgted in Table 4-1, Table 4-2, and Table 4-3.

Mass (kg) | Inetia(kg*nt) | Radius(m) | Length(m) | Cg- Cav
(N*m/(rad/s)®) | (kg/s)
SSV | 76.2 2.7 0.3025 na 2.2 413.685
Beam | 11.3636 | 0.0124, 0.0083 | 0.0606 3.048 changes changes
Hub | nfa na 0.1905 0.3810 na na

Note: the beam is modeled as a cylinder with thickness 0.0063 m.
Table 4-1 Physicd Characterigtics of Objects

Ip(:ontact,l (m) Ipcontact,z (m) Ipcontact,S (m)
SSV [ [0.3025,0,0]
Beam | [0,0,-1.524] [0,0,1524]
Hub | [0.1905,0,0.33] | [-0.0953,0.165,0.33] | [-0.0953,-0.165, 0.33]
Table 4-2 Fixed Loca Points on Objects, Loca Coordinate Systems

Full-On Ramp Up Full-On Ramp Down | Drag-Only Ramp Down
Distance (m) 0.0204 0.0015 0.0047
Time, distance () 0.8800 0.1200 0.5700
Angle (rad) 4.3124 0.4169 5.9203
Time angle () 4.0200 0.7400 121.6300

Table 4-3 Congtants Found from Matlab Code for SSV Ramp Movement
Usng the C++ dgorithms, one case was run in Malab adong with back-of-the-envelope
cdculations to test each pat of the dgorithm for the full-powered ramps, and the waypoints and
results are liged in Tables 4-4 through 4-7 below. The current dgorithm does not have any
object avoidance built into the functions, s0 these movements in some cases would have
skewered the vehicle on the beam; however, we are only interested in generd movement and
implementation a the moment, o0 this is negligible for now. In the Matlab run, only the full-

powered ramp cases were solved for; dso, the time and fud consumption during the solo
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trandationa motion of SSV was neglected, since the ramps give the same cogs for time and fue

—the only reevant portion of the movement is over the time the vehicle is a termind velocity.

Initid trandation (M) Initia rotation 'Deontact, iN inertia
SSv [ [0,0,0] [-1,0,0] [-1,0,0]

[0,-1,0]
[0,0,1]
Beam | [5,0, 0] [0,0,1] [3.476,5, Q]
[0,1,0]
[-1,0,0]
Hub |[6.524,5, (] [0,-1,0 [6.524,5, Q]
(z-axisof 'Peontact)
Table 4-4 Test Scenario for Algorithm — Inputs

Figure 4.1 Test Scenario Initid Configuration

For this test case, SSV darted at the inertid space origin, rotated 180° in the x-y plane from
the inertid gpace coordinate axis. The length of the beam was lad out dong the x-axis in the
inetid frame the center of mass was 5 meters away from the origin of the inertid frame. The
hub dignment axis was pardld to the y-axis in the inertid frame and pointing towards the end of
the beam without the atach point (see Fig. 4.1). Detaled diagrams of the movement are

availablein Appendix A. For each 'peontacts;i point, the movement was solved in this manner:
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'"Nssv, the new location of the center of mass of SSV, 'pCMS, was found. (In this case, the point

was offset a distance (Rst+Rs) from the x-axis parald to the y-axisin the inertid frame.)

The axis of rotation and angle about which it would need to rotate, were found. (In this case,

the axis of rotation wasthe z-axis of SSV, and the angle rotated through was 90°.)

The movements of SSV (trandationd, rotationa) were solved for (andyticdly, iteratively).

The thrust characteristics and time of completion were saved.

! PcontactB,1 ! PcontactB,2 ! PcontactB,3
Trandation to Beam, 'Ng [6.524 ,-0.3025, 0] | [5,-0.3025,0] | [3.476,-0.3025, O]
Rotation to Beam, angle, 1.5708 1.5708 1.5708
inradians
Axis of rotation to Beam, 'axis [0,0,-1] [0,0,-1] [0,0,-1]
Time of trandation, x-direction, | 225.1518 172.6138 120.0758
in seconds
Fud of trandation, x-direction, | 12 12 12
in Newtons
Time of trandation, y-direction, | 10.6733 10.6733 10.6733
in seconds
Fud of trandation, y-direction, | 12 12 12
in Newtons
Time of rotation, in seconds 2.1000 2.1000 2.1000
Fud of rotation, in Newtons 12 12 12

Table 4-5 Test Scenario for Algorithm — SSV Movement

The center of mass, axis of rotation, and moment of inertia of the SSV-beam pair were found.
(In this case, the axis of rotation was pardld to the z-axis of SSV, the y-axis of the beam, and
the z-axisin the inertid frame)

The angle that the SSV-beam pair needs to rotate through was found. (In this case, the angle
rotated through was 90°.)

The new location of the beam attach point, 'peontacis, after such a rotation was found, and the
trandational distance through which it would have to move was found. (In this case

trandation occursin the x-y SSV plane only.)
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The movements of the SSV-beam pair (rotationd, trandationd) were solved for (iteratively).

The thrust characteristics and time of completion were saved.

! PcontactB,1 ! PcontactB,2 I PcontactB,3
' DcMpair [6.3262 ,-0.2632,0] | [5,-0.2632, 0] [3.6738, -0.2632, O]
Rotation to Hub, angle, 1.5708 1.5708 1.5708
inradians
Axis of rotation to Hub, | [0, 0, 1] [0,0,1]] [0,0,1]

laxis

Trandation to Hub, 'Npair

[-0.0654 , 2.4130 , O]

[1.2608 , 3.7400, O]

[2.5870 , 5.0654 , O]

Time of rotation, 6.7600 2.6100 6.7600
in seconds

Fud of rotation, 12 12 12

in Newtons

Time of trandation, 0.0300 36.6300 82.3500
x-direction, in seconds

Fud of trandation, 12 12 12
x-direction, in Newtons

Time of trandation, 85.9600 137.6500 189.2800
y-direction, in seconds

Fud of trandation, 10.62 10.62 10.62

y-direction, in Newtons

Table 4-6 Test Scenario for Algorithm — SSV-Beam Pair Movement

The find numbers were combined and tabulated; see Table 4-7.

! PcontactB,1 ! PcontactB, 2 ! PcontactB,3
Time of trandation, SSV, in seconds 225.1518 172.6138 120.0758
Fud of trandation, SSV, in Newton | 2.8299e+003 | 2.1995e+003 | 1.5690e+003
seconds
Time of rotation, SSV, in seconds 2.1000 2.1000 2.1000
Fud of rotation, SSV, in Newton | 25.2000 25.2000 25.2000
seconds
Time of rotation, pair, in seconds 6.7600 2.6100 6.7600
Fud of rotaion, par, in Newton | 81.1200 31.3200 81.1200
seconds
Time of trandation, pair, in seconds 85.9600 137.6500 189.2800
Fud of trandation, par, in Newtorn+ | 913.2552 1.9014e+003 | 2.9984e+003
seconds
Totd time, in seconds 319.9718 314.9738 318.2158
Totd fud, in Newton-seconds 3.8495e+003 | 4.1574e+003 | 4.6737e+003

Table 4-7 Test Scenario for Algorithm — Total Cost
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From the data, it looks as though the open point on the beam, farthest from the origin of the
inatid frame, is the optimum point to atach to and move from if fud use drives the cost
function; if time drives the cost function, the center of the beam looks to be the best choice — it
was somewha of a intuitive toss-up between that point and the point a the beam’s center of
mass, Snce rotating about the center of mass caused less drag, but the extra distance and

suboptima drag characterigtics of its trandationa movement more than used up those savings.



Chapter 5: Conclusions

This paper describes an architecture for determining an assembly procedure for autonomous
goace or underwater dructurd assembly, focusng on the problem of solving individud assembly
task trgectories and their associated costs. These assembly task trgectories are split into two
main subdivisons of movement: vehide to object, and vehicle-object pair to destination. Each of
these movements is decoupled so that the trandationd and rotationa motion occur separately, to
avoid complex dynamics. The specific dgorithms for each movement are presented; these are
solved iteratively over severd waypoints and differing magnitudes of thrus. A cogt function is
aso presented that uses the thrust characteristics and time to completion to compute a total cost J
that is useful to a task scheduler. This particular trgectory planner and cogt function is an
implementation to solve a very condrained case. However, the smpler cases have been tested
and do seem to be reasonable, as the case study section shows.

Future additions and refinements to this planner after the basics have finished being
implemented and tested could include other types of combined SSV-beam movement (trandation
then rotation; rotation to minimum drag configuration, trandation, then find rotation to correct
orientation), object avoidance, velocity caps, atention to the wadls of the tank, and coupled
motion. Better weighting factors, and ther refinement to determine which combinations give
more desrable outcomes, is aso another mprovement that should occur down the road prior to
implementation, or possbly in conjunction with neutral buoyancy tesing. More complex
dynamics problems associated with this type of congruction scenario — movement of partialy-
constructed assemblies to other locations, navigation of a SSV-beam par between objects,

vibrationd and nonrigid body motion — are quickly encountered when certain assumptions are
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relaxed. A generdized, further extended planner that can moded these sorts of movements would
be a short dep away from a find verson of a path planner that could be utilized in an actud

complex construction scenario.
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Appendix A: Case Study Movement Diagrams

|
pcontactB,3

| |
Nssv,1 PcontactB,2

|
PeontactB,1

A\

Figure A.1 SSV Trandational Movement

|
Peontacts 1

~

Figure A.2 SSV Rotationd Movement
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Figure A.3 SSV-Beam Rotationa Movement

|
pcontactB

\\

Figure A.4 SSV-Beam Trandationd Movement
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A

Figure A.5 SSV-Beam Find Location
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