ABSTRACT

DONOHUE, BRIGID KELLY. Modeling of the Multi-terrain Amphibious ARCtic explOrer (MAARCO)
Rover in an Underwater Environment using Dynamic Modeling and Computational Fluid
Dynamics Methods with Experimental Validation. (Under the direction of Dr. Andre Mazzoleni).

The Multi-terrain Amphibious ARCtic explOrer (MAARCO) rover is designed to to explore
arctic regions with the ability to traverse across arctic terrains and propel through water. The
MAARCO rover consists of an ellipsoid chassis and a propulsion system connected by links.
The propulsion system for the rover is two helical drives parallel to each other and made up of
hollow cylinder ballasts wrapped in auger or screw shaped blades in opposing helical directions.
This work presents methods to understanding the vehicle’s performance in the underwater
environment and simulate the motion of the rover. A dynamic model of the MAARCO rover is
created using Kane’s method considering the forces on the rover in a hydrodynamic environ-
ment. The forces acting on the underwater rover include drag, buoyancy, flow acceleration,
added mass, gravity, and control forces. The rover helical drives also generate a net thrust from
the helical drive blades, and a net buoyancy from the helical drive ballast system. The fluid
dynamic forces for helical drives are largely unknown and computational fluid dynamic meth-
ods provide methods to determine the helical drives behavior in an underwater environment.
The computational fluid dynamic simulations are performed in ANSYS Fluent to simulate
the drag of a helical drive using bluff body methods and simulate the thrust of a helical drive
using multi-reference frame modeling. The drag and thrust simulations are used to determine
general trends from different helical properties to optimize the vehicles abilities to navigate
underwater. Experimental testing was also performed to validate the behavior of a helical drive
actuating and producing thrust in the water. The results of the simulations provide insight into

the MAARCO rover behavior in the underwater environment.
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CHAPTER

1

INTRODUCTION

Arctic exploration is becoming increasingly important to understanding environmental and
ecological impacts from global warming in the Earth's polar regions. The harsh arctic terrain
presents adverse conditions to human exploration capabilities, and therefore encourages the
prospect of autonomous arctic vehicles. The ocean is among the least explored regions on Earth
and robotic vehicles can provide an approach to these otherwise inaccessible regions, and is
applicable on extraplanetary applications as well  [6]. Autonomous underwater vehicles (AUVs)
have been used in underwater arctic applications in the past. The jaguar and puma, explored
in Reference [6], consist of two hulls with ballast buoyancy and propellers to generate thrust.
Other AUVs with one hull and propeller have been investigated in arctic applications, such as
the Theseus [6]and SARA[7] AUVs. These AUVs are successful in navigating the underwater
environment and demonstrate technological abilities to perform underwater missions with
these vehicles but they are limited to underwater exploration and would require a terrestrial
counterpart for complete arctic exploration.

The Multi-terrain Amphibious ARCtic explOrer (MAARCO) is an amphibious rover designed
to traverse the arctic terrain and propel, both on the surface and submerged, through bod-
ies of water [8]. The MAARCO rover utilizes screw shaped propulsion devices, referred to as
helical drives, with both terrestrial and aquatic applications as demonstrated in Fig. 1.1. The
MAARCO rover operates with screw propulsion methods from two helical drives parallel to



each other with cylindrical shaped ballasts wrapped in screw shaped blades with opposing
helix directions. The helical drives have relatively simple mechanics to be used for amphibious
applications and provide additional adaptability in the arctic's nonuniform terrain compared

to other locomotion methods. The characteristics of the helical drives will dictate the rover's
performance.

Figure 1.1: The MAARCO Rover (a) traversing on land, (b) propelling underwater, (c) traversing
across ice sheets, (d) propelling across the surface of the water [1]

1.1 Background

Helical drives are designed with similar applications to Archimedean screws. Archimedean
screws are used to lift and transport water from a source invented by Archimedes and has
been used for centuries [2]. The water is collected between each blade wall to form a pocket
volume of water that travels along the spiral of the screw as the screw rotates. The amount of
uid carried in the cavities between blade walls is governed by the geometric properties of the
screw. The performance of the Archimedean screw is largely dependent on the inner cylinder
radius, outer overall radius, length of the screw, and pitch of the blades  [2]. Archimedean screw
theoretical background provides proof of concept for the use of helical drives for underwater
propulsion and a basic comprehension to be applied to the design of the helical drives. The
helical drive screw will guide water through the cavities along the blade spiral and generate
uid acceleration to produce thrust and propel the MAARCO rover.



Figure 1.2: Archimidean Screw [2]

Archimedean screws have been tested as propulsion devices for amphibious applications
[3]. In Reference [3] an amphibious rover is constructed and tested for shallow water, bog,
and sand. The screw propulsion devices and the experimental amphibious rover design are
featured in Fig. 1.3. The screw locomotion method was proven effective for water and different
terrains, apart from solid paved surfaces. The screw drives were found to perform well in loose

granular and semi- uid substrates  [3].

(a) Screw Drives (b) Rover Model

Figure 1.3: Amphibious Rover in Ref. [3]

Helical drives are made up of cylindrical shaped ballasts with screw shaped blades curled
around the ballast. The helical drives will perform comparatively to a propeller or thruster



underwater, which rotates to create a pressure difference and accelerate the uid. A propelleris
a rotating wing that generates lift as it rotates and then applies the lift in the direction of thrust
[9]. Propeller momentum theory approximates the propeller as an actuator disk to demonstrate
the pressure difference before and after the ow reaches the propeller and the corresponding
ow accelerationto generate thrust  [9]. Thrustis the change in momentum the ow experiences
across the propeller [10].

T= U,AUg Uy)

Where A is the propeller plane area,  isthe uid density, u, is the initial velocity, and u, isthe
exit velocity.

A helical drive resembles a propeller blade elongated along a spiral at a pitch angle the
length of a helical drive. The blades drive through the uid as the helical drive rotates and
creates a pressure difference with uid acceleration. The helical drive is characterized by the
length of the helical drive |, the ballast radius r, the blade height h, the pitch length p, and the
pitch angle as demonstrated in Fig. 1.4.

Figure 1.4: Helical Drive Dimensions

The pitch length on the helical drive is de ned as the axial length of one complete blade
revolution and can be calculated using the pitch angle, similarly to how a propeller pitch length
is calculated [11].

p=2 rtan

These geometric parameters will in uence the helical drive performance along with other
hydrodynamic factors and are evaluated to gain a comprehensive understanding of the helical
drive's underwater performance.



1.2 Motivation

The underwater performance of the MAARCO rover can be determined by building a dynamic
model to incorporate forces the rover will experience in the hydrodynamic environment. An
accurate model is necessary to understand the vehicle's performance in the underwater envi-
ronment and simulate the motion of the rover. The dynamic model considers the forces acting
on the rover system to evaluate the rovers behavior as it propels through water, and can later be
considered in the rover design parameters, controls strategies, and overall mission operation.
The underwater propulsion performance of the helical drives is largely unknown, and therefore
the dynamic model initially models the helical drives as cylindrical rods. Computational uid
dynamic methods provide the helical drive hydrodynamic effects in speci ¢ cases and reveal
trends to be applied in the dynamic model for more accurate model results. The computational
uid dynamic simulation results are compared against experimental testing. The experimental
testing provides additional validation for the helical drive hydrodynamic forces to support the
computational model. Experimental testing also provides additional understanding and visual-
ization of the helical drives performance underwater. The dynamic model, computational uid
dynamics simulations, and experimental validation present critical preliminary information of
the MAARCO rovers capabilities underwater to be expanded upon as the project develops.



CHAPTER

2

ROVER SYSTEM DYNAMIC MODELING

2.1 Introduction

A dynamic model of an underwater rover is necessary to provide an understanding of the
vehicle's performance in the underwater environment and simulate the motion of the rover. The
dynamic model is essential in evaluating the vehicle's performance under different conditions
and will provide information considered in the rover design parameters, controls strategies, and
overall mission operations. Underwater robotic vehicles (URV) have limited studies done on
them because of uncertainties with hydrodynamic forces  [12]. The model requirements of the
underwater robotic vehicle include a model based dynamic control system, the manipulator
and vehicle, and the dynamic system in an underwater environment  [12]. Reference[12] utilizes
Kane's method to ful Il the model requirements for the model shown below of a 6 degrees of
freedom URV with a 3 link manipulator underwater.



Figure 2.1: Robotic Arm System

A dynamic model of the MAARCO rover is created to provide an understanding of the
vehicle's performance in the underwater environment and simulate the motion of the rover
using Kane's method dynamic modeling. The dynamic model considers the rover system
model and the underwater environment interactions with the system. The model monitors the
generalized coordinates of the 6 degree-of-freedom rover with hydrodynamic forces acting on
the rover.

2.2 Kane's Method

Kane's Method is a dynamic modeling method used for calculating the equations of motion

for a system that uses generalized speeds, partial velocities, and partial angular velocities in
generalized active force and generalized inertia force equations to develop the equations of
motion [13]. The system is described in terms of q4,...q, generalized coordinates and qy,...q,
generalized velocities. Kane's method expresses the equations of motionin  uy,...u, generalized
speeds that are developed from the generalized velocities to create equations that describe the
vehicle’s motion and simplify the model  [13].

[ul=[Y]la] [Z]

The only requirements of the generalized speeds is that they are able to solve unique
expressions for the generalized velocities [13]. Therefore [Y ] must have an inverse, [W ], that
exists and can be used to calculate the generalized velocities.

[a]=[W ][u]+[Z][u]



These generalized speed equations result in 2r rst order differential equations, qy,...q;
and u4,...u,. As opposedto r second order differential equations, ¢, ...g;,, that would be found
in models using Newton-Euler and Lagrange methods. This results in simpli ed equations and
lower computational efforts.

The Kane's Method equationis F + F = 0 where the generalized active force, F, is

X _ D N _
— = O (o] B, (0]
F = (Fk o Yemyr T ~kemr I~ k)+ fT o ¥mr
k=1 I=1
And the generalized inertia force, F ,is
KR - - _
— o o i O _B O B, i O B (6] B
Fr = (mk &em=0 o Yemyr +((|cmk ~TR T IR (Icmk I~ k)) I~ k)
k=1

Xe _ _
(0] 0]
m| a-‘I'T“I|:() ovm|,r
I=1

Where r is the rt" generalized speed, N is the number of rigid bodies in a system, and B,
is the body frame of the k'" rigid body. For a rigid body, the velocities and angular velocities are

_ X

o) _ o) o
V“cmkzo_ (ov“cmk,r ur)+o V'cmk,t
r=1

X _
O!____Bk: (O!~er ur)+0!~tBk

r=1

where n is the number of general coordinates. v is the r t" partial velocity and ©!~ B«
oVemy,r r

is the r t" partial angular velocity. From inspection the partial velocities and partial angular
velocities can be calculated by

And where Np is the number of point masses, or particles, in a system with | particles in
the system. For a particle, the velocities is

_ X _
(0] — O o
V'm|=0_ (ov’m|,r ur)+ov'm|,t
r=1



where n is the number of general coordinates. gV“mI’r is the r t" partial velocity. From in-
spection the partial velocities are calculated by

_ @5

o)
ov'm|,r - @J V'm|:O
r

2.3 Rover Design

The rover is designed to traverse through the arctic terrain in substrates such as ice, mud, dirt,
and water. The structure of the rover contains a rover chassis and robotic arms to position
the helical drives, as well as controlled sliding masses located within the rover chassis. The
underwater dynamics of the helical drives is largely unknown and will be modeled as cylinders
in the current system. The helical drive blades provide thrust as the drives rotate and the hollow
cylinder ballast system adjusts the buoyancy of the rover as water is lled or drained. The
helical drive position adjusts the maneuver capabilities of the rover in varying conditions.
For example having the helical drives underneath the chassis to help traverse across terrain
or positioning them to the side parallel with the chassis to propel through water to reduce
involuntary pitching from the resulting torque of thrust acting beneath the rover chassis and
drag acting on the rover chassis. The rover system diagram is displayed in Fig. 2.2, where b is
the semi-major axis of the rover chassis and a is the semi-minor axis of the rover chassis.

(a) Front View (b) Side View

Figure 2.2: Rover Design



2.3.1 Rover System Coordinates

The rover body connects to the links supporting the helical drive propulsion system. The rover
body, links, and helical drives each have a body frame attached to the body that rotates with the
body, as displayed in Fig. 2.3 and Fig. 2.4. The body frames are relative to the inertial reference
frame of the system, assumed to be Earth. The body frame of the rover chassis R, is located at
the rover chassis center of mass R.

R =R, %, [z, Kag

The arms are represented in 4 links ( L4,L3, L4, Lg) and the helical drives are modeled as
cylinders (L,,Ls). These are the rigid bodies of the system with body frames Ly, L, L3, Ly, Ls,
and I__6 located at the bodies center of mass L4, L,, L3, Ly, Ls, and Lg.

(a) A-B Side View (b) C-D Side View

Figure 2.3: Rover Side View Body Frame System

The link and helical drive body frames are

L, =Ly, 115, 5. R0
L, = fLy, 15, J15.Ki50
Ls=fls, i, 15 Rz
L= fla 0t i K0
Ls=fLs, i, 12, Rz
Le=fle, it 5. Kz
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The inertial reference frame O is attached to Earth and is

E fO,15,76,Ko0
The links are connected to hinges A, B, C,and D atthe major axis poles of the ellipsoid
which allow rotation in the link body  j°K plane, as shown in Fig. 2.3 and Fig. 2.4.

(a) Front View (b) Back View

Figure 2.4: Rover Front and Back View Body Frame System

The arm links and helical drive drive system rotate anangle 5, g, c,and p aboutthe
hinges A,B,C,andD. ,and g are assumed to be equal, because the arms are all connected
to each other with no change in position relative to each link unless there is a structural failure.

c and  are assumed to be equal, because the arms are all connected to each other with no
change in position relative to each link unless there is a structural failure. The hinge reference

frames are

A=fA, T, [a Rag
B =B, s, [5.Ksg
C =fC,i¢, je.Reg
D =fD,i%, [5.K59
The dimensions of the links and helical drives are  |,=length of link 1, d, = diameter of link
1,d, = diameter of link 2, |; = length of the drive, d; = diameter of the drive, |, = length of link
4,d, = diameter of link 4, |5 = length oflink 5, and ds = diameter of link 5, |5 = length of link 6,

de = diameter of link 6. The frames and dimensions for each of the links are speci ed in the

gures below.
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Figure 2.5: Link 1 Diagram

Figure 2.6: Link 2 (Simpli ed Helical Drive) Diagram
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Figure 2.7: Link 3 Diagram

Figure 2.8: Link 4 Diagram

13



Figure 2.9: Link 5 (Simpli ed Helical Drive) Diagram

Figure 2.10: Link 6 Diagram

Where P,,, P,3, Pys, and Psg are the connection points between the bodies where the reaction
forces at the connections are estimated as point forces, located at the center of the connection.
The sliding masses inside of the rover chassis adjust the orientation of the rover body and allow
more pitch and roll control. The sliding masses are modeled as point masses that move within
the enclosed rover chassis in the rover body frame with an applied and known motion. The
x-direction point mass m, , will be able to move forward and backward inthe I direction. The
y-direction point mass m, , will be able to move side to side inthe jz direction.

14



Figure 2.11: Side View of Rover with Sliding Masses

Figure 2.12: Front View of Rover with Sliding Masses

2.3.2 Mass and Moment of Inertia

The mass of the sliding masses are m, , for the x-direction point mass and m, , for the y-
direction point mass. The masses of each of the links and helical drivesare  my, m,, ms, m,, ms,
mg. The moment of inertia for the links and simpli ed helical drives are modeled as thin rods.

The moment of inertia for the rover chassis is modeled as an ellipsoid. The mass of the rover
body is m,,, . The mass moment of inertia for each rigid body about the center of mass are

1 . o 1
emy = 1—2m1|12 s+ [0l + 1—2m1|12 KK
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. 1 . 1
em, = OIS, + Maly T+ 5mal; Rokg

- 1 o . 1

em, = 1—2m3|32 i+ 0+ 1—2m3|32 Rk
R R

lem, = 1_2m4|4 O+ 1—2m4|4 Rk,

~ ~

- o 1
ems = OIS+ omsls i+ 5Msls KRG

1 . . 1
eme = ToMels MM+ O+ 5Mels KRG

- } 2 2\ i~ E 2 bZ [ E 2 b2 kKsks
g = 5mrov(a +a%) Mrig+ 5mrov(a +b°) JrIr+ 5mr0v(a +b°) RgRg

2.4 Kinematics

The kinematic expressions of the rover describe the translational and rotational motion of the
rover system without respect to the forces [13]. The direction cosine matrices are de ned to
show the rotation between different frames in the system and can be used to calculate the
angular velocities and angular accelerations between frames. The position vectors describe
the location of the rigid bodies and patrticles, and can be used to calculate the velocities and
accelerations of between points.

The direction cosine matrix between R and O will follow NASA Standard order roll, pitch,
then yaw. RIC1® =[Re( IRy ( IR ( )]

2 32 32 3

1 0 0 cos O sin cos sin 0
R[C]O=SS,O cos  sin E? 0 1 © E? sin cos 05
0 sin cos sin 0 cos 0 0 1

For side A-B, the direction cosine matrices between A and R as well asB and R are

2 3
1 0 0

’K[C]ﬁzg[C]F?:?LO COS3 sin§£73
0 siny cossy

16



The direction cosine matrices for the A-B side link and helical drive body frames are

2 3
1 0 0

L71[C]’K=§10 CO0S 5, Sin Ag

0 sin 5, co0OS ,

2 3
1 00
L2[(:]L1=L3[c:]L2=?1o 1 ok
0 01
2 3 2 3
1 0 0 1 0 0
L3[C]E‘=4610 cos g sin E;E=(AS,O COS 5 Sin A%
0O sin g cos g 0O sin , CcOS 4,

For side C-D, the direction cosine matrices between C and R aswellasD and R are

2 32 3

1 0 0 cos sin O
C[C]R=D[C]R=ESLO cCoS3 singg?l sin cos 0%
0 sin cossy 0 0o 1

The direction cosine matrices for the C-D side link and helical drive body frames are

3
1 0 0

2
6 . 7
=40 cos . sin ¢5

e

0 sin ¢ coOsS ¢

2 3
1 00
L, Ls — Ls L6 VA
HCIP="°[C]*=40 1 05
0 01
2 3 2 3
1 0 0 1 0 0
LG[C]D:ESLO cos p sin Dg:go cos ¢ sin C%
0 sin p cosp 0 sin ¢ coOs ¢

The helical drives, L, and Lz, have body frames L, and L,. Each helical drive can rotate by an
angle, | about i7;to LE, where k is the link number. The direction cosine matrices for the

17



helical drives rotation are L_E[C]L_k =[Ry( )]

2
- 1
“ic12=15o
0

2
1

e = o
0

The direction cosine matrix identities, where

3

0 0
: 7
C0S , sin 5,5
sin , cos ,
3

0 0
: 7
C0SsS 5 sSin g5
sin 5 COS 5

g, r,and o are any frames, are de ned as

ey =("[c]9) *

icre=2rcy "[cr°

Then from direction cosine matrices identities, the direction cosine matrices with respect to

the inertial reference frame are
A[CI° =A[CR R[CI°
H[CI° =t [CIA AlCTP
[C]o=t2[C]h [C]°
b[C]o =t [C]* 2 [C]°
f[c1° =B [CIR R[CI°
Also from direction cosine matrix identities
°[CIR=(R[C]°) *
°[CI*=("[CI°) !
O[CIB=(B[C]°) *
O[C]I=(°[C]°) *
O[CIP =(°[CI°) !

W,

0
Il

The position vector for the rover body is

°[clIP=C[CIf R[C]°
Laqc1e =t [CI¢ €[CI°
L_5[C]6:L_5 [C]L_4 Ls [C]6
L}[C]ci:f6 [C]L}, Ls [C]6
D_[C]O :D_[C]ﬁ ﬁ[C]o

O[C]t=(11[C]°) *
°[C]2=("[C]°) *
O[C]s = (5[C0) *
°[C]H=(~[CI°) *
°[C]= =([C]°) !
O[C]s = (“[C]°) *

Fro = XIg+ Yo + ZKg

Where x, y, and z are functions of time. The velocity vector of of the rover body from the

inertial reference frame is calculated from the position vector.

o —od
YrR=0 = "4t

—Rd O] R
Fr0 = "grfr0 *" !

Fr=0

18



The acceleration vector of of the rover body from the inertial reference frame is calculated from
the velocity vector.

o —0do —RdO O] R O
&R0~ gr YR=0= ar Yro*t ! ¥R=0
The angular velocity between the rover chassis body frame R and the inertial reference frame
O is calculated from the direction cosine matrices RIC1°.

O_R_0O| Ri—_,0; Ri_, O] Rp_
!*—!XFR+!yrR+!ZkR

”

23
. 0
°r R=00 1 R[C]OO[C]Rglg
0
0
0

1

”

° ,R=1 0 0R[CI°°[CK

o W

2
6
i

1
0
0

2 3
5, R T Rr~100r~1R 0 AT
°r,"= 0 1 0F[CI°°[C]R405
The angular acceleration vectors of the rover chassis bod frame is calculated from the time
derivative of the angular velocity vector.

6 r_696, &
dt

The position vector for the x-direction point mass particle, — m, ,, from the rover chassis center
of massis
Finp R = XpMR + O + OKg

Where X, ,is a function of time. The position vector of the x-direction point mass particle from
the inertial reference frame is

Fnp =0 = Fin,R * Fr-0

The velocity vector of of the x-direction point mass particle from the inertial reference frame is
calculated from the position vector.

_ -d - d _
(0] -0 - — R 7 O| R
V'mp'x=0 - dt F'mp_x=0 - dt I"mp,x=0 + ! r~'mp,,(=0
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The acceleration vector of of the x-direction point mass particle from the inertial reference
frame is calculated from the velocity vector.

5 _od5 rd s G, R ©

&m, =0 = T, ¥, =0 = FTS Y0t ¥, =0

The position vector for the y-direction point mass particle,  m, ,, from the rover chassis center
of massis
Fin,y=R = OR + Yp Jr + ORR

Where y,, is a function of time.
The position vector of the y-direction point mass particle from the inertial reference frame is

Fnpy=0 = Fin,=R * Fr=0

The velocity vector of of the y-direction point mass particle from the inertial reference frame is
calculated from the position vector.

r d 5, R

O_V~ :6if~ = —H + [y
my, =0 dt mp y=0O dt my, =0 my, =0

The acceleration vector of of the y-direction point mass particle from the inertial reference
frame is calculated from the velocity vector.

_ _ d _ _ _ _ _ _
(0] (0] (0] R O Oy, R O
R =" +-1
a’mp,yzo dt V'mp'yzo dt V'mp'yzo . V'mp,yzo

The position vectors of the hinges of the system from the rover chassis center of mass are

Fasr = DbIg+ O0fg+ ORg
Fg=r = bg + Ofg + ORz
fer = Db+ Ofg+ ORg
Fpr = big+ Ofg + ORR

The position vectors for the links and helical drive on the A-B side are

Fl,=A = Fem,=a = O Iilﬂ_l + Ok
Pty = Femmom, = 3+ 3 1, 3105+ 0K,

_ lp ~ 4 s _
Flos, = Femg=em, = 277 MY 300G T Ok‘-a



. [P
Fg=L, = FB=cm, = O, + 3115 + 0Ky
The position vectors for the links and helical drive on the C-D side are
5 [
Fle=p = Feme=n = O, 2], + OKy,
de

_ — s~ g _
Flo=Le = Fems=cms = ?+ 2 ri—s 7n-5+0k|-5

da o ls = L lar -
2+ 2 rT-4+ 2E4+Ok|—4

Ig'L4:L5 = Igf:m4:cm5 =

— — OF— + la -
|ﬁ‘C:L‘l - F'Czcm4 - OrL4 + §4r-|’_4+ OKL4

The position vectors to relate the links and helical drives from the inertial reference frame can
be calculated. The position vectors for side A-B are

Fazo = Fa=r  Fr0
Fg-0 = Fg=r * Fr0
Fi,0 = fem;=0 = Fem=a t Fao
F"T_2=O = I="Z:m2=0 = |="Z:mzzcml-l' |="E:m1=0
I="I'_3:O = I='E:m3:0 = I=?:mg,:<:m2'|' I=~cm2:0

The position vectors for side C-D are

fe=o = fer t fr=0

Fb=o = Fo=r T Fr=0
Fie=0 = Femg=0 = Femg=b T Fo=0
I"I'_S:O = I;‘E:mszo = F(':m5:cm6+ FémG:O

I=~L4=() = F?:m4=0 = I=~.(‘EI'T‘|4=C|'T]5-'- r~.(‘)I'T‘|5=O

The velocity and acceleration vectors of each link and helical drive center of mass from the
inertial reference frame are calculated from the position vectors.

o _0 _ Ly
V‘cmk=0 - aﬁ)mk@ -
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5 5d 5 _5 956 5, ©

-0
a'cmk:O_ a Vf:mk:O_ ka V'cmk:0+ V'cmk:O

The angular velocities between the link and helical drive body frames and the inertial reference
frame O is calculated from the direction cosine matrices [C]°.

Ly — Oy Lgi~_ ., Oy Lie_ . O Lip_
- I X rLk + I y Ek + ' z k'Lk
0

1
0

2 3

Op k=0 0 1%[CI°%[c]* 14
2

” R O

°r =100 Lk[C]OO[C]LkSS,o

1

3
7
5

1
0
0

23
o L= 0 1 0%[Cloc]™J0d

The angular acceleration vectors of each link and helical drive are calculated from the time
derivative of the angular velocity vectors.

2.5 Rover Dynamic Model

2.5.1 Generalized Speeds
The generalized coordinates of the rover system are

g; = X -the position of RrelativetoOin 5
g, =y - the position of R relativeto O in |5
g3 = z - the position of R relativeto O in Ky

q,= -rollof Rrelativeto O in ig
gs= - pitch of R relativeto O in K5
gs= -Yyawof R relativeto O in |5

Q;= A= g -rotationof Arelativeto Rin Iy
Js= c= p -rotationof C relativeto Rin ig

22



The time derivatives of the generalized coordinates return the generalized velocities.

Q=X Qs =
Q=Y Qe =
Q3= 2 7= A= B
Qs = Jg= c= o

Ug = Vy us=1!,
U=V, ug="!,
U=V, Uz= A= B
Ug="! Ug= c= »p

Where v,, v, and v, are the x, y, and z velocities of the rover expressed in the R frame relative
to the inertial reference frame.

fO¥RoGr = Vil + vy R + 2R

The direction cosine matrix between R and O will follow NASA Standard order yaw, pitch, roll.

RICI° =[Re( IRy ( NIR,( )]

2 32 32 3

1 0 0 cos O sin cosS sin 0
FQ[C]O=§,O cos  sin gg 0 1 0 gg sin  cos Og
0 sin cos sin 0 cos 0 0 1

This direction cosine matrices is used to relate f6\fR£g5 and favR:Ogs

fOVro005 = XI5 + Y J5 + V. Ko

fOv-o0k = "[CI°fOvr00s

The velocity equations are

V, = XCOS COS +YycCOS sin zsin
vy = X(cos sin sin cos sin )+y(cos cos +sin sin sin )+zcos sin
vV, = X(cos cos sin +sin sin )+y( cos sin +cos sin sin )+zcos cos

The! ,,! ,,and! , arethe X, y, and z angular velocities of the rover expressed in the R frame
relative to the inertial reference frame.
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B 0
I =0 0 1R[CI°°[cIR81f
0
0
0

1

”

=1 0 0RCIP°lCR

o W

2
6
pii

1
0
0

23
1 ,= 0 1 0R[CI°°[CIR{0L

The direction cosine matrix between R and O will follow NASA Standard order yaw, pitch, roll.

RICI° =[Re( IRy ( NIR,( )]

2 32 32 3
1 0 0 cos O sin cos sin 0
FQ[C]O=§,0 cos sin 9 0 1 0 £9 sin cos of
0 sin cos sin 0 cos 0 0 1
Then 4"
Or~1R Rf~10
CI"=— "IC
[CI*= - "]
The angular velocity equations are
I = sin

! ,= cos + cos sin

I, = sin + cos cos

The generalized speeds, or motion variables, u,, are related to the generalized velocities through

[ul=[Y]la] [Z].

24



Y1 =cos(g5)cos(qb)
Y, =cos(g5)sin(q6)

Yi3= sin(gb5)
Y,;=cos(g6)sin(g4)sin(g5) cos(q4)sin(g6)
Y, =c0s(g4)cos(q6)+sin(g4)sin(g5)sin(q6)

Y,3=c05(g5)

Y3, =cos(g4)cos(q6)sin(gb)+sin(g4)sin(q6)
Ys,= co0s(q6)sin(g4)+cos(q4)sin(g5)sin(g6)
Y;3=cos(g4)cos(gb)

Yu=1
Y;5=0
Y= sSin(gb)

Y5, =0
Ys5=cos(q4)

Y56 = c0s(g5)sin(g4)

Yeu= 0
Yes= Sin(g4)

Yes = COS(g4)c0s(q5)
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Y77=1
Yegg=1

With all other terms in  [Y ] equal to zero.

2 3
Yiu Y2 Y3 0O O O

i

OO O o o o
o O o o o

[Y]= 0 O Yar Yas Yae
0 0 Ysu Yss Yoo
0 0 O Yy Yes Yg O O
O 0 0 0 O O Yy 05
0 0 0 0O O 0 O Yg

The [Z]is

frlep o) 0) o) 0) 02 0 0 0) 0) 0) ) @) 0] 0) o) o) e DI \V]
o O O O O O O O
(SN AN N NN NN SN SN N NN NN N NN @3 )

o o

This returns u values in terms of values q.

Uy =(;C0S(Q5C0S0s 03SiN Qs+ 02C0SQsSiN gs
U, = (3C0S(sSinq, + g,(CosQggSing,SinQqs €0sq,Sin gg) + g»(C0sg, cosqg) + Sin g4 Sin gs Sin gg)
U3 = (3C0S(sCOSQ,+ g1(COSQe COSQ,SIN Qs+ Sing,Singg) + g( Sin g, COSgg+ COSQ, Sin gsSin gg)
Us=0ds QsSiNds
Us = (5C0SQ4 + s COSUsSiN gy
Ug= 05SiNQs+ JsCOSU5COST,
Uz=0y

Ug=0Qg

Then [q]=[W J[u]+[Z][u] where [W ] is the inverse of [Y].
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2

W21

W,

Wi=[v] *=g "
2

W81

W12
W22
Wa,
W42
W52
We2
W72
W82

W3
Wo3
W33
W3
W3
Wes
Wos
W3

W, = cos(g5)cos(q 6)

W;, = cos(g6)sin(q4)sin(g5) cos(g4)sin(q6)

W, 3 = cos(g4)cos(g6)sin(q5) + sin(q4)sin(q 6)

W,, = cos(q5)sin(q6)

W,, = cos(g 4)cos(q 6) + sin(q4)sin(g5)sin(q 6)

W,; = cos(q6)sin(q4)+ cos(q4)sin(g5)sin(q6)

W3y =

sin(q5)

W, = cos(q 5)sin(q4)

WS35 = cos(q 4)cos(q5)

Wy=1

W,5 = sin(g4)tan(q5)

W, = cos(g4)tan(g5)

W55 = cos(q4)

Wie =

Ws, =0

sin(q4))

Wes =0

Wes = sec(q5)sin(q4)

Wees = cos(g 4)sec(q5)
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Wy,=1
Wg=1

With all other terms in  [W ] equal to zero.

Wy, Wp Wi O 0 0

2
W]=
4

© O o o o
o ©O O o o o

0 0 0 Wy wys Wy

0 0 W5 Wss Wi

0 0 0 Wy Wg We O

O 0 0 0 0 0 W, 05
0O 0 0 0 0 0 0 Wg

This returns g values in terms of values u.

g; = U;C0SQ5C0S(Qg + U,(COSQsSiNQg,SinQgs €0S(g,SinQg) + U3(COSQ,COSQgSin gs + Sin g, Sin gg)
g, = U;C0SQ5SinQggt U3( COSQgSiNQ,+ COSQY,SiN(QsSinQg)+ U, COS{,COSQg+ SiN (,SiN gsSingg
(3= U3C0S(Q,C0SQs+ U,C0SO5SINQ, U;SiNQs
gs= Uy + UgCOSQ,tangs + UsSing,tan gs
s = U5COSO; UgSiNg,

(g = UgCOS(Q,Secqs + UsSecqssing,

Q7= Uy
Qs = Usg

These 8 generalized speeds result in 8 governing Kane's method equations F + F =0, one for
each of the generalized speeds, uy,...ug.

F+F, =0 FR+F =0
FR+F,=0 FR+F =0
F+F, =0 F+F =0
FR+F, =0 F+F, =0

2.5.2 Partial Velocities and Partial Angular Velocities

The velocities, angular velocities, accelerations, and angular accelerations are rewritten in terms

of generalized coordinates (q,...,0s), the generalized speeds (u4,...,uUg), and the time derivative
of the generalized speeds (u,,...,ug). The partial velocities for the rigid bodies, g‘v“cmk’r , can be
calculated from 6v-cmk=o for the 8 generalized speeds and the partial angular velocities, o ~ B;,
can be calculated from ©1~Bx for the 8 generalized speeds. The partial velocities for the particles,
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Ovbml,l -

o}
ovbml,z -

OV'le’S =

o
ovbmz,l -

o —
OV"sz,S -

For link 1 at its center of mass, cm; =1L,

@0
@ Yem,=0

For link 2 at its center of mass, cm,= L,

@0
@i V'cmZ:O

@ o
Qg Yem,=0

For link 3 at its center of mass, cmz=Lj
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O, r» can be calculated from ©w, - for the 8 generalized speeds.
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o _
oV'cm3,5_ @s cmz=0

o - _@o0
ov'cm3,6_ @uig V’cm3=0

o -
OV'cm3,7 GTE V’cmgzo

o) @0
ovbm3,8_ Qg chgzo
For link 4 at its center of mass, cm, =1L,

o - _@o
oV'cm4,1_ @ V’cm4:0

o) - @0
ovbm4,2 @, e

0 - _@
ov'cm4,8_@8 V'cm4=O

For link 5 at its center of mass, cms= Lg
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Ov-Cm5,4 -

o —
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o
OVLCmsy6 -
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(6]
ovbm5,8

o
ovbme,l -

(0] —
OV.(ImG,Z -

o —
OV.émG,S -

@0
Qg ch5:0

For link 6 at its center of mass, cmg= Lg

@ o
Qg Yeme=0

For the rover body at its center of mass, cm,,, =
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For the x-direction mass particle m, ,
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For the y-direction mass particle m, ,
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T @ug V‘mpyxzo
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2.5.3 Rover System Forces
Rover Link and Simpli ed Helical Drive Forces

The forces acting on the links and the simpli ed helical drives are approximated as point
forces acting at the center of mass of the rigid body. The forces include gravity force (K grav),
buoyancy force ( K g), drag force (F 4:44), OW accelerationforce ( K ¢,), and control force ( F ;)
[12]. There are also reaction forces at each the hinges and each link connection ( K caction)-
Assuming a frictionless system ( K ¢iction ) IS ignored. Also assuming that the vehicle is slow
moving, lift ( B it ) isignored [12]. The forces acting on links 1, 3, 4, and 6 are

R = IEI?,grav + FT(,B + IE‘k,dragl + IEk,FA"' IE'k,o + Fk,feaCtiO”

The links 2 and 5 are the simpli ed helical drive bodies and have additional helical drive forces
(R 1p)- Including a net thrust ( F; ;hrustnet ) from the helical drive blades and a net buoyancy
(R puoynet) from the helical drive ballast system that will Il and drain. The total forces for the
helical drives L, and Lg are

IE-k = IE-k,grav + IZ”k,B + IZ”k,drag + IE-k,FA'*' IE-k,o + IEf(,reaction + IE.k,HD

Where K 1ip = R thrustnet * Pk buoynet fOrlinks 2.and 5 only. The net thrust represents the net
thrust from the helical drive rotation, and is the resulting thrust force remaining considering
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any drag forces opposing the rotation and forward movement. The net buoyancy force is the
buoyancy from the ballast system inside of the helical drives to navigate the helical drive to
rise or sink, acting at the center of geometry of the helical drive. These forces are unknown and
applied as variables for this dynamic model. Helical drive thrust estimations can come from
computational uid dynamics simulations for helical drives to model the uid dynamics of

the helical drives in different operating conditions. Helical drive buoyancy from the ballast
system is to be later developed from a determined ballast design. The free body diagrams of
each link are

Figure 2.13: Link 1 Free Body Diagram

Figure 2.14: Simpli ed Helical Drive Link 2 Free Body Diagram
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Figure 2.15: Link 3 Free Body Diagram

Figure 2.16: Link 4 Free Body Diagram
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Figure 2.17: Simpli ed Helical Drive Link 5 Free Body Diagram

Figure 2.18: Link 6 Free Body Diagram

The gravity forces acting on each link and helical drive occur at the center of mass and act
in the inertial reference frame, O.

IEvk,grav = mk( g)ko_

The buoyancy forces acting on the links and helical drives are proportional with the uid
that the links and helical drives displace acting through the center of buoyancy for each rigid
body [12]. The center of buoyancy is assumed to be equal to the center of geometry due to the

symmetry of the rigid bodies present in the system and acts in the inertial reference frame, 0.
The buoyancy force acting on the link and the helical drives in the inertial reference frame,
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opposing the gravity force [12].
Re=  V( 9)Ks

Where s the density of the water and V, is the volume of the uid displaced by body k, which
is approximated as the volume of each of the links and simpli ed helical drives as cylinders.

Vk = I’k2|k

The drag force acting on each link and simpli ed helical drive, currently modeled as a cylinder,
acts in the body frame of each rigid body L, and is integrated along the length of the body [12].

Z,

k

B drag = > j O‘V‘k,?j OVT(,?CDrkdlk
0

Where it is noted that that from vector properties

o 2 0 o 2 6\7‘k° o o
Y| Vo =] Wo === "Wgo] ¥k-»
“ j Ovo]

The drag force is simpli ed to a point force at the center of mass of each link and simpli ed
helical drive in the body frame.

Fk,drag= CDj oV'k,?j ka,?sx

2
Where S is the reference area of the body. The reference area for a cylinderis S, =r,ly. 5\11( is
the difference between the link velocity ( O7\7'~kazo)and ow velocity ( O7\7'~Fi,).The ow velocity
(6v1:=o) is de ned in the IRF, and is translated into the body frames for each of the link to
determine the ow velocity components in the body frames.

Ovi=[ Owioxln HL vyl L OwzIRg

oVk = C)“fcmk:o Lk[C]OfOV“ongﬁ

6\11(? is the components of 6\11( normal to the link or helical drive. For links 1, 3, 4, and 6 the
directions normal to the link are inthe  ~and j~directions in the link body frame. For links 2
and 5 the directions normal to the link are inthe  jrand K directions in the link body frame.

O, = OV‘17X]iT_]+[ OVLlaY]]T.]"‘[ Ov~1,z]k|_*1
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Cp isthe drag coef cientand Cp = Cp pasicSin? ¢ Where Cp pasic IS @ constant based on the

OV“Z? =

6“7’3? =[
6V‘4? =[
6“*5? =[
6“7“6? =[

O, X ]I, +1
O, X [T, +1
O, X ]I, +1
O, X]IT, +1

o —
V‘67X]IT_5+[

Oy, YIIT, +
Ovs, Y1, + 1
Ov, Y1+
Ovs, Y1+

Ove, 1T +1

geometry, Cp pasic = 1.1 for ow normal to acylinder  [12].

helical drive longitudinal axis and ow velocity.

Where

°vio -
,=cos?t — ™
9% 0]
_ 1 OV'FZO o
2=c0s’ — s
¥ Y0l
6V1:=o
1 o
=cos ! — -
: 9% 0] =
=cos ' Ve i
! oveo]
6V‘F=o ~
s=C0S ' — I
19V 0])
=cos® —F2 i
° oVeo]
~ i .
i = oy = 1 + Ofi; + OR;
Lk
~ e .
G = jj__kj = Org, + 1], + Ok,
Lk

6‘9“21 z]ky,
6“"37 ]k,
6V‘41 z]k,
6\7'“51 4 | g

o _
V‘G’ Z]kl_s

is the angle between the link or



The ow acceleration force acting on the links and helical drives from the ow acceleration is
proportional to the uid that the links and helical drives displaced [12].

Rora= Vkoa‘F:o
Where 5&on is the acceleration of the ow.
_ _ d _
Caro = OEOV'F:O

The control forces acting on each link and helical drive are applied from control system im-
plemented in the design and is incorporated into this model to demonstrate how the forces
created for a control system would be implemented.

IE”k,o = I:k,oxiNI:k + Fk,oij_I + Fk,ozk-fk

The reaction forces on the links and helical drives occur at the hinges (A, B, C, D) and link
connections ( P;,, P,3, Pss, Psg) and act equal and opposite on each rigid body at the connecting
point.

Rar = S [CIA[XaTx+ Yalx+ ZaRx] applied at A on link 1
Ri2 = [ X121, + Ya2J1; + 212K, ] applied at Py, onlink 1
Roi=[ X1, VY12, Z12K] applied at Py, onlink 2
Ros = [ X231, + Yo3JT, + Z23K1;] applied at P,3 on link 2
Rao=[ Xoal, + YasJi, Z23Ki] applied at P, onlink 3
Rar = [CIB[Xals + Va5 + zsKs] applied at B on link 3
Rer = Li‘[C]G[XC e+ Yejc + zcKRe] applied at C onlink 4
Rus=[ Xasli, VYasii, ZasKi,]appliedat Py onlink 4
Rss = [ XaslT, + Yas]i + 245K ] applied at Pys on link 5
Rss=[ Xseli, VYseli; ZseKi:] applied at Psgonlink 5

Res = [ Xs6l1; *+ Ys6J1;, + Zs6Ki,] applied at Psg on link 6
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Rpgr = L_G[C]D_[XD ™+ Yo jo + zpKp] applied at D on link 6

The reaction forces are
IE:.L,reaction = RAR+ R12

IZ\'Z,reaction = R21"' I:"\>23
IE{S,reaction = R32+ I?BR
IEZl,reaction = RCR"' I?45
IE‘-5,reaction = IE\’544' IE\’56

IEé,reaction = R65"‘ RDR

Rover Sliding Mass Forces

The forces acting on the sliding masses are approximated as point forces acting on a particle.
The forces include gravity force ( F, 4ray) and control forces ( F, o). Assuming a frictionless
system (R, triction ) iS ignored. The forces acting on the x-direction point mass are

IZ‘r'np,X = IZ‘r'np,x,grav + IEr'npyx,o

The free body diagram of the x-direction point mass is

Figure 2.19: X-Direction Point Mass Free Body Diagram

The forces acting on the y-direction point mass are

Fmp,y = Fmply,grav + Fmp,y,o

The free body diagram of the y-direction point mass is
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Figure 2.20: Y-Direction Point Mass Free Body Diagram

The gravity forces acting on the point masses act in the inertial reference frame, O.

IE‘mp'x,grav = mp,x( g)kG
IEr:nm,,grav = rnp,y( g)RE

The control force acting on the rover body is applied from control system implemented in the
design to prescribe a motion to the sliding masses for the desired rover performance and is
incorporate into this model to demonstrate how the forces created for a control system would
be implemented.

IE‘mp,x,o = I:m,w(,ox'ml'?"' I:mpyx,oy Jrt Fmp,x,ozkr\?

F?lwp,y,o = I:mp,y,oxr‘Rf"' I:mp,y,oy Jrt I:mp,y,ozkli

Rover Chassis Forces

The forces acting on the rover are approximated as point forces acting at the center of mass

of the rigid body. The forces include gravity force ( F,, 4rav), buoyancy force ( F,, g), drag
force (Foy drag), OW acceleration force ( F,, r»), and control force ( F,, ,) [12]. There are also
reaction forces at each of the hinges ( F,y reaction ), @S Well as reaction forces on the rover body
from the point mass control forces P 0+ Assuming africtionless system ( Ko, ¢ riction ) iSignored.
Also assuming that the vehicle is slow moving, lift (  F,, is¢ ) iS ignored. The forces acting on the
rover body are

IEr'ov = IZ‘r'ov,grav + IEr'ov,B + |Z~rov,drag + IE‘r'ov,FA-*' IZ\r'ov,o + |Z~rov,reaction

The free body diagram of the rover body is
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Figure 2.21: Rover Body Free Body Diagram

The gravity force acting on the rover occurs at the center of mass and acts in the inertial
reference frame O.

IEFov,grav = mrov( g)ko_

The buoyancy force acting on the rover body chassis is proportional with the uid that the
rover body chassis displaces acting through the center of buoyancy for the rigid body  [12]. The
center of buoyancy is assumed to be equal to the center of geometry due to the symmetry of
the rigid bodies present in the system and acts in the inertial reference frame,  O. The buoyancy
force acting on the rover body chassis in the inertial reference frame, opposing the gravity force
[12].

Fove= Viov( 9)Rs

Where s the density of the water and V,,, is the volume of the uid displaced by the rover
chassis body, which is calculated as the volume of an ellipsoid.

4
Vrov = 5

a’b

The drag acting on the rover body, assuming the rover is an ellipsoid with semi-major axis
length b and semi-minor axis length a is applied as a point force at the rover chassis body
center of mass (R) and is broken into normal and axial components  [14].

IEr'ov,drag = Falg + FNy R+ FNZR§
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Figure 2.22: Rover Body Drag Force Components

The axial force component, F, acts about the center of mass in the 1 direction of the rover
body.

1 . . ) .
I:A: E CAOJ Ov?ovjz( o“7"rov r-Fi)sr

The normal force component, Ky acts about the center of mass inthe jiz and Ky direction of
the rover body.

1 .5 5, 6 .
Ry, = 5 Cad “¥orl’( “¥ov [0S

1 . 6., 2, 0 ke
I:Nz_ 2 Cdnj V'rov]( Y ov R)Sp

Ca, is the axial drag coef cient at zero angle of attack  [14]. For an ellipsoid C, = 0.25[15]. C4,

is the cross- ow drag coef cient and is the angle of attack [14]. For an ellipsoid Cy 1.2

for Reynolds Number below 3 10°[16].S is the reference area and S is the planform area.

The reference area for a ellipsoidis S = a?. The planform area for an ellipsoidis §, = ab.
O, is the difference between the rover velocity ( ©vz-o) and ow velocity ( °w--).The ow

velocity (°w: ) is de ned in the IRF, and is translated into the rover chassis body frame.

%oy = “¥ro  N[CI°fO% 005

The ow acceleration force acting on the rover body from the ow acceleration is proportional

to the uid that the rover body displaced  [12].

= _ o
I:rov,FA - Vrov a'F:O

43



Where 6&on is the acceleration of the ow.

_ d _
Caro = EOV'F:O

The control forces acting on the rover body are applied from control system implemented in
the design and is incorporated into this model to demonstrate how the forces created for a

control system would be implemented.

FI-"OV,O = I:I'OV,OX I~§ + I:I'OV,Oy rﬁ + I:I'OV,OZ kﬁ
The reaction force from the rover and link connections occur at the hinges( A, B, C, D) and act
equal and opposite from the link reaction forces on the rover chassis body at the connecting

point.
Rea= R[CIAIXaTk + Yali + ZaRa] applied at A on the rover chassis

Ree = R[CIB[Xsl5 + Vs [5 + ZsKs] applied at B on the rover chassis
Rec = R[CIC[XcTe + Ve f& + zcRe] applied at C on the rover chassis
Rep = R[CIP [Xp 15 + Yo Jb + 2o Ko applied at D on the rover chassis

The reaction forces from the x-direction point mass control force acting on the rover body is
Fing <=0 from the

applied from control system at the location of the x-direction point mass,

rover center of mass (R) andisequalto R, ., where i, is

~mpvx,o = I:mpvx,oxrdl'-?"' I:mpl,(,oy Jrt I:mp,x,ozk‘R

The reaction forces from the y-direction point mass control force acting on the rover body is
Fnp =0 from the

applied from control system at the location of the y-direction point mass,

rover center of mass (R) and is equal to By 0 where oy 0 is

I:mw,oxr'l'-?'i' I:mp,y,oy Jrt I:mp,y,ozk'R

Myp,y.0

The reaction forces acting on the rover chassis are

IEFov,reaction = RRA+ RRB"' F"\’RC + RRD IEan,x,o IEr-np,y,o
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2.5.4 Rover System Torques

The torques acting on the links, helical drives, and rover chassis are calculated from the forces
acting on the object about the center of mass of each rigid body. The gravity force (K grav).
buoyancy force ( K g), drag force (F 4:aq), OW acceleration force ( K r4), and control forces
(K o) are approximated as point forces acting on the bodies center of mass, and generate no
torque. The control torques acting on each rigid body (  ~ ,) are applied from a control system
implemented in the design and is incorporated in to this model to demonstrate how the torques
created for a control system would be implemented.

10— 1,oxﬁ__1+ l,oer_1+ 1,osz_1

20— 2,oxrl'_z+ 2,oyrlfz+ 2,ozkfz

30~ 30x rl: T 30y ﬁ.} t 302 RL;
T40 = 40x rl: + 40y 17_’4 t 402 R—LZ
~50= soxligt soylist 502K
60~ 6,0x ﬁ__e T 6oy J.I—__e T 60z R'L_G

“rov,0 — rov,oxr'li+ rov,oyr§+ rov,ozkﬁ

The torque from the reaction forces from the x-direction point mass control force acting on
the rover body is applied from control system and is

mpx — I=~mpvx=R I:mp,x,o

The torque from the reaction forces from the y-direction point mass control force acting on the
rover body is applied from control system and is

= K oo F
Mpy mp y=R My y.0

The reaction forces ( F,y reaction) Will generate torques about the center of mass of the rover
body. The position vectors to each reaction point, where the reaction forces are applied, on the
rover chassis are

F”A=R = b F§+ 0r§+ ok§
F= = bR+ OJr + ORg
Fees = big+O0jg+ Ok

45



For = bIgr+ Ojg + Ok

The torque from the reaction forces acting on the rover chassis is

~rovreaction = AR Rra * Fsr Rgrg * Fer Rrc * b= Rrp

The reaction forces ( K reaction) Will generate torques about the center of mass of each link. The
position vectors to each reaction point, where the reaction forces are applied, on each link are

— i~
r~-/A\=Cm:|__ ?J"Ll

dy i~ lp  dy
Fp1o=cm, = 3 11, I

2 2 L
- b
r~P12:cm2 - 2 n_z
— 2
F~F>23=Cn'13 - 5]“3
da e I3 d, _
|=~-’|323:C|"I'13 ?[T_g ? 7 113
— s
I&‘B:CI'T'I?, - 5]“".3
— laj
F‘C=Cm4 - §r4
— i s ds ~_
r~-’P4‘IZ_):C|"|']4 - ?ri_4 ? 7 114

Fpas=cms = 21
- s
Ie"l356=cm5_ 55115
— dei~ le —
FP56:cm5_ ?IT_G 5 ? re
—le i
I"'D:cme - Eﬁ.e
The torque from the reaction forces acting on each link is
~1reaction = Fazem, Rar * Fpio=em, R

~2reaction — fP12=cm, Ry, + Fp23=cm, Ros
~3reaction — FP23=cm, Ry + Fe=cm, Rar

~4reaction — Fe=cm, Rer + Fpas=cm, Rus

46



~sreaction — [P4s=cmy Rsy + Fo56=cms Rse
~6reaction — [Pse=cmg Res + Fo=cmg Ror

The total torque acting on each rigid body is

o~ o+~ o+

~rov,R — "rov,reaction My x mpy © T TOV,0
~1cm; — Tlreaction + 10
~2cm, — T2reaction + 20
~3,cms — T3reaction + 30
~4cmy, — T4reaction + ~40
~5cms — “Sreaction T 5o
~6cmg — “6reaction + ~6p0

The reaction forces from the link and hinge connections as well as the reaction forces from
the point mass control forces are found to cancel out in the system's equations of motion. The
resulting total torque acting on each rigid body is from any applied control torque.

~rov,R = “rov,o
~1cm; — T10
~2cm, — 20
~3cms — T30
Tacm, — T4p0
~5cms — 50
~6cmg — 6,0

2.5.5 Added Mass

The added mass of the pressure distribution on the links from the uid surrounding the links
and rover body [12]. The added mass of the rigid bodies results in an effective inertia and is
included in the mass and moment of inertia terms located in the generalized inertia force
equations, F; [12]. The added mass approximations for cylinders are
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2
rely
4

My add =

Where Vy = r?l, meaning my 44 = %. And isthe density of the water. The total mass of
each link and helical drive is calculated using

My = my + My 444

The added mass term is applied to the normal components of the links and helical drives [12].
The added mass tensor for each link is

M, = [M ] +[maf I + [IMGDR R

M = [M, ]I, i, + [MLITE I + MR GR,
M 5 = [M ], i, + [l i + [MslR R,
M4 = [MJf, i, + [, I, + [MaR R,
Ms= [ms] L + [Ms] i + [Ms]R R
M = [M i, i, +[mel i, i + [MelR R,

and the total moment of inertia tensors are

¥ 1 _ 1
|cm1,t0t= EMlIlz ﬁ_‘1[1—1+[0]n_—1j‘|'_—1+ 1_2M1|12 R-L_lk-L_l

N P S B
lem,tot = [0 + 1_2M2|2 GGt 1—2M2|2 RKRG

1 . o 1
lemator = HMals MM + 01T+ S Mals RGRG

y 1 . . 1
lemator = ToMaly TG+ 0T T+ 5Maly Rk
r~ . ) 1 o . ¢ 1 ,
lems tor = [OITESTE; + 1_2M5|5 | 1—2|\/|5|5 KRR
~ ® 1 2 . - . - () 1 2
lemgot = 12M6|6 T + [0l T I + 1_2M6|6 KK,
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The added mass for the rover chassis, modeled as an ellipsoid, is approximated using the added
mass equation [4].

mrov,add = Vrova

Where c,, is the added mass, or hydrodynamic mass, coef cient for a given geometry. For
an ellipsoid the added mass coef cient is determined and displayed in Fig. 2.23 for varying
semi-major axis to semi-minor axis ratios. Note that in the Fig. 2.23 b is the semi-minor axis and
a is the semi-major axis, in the rover model a is the semi-minor axis and b is the semi-major
axis.

Figure 2.23: Added Mass Coef cient of an Ellipsoid [4]

The added mass coef cient for an ellipsoid is broken into components of vertical motion, Crm,
and ¢y, , and horizontal motion, ¢, . The added mass tensor for the rover chassis is

I\/ITOV = [mI'OV + VI'OV me]r§r§+[mrov + VI’OV Cmy]rR_rﬁ-l-[erV + VTOV sz]kﬁkﬁ

When b=a = 2is approximated to be c, = 0.225and Cm, = Cm, = 0.7 [4]. The added mass
moment of inertia for an ellipsoid about the minor axis can be calculated using

eaga = O]+ = 24 b?) [t = 2+ b?) RgRg
IRada = [O]TRTR + 5 VionCi(@“+b%) JrIR+ 5 Viov G (@ + b%) RgRg

The added mass moment of inertia coef cient, ¢,, about the minor axis when b=a = 2is
approximated tobe ¢, = c,, = 0.225[4]. There is no added mass moment of inertia about the
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ellipsoid major axis. Therefore the total moment of inertia tensor for the rover is

~ 1 2 P 1 2
IR,tot :[gmrov(a +a )]rﬁrﬁ'l'[g(mrov'l' Vrovcl)(a

PO E 2, h2\b b
+Db )]rRJ’R+[5(mrov+ Viov €)@“ + b?)JRgRz

The added mass and added mass moment of inertia terms are incorporated into the general
inertia force equation.
Xr _ _ o
F = M, °a e, o + (1 0 B
k cmg=0 o Vemy,r cmy.tot
k=1

0 |_B r~ O _Bxyy O |_ By J o
+7 = (Icmk,tot I~ k)) I~ k) mlo&m|:ogv'm|,r

2.6  Numerical Simulation

2.6.1 Simulation Setup

All of the equations above are substituted into the Kane's Method equation F+F =0for
each generalized speed, r , to calculate the equations of motion. The equations of motion are
numerically integrated to nd the generalized coordinates as functions of time in a given case.
The following speci cations were applied to the rover model in order to calculate equations of
motion to simulate.
The geometric assumptions and constants for the system are
d,=d;=d;=dg=0.5in =0.0127m
l,=13=1,=15=10in = 0.254m
d,=ds=2.5in = 0.0635m
I,=15=12.5in = 0.3175m
2b=L+1,+%
a=b=22
g=9.8Im=s
= 998.25
The natural buoyancy of the system and the gravity of the system are calculated be equal,
P grav * B g = 0. The required masses of each link, given the dimensions stated, to cancel out
the gravity and natural buoyancy of the rigid bodies can be calculated from

IEvk,grav = IE—k,B

50



me( 9)= ( W(9))
me= Vg= d—klk
2
The helical drive masses are m,=mgy 1kg. Thelink massesare m;=m;=m,;=mg 0.32kg.
The required masses of the rover chassis, given the dimensions stated, to calculate the total

mass required to cancel out the natural buoyancy of the rover chassis

IEFov,grav = IEI:OV,B
Miov( 9)= ( Viov( 9))
4 2
mrov = Vk = 5 a b

The total mass of the rover chassis and the sliding massesis m,,, 4.70kg.

The only buoyancy from the system comes from the ballast system lling or draining
(R puoynet)- For cases where the sliding masses are present the mass of the sliding masses is
selected to be m, , = m, , = 0.5kg. The added mass from the sliding masses will be offset by
P buoynet tO prevent sinking.

The water in this case is assumed to be static, and therefore has no ow velocity or acceler-
ation.

W = 05 + Of + ORg

The control forces in this case are set to zero.
IEi.,O = lE-Z,O = IEé.O = F:LO = IZ.-5,0 = IEé,O = IE.I:OV,O = G
The control torques are all set to zero.

10~ 20~ T30~ 40~ T50~ 60— “rov,o — 0

The helical drives are modeled with with position and motion as a controlled input, and are
not considered generalized coordinates in the simulations but instead are applied positions
or motion equations for  », A, aand ¢, ¢, ¢ ineach case. The differential equations of
motion were simulated in MATLAB using ode45(). The differential equations for the system are
represented in two rst order sets.

Q1 =X
A=Y
0z3=2
qs =
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Qs =
U6 =
U3=0;C0S g5 COS g C3SiN g5 +,C0S Qs Sin Qg
U,=(03C0S (5 Sin g, +Q; COS (g Sin g, Sin g5 C€O0S Q, Sin Qg +
g, COS Qs COS Qg +Sin g, Sin Qs Sin Qg
U3=(3€C0S (5 COSQq +(Q; COS Qg COS Q, SiN (gs +Sin g, Sin gg +
g, Sin g4 C0OS Qg +COS Qs Sin g5 Sin Qg
Us=0s OeSin Qs
Us=0s5C0S 0s 0gCOS g5 Sin Q4
Ug=0sSiN g; (sCOS (s COS Q4
U= ..
U, = ...
U= ...
Ug= ...
Us= ...

Ug= ...

At initial values
d1(0) = d2(0) = 93(0) = 94(0) = g5(0) = g¢(0) = O

d1(0) = 92(0) = 93(0) = 94(0) = g5(0) = g¢(0) = O

2.6.2 Results

The dynamic model was simulated for various cases to demonstrate the rover's underwater

capabilities.

Forward Thrust

The net thrust from the helical drives provides a forward motion. This was simulated with and
without the additional sliding masses on board the rover.
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No sliding masses In the case where there were no sliding masses present onboard the rover,
the net thrust and net buoyancy forces were set to be

IE'Z,thrustnet = 10N

IZ\‘S,thrustne'( = 10N
IE“2,buoynet =ON
'E-S,buoynet =ON

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= B

C= D~ 3%
A= g=0
c= p=0
A= .B:O
c~ “DZO

The overall path of the rover inthe Xg, Y, and zg directions is plotted in Fig. 2.24. The Xg
position of the rover of the rover vs time is plotted in Fig. 2.24. The rover experiences a brief
acceleration when it rst begins moving from rest, and then the position increases linearly and
the rover velocity is constant. This provides a base case for the rover in a forward motion when

the sliding masses are not present, to con rm the expected motion when both helical drives
have the same amount of net thrust.
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(a) Rover Path (b) Rover X Paosition vs Time

Figure 2.24: Forward Motion From Thrust Generalized Coordinate Plots

With sliding masses  In the case where there were sliding masses present onboard the rover,
the net thrust and net buoyancy forces were set to be

IE-2,thrustnet = 1ON

IE‘S,thrustne'( = 10N

Mp x9 N Mpy9 N

IE.-Z,buoynet = 2 2
Mpyxg MpyQ
IE‘5,buoynet_ p2X + p2y N

The net buoyancy accounts for the weight of the sliding masses, split evenly between the two
helical drives. This prevents the rover from sinking due to the added mass from the sliding

masses and allows a clearer demonstration of how the rover will perform when the sliding

masses are off balance.

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= BT 3
C= b~ 3%
A= =0
c= p=0
A:"B:O
c~ “DZO

The location of the sliding masses for this case are located at the center of mass of the rover
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body.
X, = O

Yo = Org

The overall path of the rover inthe Xg, Y5, and z5 directions is plotted in Fig. 2.25. The path
of the rover is similar to the case without the sliding masses present. This provides a base case
for the rover in a forward motion when the sliding masses are present, to con rm the expected
motion when both helical drives have the same amount of net thrust. And con rms that when
the sliding masses are at the rover's center of mass the motion will remain similar to the case
without the sliding masses present.

(a) Rover Path

Figure 2.25: Forward Motion From Thrust with Sliding Masses Onboard Generalized
Coordinate Plots

Rise from Buoyancy

The net buoyancy from the helical drives provides a rising motion. This was simulated with
and without the additional sliding masses on board the rover.

No sliding masses In the case where there were no sliding masses present onboard the rover,
the net thrust and net buoyancy forces were set to be

IZ"Z,thrustnet =ON

IE.‘S,thrustnet = ON

IE‘-2,buoynet = 10N
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F?),buoynet = 10N

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= BT 3
A= B:O
c= D:O
A= .B:O
.c:lDZO

The overall path of the rover inthe Xg, Y5, and z5 directions is plotted in Fig. 2.26. The z5
position of the rover of the rover vs time is plotted in Fig. 2.26. The rover experiences a brief
acceleration when it rst begins moving from rest, and then the position increases linearly and
the rover velocity is constant. This provides a base case for the rover in a rising motion when

the sliding masses are not present, to con rm the expected motion when both helical drives
have the same amount of net buoyancy.

(a) Rover Path (b) Rover Z Position vs Time

Figure 2.26: Rise From Buoyancy Generalized Coordinate Plots

With sliding masses  In the case where there were sliding masses present onboard the rover,
the net thrust and net buoyancy forces were set to be

IE'2,thrustnet =ON
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F?),thrustnet = ON

Mpx9  Mpyg
pxd . oy

'Ez,buoynet = 2 + 10N
m m
Fopuoyner = 2+ 2225 1 10N

The net buoyancy accounts for the weight of the sliding masses, split evenly between the two
helical drives. This prevents the rover from sinking due to the added mass from the sliding

masses and allows a clearer demonstration of how the rover will perform when the sliding
masses are off balance.

The location of the sliding masses for this case are located at the center of mass of the rover
body.

X, = O
Yo = Oz

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= B~ 3
cC= D~ 3%
A= g=0
c= p=0
A:.B:O
C:.Dzo

The overall path of the roverinthe xg,Yyg, and zg directions is plotted in Fig. 2.27. The path
of the rover is similar to the case without the sliding masses present. This provides a base case
for the rover in a rising motion when the sliding masses are present, to con rm the expected
motion when both helical drives have the same amount of net buoyancy. And con rms that

when the sliding masses are at the rover's center of mass the motion will remain similar to the
case without the sliding masses present.

57



(a) Rover Path

Figure 2.27: Rise From Buoyancy with Sliding masses Generalized Coordinate Plots

Yaw from Thrust Variation

The net thrust from the helical drives provides a forward motion, and when the forces are not

equal will result in the rover yawing. The rover the net thrust and net buoyancy forces were set
to be

IE~2,thrustnet = 10N

I:«é,thrustnet =5N

Mpyx9 MpyQ
IZ\‘Z,buoynetz p2X + p2y N

Mpyxd MpyQ
IE‘5,buoynet: pZX + P2y N

The net buoyancy accounts for the weight of the sliding masses, split evenly between the two
helical drives. This prevents the rover from sinking due to the added mass from the sliding

masses and allows a clearer demonstration of how the rover will perform when the sliding
masses are off balance.

The location of the sliding masses for this case are located at the center of mass of the rover
body.

Xp = Org
Yo = Org

The position of the rover helical drives were set to be level with the rover chassis body to
either side.
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The overall path of the rover inthe Xg, Y5, and zg directions is plotted in Fig. 2.28. A top
view of the rover path in the x-y plane in Fig. 2.28 shows the path of the roverinthe  xg and yg
directions. The yaw, , position of the rover of the rover vs time and x position of the rover vs

time are plotted in Fig. 2.28. The rover experiences an angular acceleration when it rst begins

moving from rest, and then the angular velocity approaches constant and the rover reaches a
constant diameter circular path in congruent circles.

(a) Rover Path (b) Rover X vs y Path

(c) Rover Yaw Position vs Time (d) Rover X Position vs Time

Figure 2.28: Yaw From Thrust Generalized Coordinate Plots

Roll from Buoyancy Variation

The rover has two methods of implementing roll, the net buoyancy and the y-direction sliding
mass. The imbalanced net buoyancy method is explored rst.

59



Roll from Buoyancy in Helical Drive The net buoyancy from the helical drives provides a
rising motion, and when the forces are not equal will result in the rover rolling. The rover the
net thrust and net buoyancy forces were set to be

IE.‘Z,thrustnet =ON

IZ"S,thrustnet =ON
mp,Xg + mp,yg
2
mp,Xg + mp,yg N

2 2
The net buoyancy accounts for the weight of the sliding masses, split evenly between the two
helical drives. This prevents the rover from sinking due to the added mass from the sliding

masses and allows a clearer demonstration of how the rover will perform when the sliding
masses are off balance.

IZ\'2,buoynet = + 10N

Fg,buoynet =

The location of the sliding masses for this case are located at the center of mass of the rover
body.

X, = O
Yo = O

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A~ BT 2
c= p=3
A= 8=0
c= p=0
A:"B:O
"C:“D:O

The overall path of the roverinthe Xg, Y5, and zg5 directions is plotted in Fig. 2.29. The roll,
, position of the rover of the rover vs time is plotted in Fig. 2.29. The rover experiences an
angular acceleration when it rst begins moving from rest, and then the roll rotation overshoots
7 and then returns and levels outat 5, where the rover is now balanced on its side.
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(a) Rover Path (b) Rover Roll Position vs Time

Figure 2.29: Roll From Buoyancy with Sliding masses Generalized Coordinate Plots

Complete Roll from Buoyancy in Helical Drive The unbalanced net buoyancy from the
helical drives provides a rolling motion, and overshoots the expected angle before leveling
out. When the rover position is in the overshoot region, the other helical drive can apply a net
buoyancy and continue the roll. The rover the net thrust and net buoyancy forces were set,
based on the roll position of the rover, to be

Whenj j 5
IZ.‘Z,thrustnet = ON
IE-5,thrustnet =ON
m,xg MmMyyg
IE.2,bu0ynet: p2X + p2y + 10N
- Myx9 MpyQ
I:5,buoynet: p2X + p2y N
When -<j j 3
IE'2,thrustnet =ON
IE.:'-':,thrustnet =ON
Myxg MpyQ
IE~2,buoynet= IO2X + p2y N
myxg MmMyyQ
IE‘5,buoynet: P2X + p2y + 10N
When 3-<j j

IE‘2,thrustnet = ON
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F?),thrustnet =ON

My x9 N Mpy9

2

My x9 N Mpy9
2 2

The net buoyancy accounts for the weight of the sliding masses, split evenly between the two

helical drives. This prevents the rover from sinking due to the added mass from the sliding

masses and allows a clearer demonstration of how the rover will perform when the sliding
masses are off balance.

'Ez,buoynet = + 10N

N

IE~5,buoynet =

The location of the sliding masses for this case are located at the center of mass of the rover
body.

X, = O
Yo = Oz

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= BT 3
cCT b= 3%
A= =0
c= p=0
A:"B:O
.c= “D:O

Net buoyancy is initially applied in the helical drive  L,. When the absolute value of the
rover roll position is greater than 5 radians, the net buoyancy in helical drive L, returnsto O
and the net buoyancy in helical drive Ls. When the absolute value of the rover roll position is

greater than 37 then the net buoyancy in helical drive  Lgreturnsto 0 and the net buoyancy in

helical drive L, is applied.

The overall path of the rover inthe Xxg, yg, and z5 directions is plotted in Fig. 2.30. As the
rover rotates from net buoyancy, the rover experiences roll motion, as well as motion in the Z5
direction from the continuous positive net buoyancy.

Theroll, ,positionofthe rover of the rover vstimeis plotted in Fig. 2.30. As the net buoyancy
is applied in the helical drive L,, the rover begins to roll. When the rover roll magnitude
overshoots > then the net buoyancy in helical drive L, returnsto 0 and the net buoyancy in
helical drive L5 is applied to complete a rotation of radians. When the rover roll magnitude
overshoots 37 then the net buoyancy in helical drive  Ls returns to 0 and the net buoyancy in
helical drive L, is applied to complete a rotation of radians and levels out at a magnitude of
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57, where the rover is now balanced on its side, with the helical drive  L,. An accurate buoyancy
model and complete control model would have the capability to control the roll of the rover
more intricately.

(a) Rover Path (b) Rover Roll Position vs Time

Figure 2.30: Complete Roll From Buoyancy with Sliding masses Generalized Coordinate Plots

Roll from Sliding Mass Moment

The y-direction sliding mass moving away from the center of mass of the rover chassis, will
apply amoment about the rover center of mass in the rolling direction. This case was performed

with sliding masses present onboard. The rover the net thrust and net buoyancy forces were
set to be

IE‘2,thrustnet = ON

IZ"S,thrustnet =ON

- Mpx9  Mpy9
I:2,buoynet = 2 + 2 N

Myx9 MpyQ
= p.Xx p.y
F5,buoynet - 2 + 2 N

There is no motion from the net thrust and net buoyancy applied in this case. The net buoyancy
accounts for the weight of the sliding masses, split evenly between the two helical drives. This
prevents the rover from sinking due to the added mass from the sliding masses and allows a
clearer demonstration of how the rover will perform when the sliding masses are off balance.
The location of the x-direction sliding mass is located at the center of mass of the rover
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body and the y-direction sliding mass is located 3 inches from center of mass of the rover body
inthe fg direction.

X, = O
Yp = 3J&iN

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= BT 3
cC~ b~ 32
A= g=0
c= p=0
”A: =0
"C:“D:O

The overall path of the rover inthe xg, yg, and zg directions is plotted in Fig. 2.31. As the
rover rotates from the y-direction sliding mass, the rover experiences roll motion as well as
movement in the yg and zg direction as the rover adjusts to the new 'y, location. The roll,

, position of the rover of the rover vs time is plotted in Fig. 2.31. The rover experiences an
angular acceleration, the magnitude of the roll rotation overshoots 5 and then returns and
oscillates about =, where the rover is now on its side. The roll from the y-direction sliding mass
is oscillatory, while the roll from the net buoyancy reaches a steady solution relatively quickly.

However the roll from the y-direction sliding mass does not change the position of the rover as
much as the roll from the net buoyancy.

(a) Rover Path (b) Rover Roll Position vs Time

Figure 2.31: Complete Roll From Buoyancy with Sliding masses Generalized Coordinate Plots
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Pitch from Sliding Mass Moment
The x-direction sliding mass moving away from the center of mass of the rover chassis, will

apply a moment about the rover center of mass in the pitching direction.

Pitching Down with No Rover Motion This case was performed with sliding masses present
onboard. The rover the net thrust and net buoyancy forces were set to be
IE-2,thrustnet =ON

IE-S,thrustnet = ON

My x9 + myy9 N

IE'2,buoynet = 2 2
Myx9 MpyQ

= _ p.X p.y

I:5,buoynet - 2 + 2 N

There is no motion from the net thrust and net buoyancy applied in this case. The net buoyancy
accounts for the weight of the sliding masses, split evenly between the two helical drives. This
prevents the rover from sinking due to the added mass from the sliding masses and allows a
clearer demonstration of how the rover will perform when the sliding masses are off balance.

The location of the y-direction sliding mass is located at the center of mass of the rover
body and the x-direction sliding mass is located 3 inches from center of mass of the rover body
in the Tk direction.

Xp = 3MRiN
Yo = Ojr

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= B~ 3
cC~ D~ 3%
A= g=0
c= p=0
“A: =0
"C:“D:O

The overall path of the rover inthe xg, yg, and zg5 directions is plotted in Fig. 2.32. As the
rover rotates from the x-direction sliding mass, the rover experiences pitch motion as well as
downward movementinthe zgs direction as the rover adjusts to the new X, location.
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The pitch, , position of the rover of the rover vs time is plotted in Fig. 2.32. The rover
experiences an angular acceleration, the pitch rotation overshoots 5 and then returns and
oscillates about -, where the rover is now is oscillating as a pendulum and moving nose down
inthe Kg direction. The sliding mass at a distance from the rover center of mass, creates a
moment and behaves as a mass pendulum rotating about the center of mass with of the rover,
that is damped from the drag experienced on the rover body.

(a) Rover Path (b) Rover Pitch Position vs Time

Figure 2.32: Pitch Down From Sliding Mass with No Motion Generalized Coordinate Plots

The oscillatory motion of the rover results in a downward motion. For the same setup but

with the initial condition g5(0) = (0) = = 2, the rover does not experience any motion as
displayed in Fig. 2.33.

Figure 2.33: Pitch from Sliding Mass with Initial Pitch (0)= = 2 Rover Path
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Pitching Up with Forward Motion This case was performed with sliding masses present
onboard. The rover the net thrust and net buoyancy forces were set to be

IE‘-Z,thrustnet = 10N

FE,thrustnet = 1ON

My x9 + myy9 N

IE.2,buoynet = 2 2
Mpyxg MpyQg

= _ p,X p.y

I:S,buoynet 2 + 2 N

There is a forward motion from the net thrust applied in this case. The net buoyancy accounts
for the weight of the sliding masses, split evenly between the two helical drives. This prevents
the rover from sinking due to the added mass from the sliding masses and allows a clearer
demonstration of how the rover will perform when the sliding masses are off balance.

The location of the y-direction sliding mass is located at the center of mass of the rover
body and the x-direction sliding mass is located 3 inches from center of mass of the rover body
inthe g direction.

X, = 3gin
Yo = Ojr

The position of the rover helical drives were set to be level with the rover chassis body to
either side.

A= B~ 3
cC- D~ 3%
A= g=0
c= p=0
..A: ..B:O
"C:“D:O

The overall path of the roverinthe Xg, Y5, and z5 directions is plotted in Fig. 2.34. As the
rover pitches upward from the x-direction sliding mass, the rover experiences pitch motion as
well as upward movementinthe zg direction as the rover continues to propel forward from
net thrustin the 1 direction.

The pitch, , position of the rover of the rover vs time is plotted in Fig. 2.34. The rover

experiences an angular acceleration, the pitch rotation approaches =, where the rover is nose
up now and is facing the Kg direction.
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(a) Rover Path (b) Rover Pitch Position vs Time

Figure 2.34: Pitch Up From Sliding Mass with Forward Motion Generalized Coordinate Plots

Pitching Down with Yaw Motion This case was performed with sliding masses present on-
board. The rover the net thrust and net buoyancy forces were set to be

IE-2,thrustnet = 1ON

IE.'S,thrustnet = 5N
Myxg MpyQ
IE.-Z,buoynetz p2X + p2y N
Mpyxg MpyQ
IE‘5,buoynet_ p2X + p2y N

There is a yawing motion from the unbalanced net thrust applied in this case. The net buoyancy
accounts for the weight of the sliding masses, split evenly between the two helical drives. This
prevents the rover from sinking due to the added mass from the sliding masses and allows a
clearer demonstration of how the rover will perform when the sliding masses are off balance.

The location of the y-direction sliding mass is located at the center of mass of the rover
body and the x-direction sliding mass is located 0.5 inches from center of mass of the rover
body in the g direction.

X, = 0.5Mgin

Yp=01'"§

The position of the rover helical drives were set to be level with the rover chassis body to
either side.



c D=3
A= =0
c= p=0
A= =0
c= p=0

The overall path of the roverinthe Xg,Ygs, and z5 directions is plotted in Fig. 2.35. As the

rover pitches downward from the x-direction sliding mass, the rover experiences pitch motion
as well as downward movementinthe zg direction as the rover continues to propel in a circular
yaw motion from unbalanced net thrustin the Ik direction. A top view of the rover path in
the x-y plane in Fig. 2.35 shows the path of the rover inthe x5 and yg directions. The yaw,

, position of the rover vs time, the x position of the rover vs time, the pitch, , position of
the rover vs time, and the z position of the rover vs time are plotted in Fig. 2.35. The rover
experiences an angular acceleration when it rst begins moving from rest, and then the angular
velocity approaches constant and the rover reaches a constant diameter circular path, offset
from the center due to the sliding mass position.
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