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1. Introduction

A spherical shape of a submerged body with closed frame provides uniform drag at all
direction along its surface. In this chapter, the shape of a spherical URV that is used in this
book-chapter is presented. The vertical motion equation is also derived. The forces that
affect the dynamics of the system are also described. In order to control vertical motion due
to control depth position of the URV, a variable ballast mechanism is used. This mechanism
controls the weight of URV’s body. This chapter also presents detail mechanism of the
variable ballast system and describes detail of the used parts and design of the mechanism.
Kinematic and dynamic model of the variable ballast system are also derived.

2. Design of URV

The shape of spherical URV used in this book is shown in Figure 1. As a sphere body, the
location of center of buoyancy (COB) of URV’s body is at the center of sphere or the
intersection point between vertical and horizontal diameter. The variable ballast tank is
located at the top inside the hull. Location of the tank is adjusted so that the position of
center of mass (COM) is aligned vertically with COB. Mechanism of the variable ballast and
detail of its parts are explained in section 4.3. At the upper side of the hull above the tank,
there are some holes as the way of water to enter into and exit from the tank. The space
below the movable plate inside the hull is waterproofed so that the water can not enter this
space.

In order to make the URV stable in equilibrium condition, the hull of URV must be designed
with bottom heavy that is the center of mass is located at under of the equator or at
underside hemisphere. To make the hull in bottom heavy, fixed ballast is located at the
bottom of the hull. The location of COM of the hull must be aligned vertically with COB of
the hull thus in equilibrium condition, the position of the ballast tank is at the top of the
URV’s hull exactly. This condition is important when the URV is provided with horizontal
propulsion in order to give ability to the URV to move in horizontal plane.
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{a) Top view ity Side view
1. holes for the way of water in and 4 fized ballast.
out of the tank 5. battery.
2. wariable ballast tank. 6. cpu and electronice components.

3. movable plate..

Fig. 1. Shape of spherical URV and its parts

3. Vertical motion equations

Since the URV moves in vertical plane without any propeller, so it just depends on the
gravitational force, buoyant force and other forces that appear because of its motion.

By assuming there are no external forces that can disturb the motion of URYV, the forces
acting on the URV can be shown in Figure 2. Let F, is buoyant force, W is gravitational

force, F, is drag force, f, is force that appear because of the availability of the acceleration,
m, is added mass, and m, is total mass of the URV’s body which is constant then forces

equation act at URV are given as (Rajput, 2003)

W=F +F, (1)
and,
W=mg, (2.a)
E=p,V,8, (2.b)
E = sign(v)%CDAﬂjpwv2 : (2.c)

The direction of gravitational force and buoyant force are opposite to each other when W' is
downward and F, is upward. From Eq. 2.c, it can be seen that the direction of the drag force
depends upon the direction of the velocity. If the URV moves downward, the velocity is

positive so that the drag force is positive and it direction is upward. The drag force and
velocity are negative if the URV moves upward.
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water level

v.a

Fig. 2. Forces acting at URV’s body
Substituting Eq. 2 into Eq. 1, then the force equation can be represented as
. 1 >

Since dimension of URV, v, and A », are constant, then the velocity v, is also constant.

This velocity is known as terminal velocity, which is expressed as

. 2\mg-p,V,8
v =sign(mg-p,V,Q) ( C A il )|, (4.a)
D” ol w

[z

From Eq. 4.a, it can be seen that the vertical motion of the URV depends on the gravitational
force and the buoyant force. If W > F,, then the URV moves downward and it will move
upward if W <F,.If W =F,, the URV will stay at its position. Since volume of URV’s hull,
Vir & and p, are constant, the buoyant force is also constant. So, the motion of URV
depends on the total mass of URV’s body, m, . By controlling m, , the vertical motion of the
URV can be controlled.

Since equilibrium condition is occurred when W =F,, then v=0 and m, =m_, which is
initial total mass of the URV. If the total mass changes as much as Am from the initial total
mass, m_, then the total mass of URV is expressed as

m, =m, +Am . )

Thus, the associated velocity will be change. The change of the velocity depends upon
whether Am is a variable or simply a constant. If Am is a variable, the acceleration, a,
occurs. This acceleration, besides accelerates mass of URV itself, m, , also accelerates mass of
surrounding water which is known as added mass, m, .
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Due to this acceleration, the force f, will occur and it is expressed as

fo=(m,+Am+m )a. (6)

Considering this last force, f,

a

, Eq. 1 can be rewritten as
W=F+F +f, . (7)
Substituting Eq. 2 and Eq. 6 into Eq. 7, yields
m.g+Amg=F, + sign(v)%CDAfbpwv2 +(m,+Am+m))a . 8)

Recalling equilibrium condition,

From Eq. 5 obviously we have Am =0.
By substituting Am and Eq. 9 into Eq. 8, yields

m.g=F,. (10)

Since m_ and F, are constant, then by the change of Am, Eq. 8 becomes

Amg= sign(v)%CDAfbpwv2 +(m, +Am+m,)a. (11)

Since Am g =AW, then Eq. 11 is written as

AW = sign(v)%CDAfbpwv2 +(m, + AWV +m)a. (12)
8

By solving for the acceleration, a, the dynamic equation for vertical motion is given as (Xu
and Smith, 1994)

AW _ Sign(v)CDAﬂJpwvz

(m,+m, +M) 2(m, +m, +M)

a=

(13)

And, if the depth position of the URV can be measured as z, then by differentiating z
respect to time £, the velocity of URV in vertical plane can be expressed as

v=1%. (14)
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4. Variable ballast system

The common design of variable ballast uses tank as chamber for controlling amount of
water in URV’s body in order to control buoyancy/weight of the URV. The space or volume
of the used tank is fixed so that if the amount of water in the tank is not full, there will be a
space which is not filled by water. This condition can make water move freely around the
space of the tank if the tilt of URV is unstable such as illustrated in Figure 3(a). This motion
can produce a moment that can disturb the stability of the URV. If tilt of URV’s body is

change (as shown in Figure 3(b)) the center of mass, C,,, will also change. This condition

sometime is undesired. Therefore, a variable-ballast with variably volume of chamber of the
tank is designed in this book, in order to make water always fulfill the space in the tank but
variably in term of volume.

(a]

(k)

Fig. 3.(a) Surface of water in ballast tank when the URV’s body is shaking; (b) Position
center of mass and center of buoyancy of water in the tank when tilt is change.

4.1 Variable ballast design

In order to make water always fill space in the ballast tank, even if the volume of water is
different, then the volume of the tank itself must be adjustable which is illustrated in
Figure 4. The shape of the variable ballast’s tank is cylinder which is opened at the top side.
This part is connected directly to the water environment therefore water can always fulfill
the space in the tank (as shown in Figure 1(b)).

To make variably volume of the tank, a movable plate is located at the bottom of the tank.
The space below the movable plate is waterproofed, so that water can not enter this space. If
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the movable plate is moving upward, the space of the tank will be decreased as well as the
volume of water in the ballast tank. If the movable plate is moving in opposite, downward,
the space of the tank will be increased and also the volume of water in the ballast tank.
Therefore, in any volume of water in the ballast tank there is no empty space in the ballast
tank that is not filled by water.

I Dy |
I I
fi
maovahle
plate
E Power
-
- SCTew
= t—
B -
-
s
Worm L 4
g DC motor

gear

Fig. 4. Mechanism of variable ballast system

In order to change position of the movable plate, a DC motor is used to drive the movable
plate through power screw and worm gear coupling. This variable ballast mechanism is
analyzed in this chapter. The analyzing involves kinematics analysis and dynamics analysis.

4.2 Kinematics analysis
The movable plate of variable ballast system is coupled to the nut of power screw. This nut
can be moved up and down by turning the screw.

FST}F‘H-E

SCIew

I Fw!;Fa
I 7

1"3 gear

(a) (h)

Fig. 5. (a) Power Screw; (b) Worm gear
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So, the screw converts the rotation motion into linear (vertical) motion. This coupling can be
seen in Figure 5(a). Based on Figure 5(a), [ is lead of screw per revolution, Ah denotes
change of nut position, ®, is angular velocity of screw. If At is the time needed by screw to
change nut position at Ah regarding angular velocity o,, then their relation can be written
as

Al _lo,
At 2m

(15)

To turn the power screw, a DC motor is used and coupled with worm gear as illustrated in
Figure 5(b). The worm has number of thread per revolution equal to N, and the gear has
number of teeth equal to N, . If the worm is coupled directly to the motor which turns in

velocity o, , then the gear will turn in velocity o, which is expressed as

m 7

W, = .M - (16)

As shown in Figure 5(a), the gear and screw is ally so that its angular velocity is the same,
0, =0, . (17)

By substituting Eq. 17 and Eq. 16 into Eq. 15, the change of nut position can be rewritten as

AN,
—_—= @ s
At N 2z "
Ah = H\]—w()\)m s
N, 2n
m le

4.3 Dynamics analysis

The dynamic of variable ballast mechanism is analyzed by considering torques and forces
acting in the system. The forces and torques involved in the mechanism come from internal
mechanism those are from the DC motor and the transmission system, and also come from
external that is from the surrounding as hydrostatic pressure.

4.3.1 Power screw
As illustrated in Figure 5(a), T, is input torque that is required to operate the screw to move
the nut which is coupled with movable plate, can be expressed as

T3 = TF + Tﬁ' , (19)

where T, is torque required to overcome force F, and T, is torque required to overcome

friction between screw and nut. To evaluate these terms, the equilibrium conditions are
applied such as illustrated in Figure 6.
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Figure 6(a) illustrates coupling between nut and screw and also its parameters that must be
considered. There is an additional useful geometric relationship between lead angle, o , and
lead, I. Suppose the triangular segment of a plane wrapped around the screw is considered
in such a way that slanted edge lies along the helix and follows it for one revolution,
obviously we have

!
t =—. 20
ana — (20)

m

Figure 6(b) illustrates a force P which is applied at a mean radius r, which causes the load
to be raised. The reactive forces act at point O on the screw thread surface.
The reactive force F, acting normal to the surface has the following components:

OD = f, which is the friction force opposing movement up the thread surface

OA = is equal and opposite to the force being lifted. (F)
OB = is the vector sum of OD and OA and forms an angle 6, with vector F,

Summing the forces in the vertical direction results in

F cos6, coso=F+ f, sina . (21)
If coefficient friction of screw surface is p_, then friction force is expressed as
By substituting Eq. 22 into Eq. 21, yields

F = F (23)

" cosB, coso—p sina

By considering forces in horizontal direction, obviously we have
P=f cosa+F, cosb, sina, (24)
and by substituting Eq. 22 into Eq. 24, yields
P=F (n,cosa+cosb, sina). (25)

By equating F, at Eq. 25 and Eq. 23, force P applied on screw in order to lift force F can be

expressed as

P:P(HSCOS“JFCOS@S?“O‘) (26)
cos0 coso —p_sina

By analyzing again Figure 6(b), it also can be concluded that:

BC=AE=0A -tan6=0B-cosotan®,

tang, = % =cosatand. (27)
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Fig. 6. (a) Screw and nut coupling; (b) Detail of forces working in the power screw
(roymech.co.uk, 2008)

If lead angle o is small, thencosa =1, so we have
tan0, ~ tan0,

06, ~0.

Substituting Eq. 28 into Eq. 26, yields

p_p| K coso +cosBsina
cosBcosa —p_ sina )’

pop| BT cosOtana .
cosf—p tana

(28)

(29)

Again, by substituting Eq. 20 into Eq. 29, force P applied on screw to lift load F can be

rewritten as
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P_F npd +1cosO . (30)
nd, cos®—p I

In order to lift load F, a torque, T,,, must be applied to the screw. If the screw has mean
diameter d,, then the torque applied to the screw can be expressed as
d

T,,=P—2. 31
=P @)

Substituting Eq. 30 into Eq. 31, the applied torque required to lift load F can be expressed as

TSu:d—mF nud, +1cos6 ' (32)
2 \nd, cos®—p.l

In order to lower load F, a torque must be applied to the screw in reverse direction with
T,, and itis named as T,, . Applying torque in reverse direction will also deliver force P in

reverse direction. By using same procedure in deriving T,,, the torque required to lower

load F can be expressed as

T3L=d—’"F n-p, -d, —1-cos6 ' (33)
2 \n-d, cosO+p, -1

4.3.2 Worm-gear set

Conceptually in worm-gear set, the worm can be analogous to the screw power, and worm
gear or gear can be analogous to the nut, see Figure 7. The forces resolution for power screw
may therefore be directly applied to the case of a worm by observing that screw lead angle
o is equivalent to worm lead angle A, and power screw normal angle 6, is equivalent to
normal pressure angle ¢, for the worm gear. Illustration of these forces, based on Figure
6(b), can be seen in Figure 8.

Wi

Wommpear —

Fig. 7. Worm gear (www-mdp.eng.cam.ac.uk, 2008).
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Fig. 8. Detail of forces on worm gear.

If worm has lead I, per revolution and diameter d_ , then worm lead angle A, 6 can be

determined by

tani = L, . (34)
nd

w

Based on Fig. 8, by summing the forces in vertical direction obviously results in

F, =F, cose, cosh, —Fsinki , (35)

wa wn

where F  is axial force of worm, F, is reactive force on worm, and F, friction force of

wn

worm. If coefficient friction of worm surface is p, then the friction force F, is expressed as

F=pF, . (36)

s w wn

If Eq. 36 is substituted into Eq. 35, then the reactive force F, is written as

wn

Fwn = Fw’l . ° (37)
Ccos®, COSA, — i, SinA

If forces in horizontal direction are considered, then by summing of these forces will result

F,=F, cosg, sinA, +F cos\,, (38)

wn

where F, is tangential force of worm.

By substituting Eq. 37 into Eq. 38, the tangential force of worm can be expressed as
(Collins, 2003).

F _p |cose,sin A, +u, COSA,
wi - wa . 7
t cos@, cosh, — W, SinA

F -F. coso, tani  +pu, . (39)
cos@, —p tani

Then, by substituting Eq. 34 into Eq. 39, yields
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lZU COS(‘pn + Tc“‘w d

w

Tcdw COS (‘pn - MTU Zw

nd, cosp, —u, 1
w (Pn uw w . (40)
[ coso, +mp, d,

From Figure 5(b), it is shown the relation of forces working at gear and worm. Forces on
gear are related by equilibrium to forces on the worm as

(41.a)

F =F

qa wt 7

(41.b)

where F, and F, are tangential and axial force working at gear respectively. If T, is torque
applied on gear with diameter d_, then this torque T, is expressed as

d
B=§%- (42)

By equating Eq. 40 and Eq. 41.a and substitute into Eq. 42, yields

T = dg Fw' (Tcdu} CoSs (pn B l”lw Zw J

’ 2 (I, cosop, +mp, d, (43)

To actuate this mechanism, the worm is coupled directly to the shaft of a DC motor. If T is
motor torque applied on worm to result tangential force F,, which is expressed as

er = _’T‘m 7 (44)

then by substituting Eq. 44 into Eq. 43, torque applied on gear is expressed as

2T (45)

w

[ coso, +mp d, |

w W

Reviewing Figure 5 again, obviously can be seen that the gear and power screw are allied in
same shaft so that torque required to actuate the gear, T,, will be equal to the torque
required to turn power screw, T, . Since T, =T,, then T,, =T,, and T,, is torque needed by
screw to lift up the load F. In order to produce torque T, on the screw or T,, on the gear,
the DC motor must produce torque T,,.If T, =T,

w L,=T,, and T =T, then by equating
Eq. 32 and Eq. 45 yields

d.T,,(nd,coso, —p,l, | _ d, o[ mp.d, +1lcosod
d, \I cosop +nu,d, | 2 |nd cos®—pl)
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_4, dwF(nus d, +lc059][lw CosQ, + T, dwj . (46)

" 2d, \nd,cos®—p I |\ nd, cosg, —p,1,

By using the same analogy for calculating T,,, then the torque of the motor required to
lower the load F which is knownas T, , can be expressed as

ddF(rnud —IlcosO [l coso +mu d
— m w ( “b m J( w (prl MYH u)j . (47)

" 2d, \nd, cos®+p !\ nd, cosg, —p,1

w o w

From Eq. 46 and Eq. 47, it can be shown that many coefficients, which are constant, are
involved in the equation, so that if the constants are simplified then we have

dmdw :kr
2d, "

nu,d, +IcosO
nd, cos®—p .l

nu d, —IcosO

nd, cosO+p 1

lw COS(PYI + Tcuw dw
( J =k, (48)

Tde COS(PVI _MUJ lw

where k, is coefficient of power transmission ratio between worm gear set and power
screw, k,, and k, are coefficient of power screw in lifting and lowering load mechanism
respectively, and k, is coefficient of worm gear set. Hence, Eq. 46 and Eq. 47 can be
simplified into

'Tmu 3 kpr kTU kwg F
T, =k, kyk,F (49)
or it can be written as
’Tm = km ‘F 4 (50)

where k, =k, =k k., k, =T, =T, and k, =k, =k k,k, =T =T

pr "TL "Twg mL *
From Eq. 50, it can be seen that torque T, is the input, and F is the output. Although not
explicitly stated, it does not mean that if 7, =0 then F must be zero. Because of friction, a
certain value of F must be reached to make it self-locking, before power screw start rotating
and allow the load lift or lower, and it’s called overhauling. To guarantee the screw will be

self-locking, a condition based on the geometric parameter and coefficient of friction must
be fulfilled (Collins, 2003).
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4.3.3 External forces analysis

Torque and force which are provided by the motor and its mechanics system are used to
overcome the load F in order to control amount of water in the ballast tank. Load F itself is
total force working on the movable plate of variable ballast system which is coming from
inside and outside of URV’s hull. The illustration of forces working on the movable plate is
shown in Figure 1.

Fig. 1. External forces working on variable ballast system.

If Figure 1 is analyzed, the force coming from inside hull, F, , is caused by the change of air
pressure inside the hull, P,, due to the change of space inside the hull. As explained before,
the variable ballast mechanism is used to control weight of URV by controlling volume of
water in ballast tank. To control volume of the water, a mechanism like piston is designed.
In this mechanism, a movable plate which is base of space in the tank that can be filled by
water is used. By controlling position of the movable plate which is height of the tank, the
volume of water in the tank can be controlled. Since space under movable plate is
impermeable, by the change of position of movable plate, the volume of space inside URV’s
hull is also change. This change impacts to the air pressure inside the hull.

As known that relation between pressure and volume, V, , in closed space is expressed as

ih
(Moran and Shapiro, 1998)

P,V, =constant . (1)

ih T

So, if the volume of air inside URV’s hull is changed, then its pressure is also changed. In
initial condition or in equilibrium condition, the pressure inside the hull is equal to the
pressure of the air at water surface, P, . By assuming the air pressure at water surface and
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temperature inside URV’s hull are constant then since the volume of space inside the hull is
constant, the pressure inside the hull is also constant. If volume of the space inside the hull
is changed because of the change of position of movable plate, the pressure P, is also
change and will cause a force act at movable plate surface, known as F, . The relation of
P ,P,,and F, is expressed as

F, =(P

i ih

-P)A,, (52)

where A, is projected area of movable plate which is base of variable ballast tank.

In initial condition, where P, =P, , volume of the air or empty space inside URV’s hull is
V., , and the position of movable plate is at the middle of full height of the tank, so if the
maximum height of the tank is /1 then the position of movable plate is at 0.5 from the top
of the tank, which is known as initial position. At this position, Ah, which is the change of
movable plate position, is equal to zero (Ah=0). So that if position of movable plate is
upper than initial position (<0.5h) then Ah<0 and if lower than initial position then
Ah >0 . By the change of Ah, the volume of the air or space inside the hull will change as
AV . The relation is expressed as

AV =AhA, . (53)

From Eq. 53, it is seen that the change of volume of the air inside the hull is equal to the
change of volume of water in the ballast tank.

By the change of volume of the air, the pressure is also change from its initial condition and
expressed as

‘Pa ‘/ih = ‘Pih(‘/ilx - AV) 4
p -tV (54)
V., —AV

ih

By substituting Eq. 53 into Eq. 54 and substitute the result into Eq. 52, then force acts on
movable plate’s surface due to change of volume of the air inside hull is expressed as

2
(AR 55
: ‘/ih T Ah’ Avb

From Figure 1, it can be shown that load F is resultant of F_, AW, and F,, and the relation

is expressed as
F = Wvb + Ezs - Eh 4 (56)

where W, is weight of the water in the ballast tank and F_ is hydrostatic force on surface
of movable plate. Weight of water in the ballast tank depends on volume of the water in this
tank. In equilibrium or initial condition, the volume of water is half of maximum volume of
the tank, W, =W, . By the change of position of movable plate in Ah, the weight of water
in ballast is also will change in AV from initial weight. So that at any condition, W, can be
expressed as
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W, =W,_+AW. (57)

Hydrostatic force, F,_, is force acting on surface of immersed body caused by the height of
liquid (water) above of it, or in other word it can be said that hydrostatic force is weight of
the liquid above immersed surface. In this system, the height of liquid above is equal to the
depth position of the URV. If depth position of URV is measured form water surface to top
part of URV’s body known as z, then F_ acting on surface of movable plate is expressed as

(Rajput, 2003)
F;ls T pw gAvh Z 4 (58)

where p, and g are density of water and gravitational acceleration respectively.

Substituting Eq. 55, Eq. 57, and Eq. 58 into Eq. 56, load F can be expressed as

A (A, ) P
F=Whg+AW+pngvbz—M, (59)
L ‘/ih_AhAvb

and the change of water in the ballast tank is expressed as

AW =AhA,p, S,

ana, =W (60)

P.8
Substituting Eq. 60 into Eq. 59, then the load F can be rewritten as

AW AP,
. gV, —AW - (61)

ih

F=W_+AW+p gA, z—

Recalling Eq. 50 and substitutes Eq. 61 into this equation, then torque of the motor that is
required to change position of movable plate in order to control amount of water in ballast
tank is expressed as

T;n:km V\/}r<+AW+pngvbz_M
| p. gV, —AW J°

ih

(62)

In order to change position of the movable plate, the DC motor must provide power P, and

rotates at angular velocity ©, inorder to produce torque at T, , and can be expressed as

Pm = T 0‘)117 * (63)

m

By substituting Eq. 18 and Eq. 62 into Eq. 63, obviously yields

N 2nAh
R,,=km[whs+AW+pngwz— AW AL, ] ok

QV. AW IN, - (64)

ih w
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N,2r
If —&—— —k,. is known as coefficient of velocity reduction of power screw and worm gear
IN, ¢
couple, then Eq. 64 can be rewritten as
- AW A, P
Py =k Koo M| Wy + AW + p, g Ay, 2~ e 65
m m " gc ( bs Pw & Hob 0w 8V, —AWJ ( )

From Eq. 60, if A, , p,, ,and g are simply constant, then by differentiating this equation

results

4

A=AV (66)
Puw & Avb

where Ah is rate change of position of movable plate and AW is rate change of weight of

water in the ballast tank.

By substituting Eq. 66 into Eq. 65 and solving AW, then the rate change of weight of water

in the ballast tank is obviously expressed as

ATV = Pw 8§ Avh Py . (67)

AW Ay, P,
Ko Ko | Was + AW + pyy g Ay 2= vb
m " gc ( bs Pw 8 Hob P gV - AW]

5. Simulation of open loop system

In order to know responses of the system resulted from the modeling process, the
simulation using Simulink in MATLAB is built. The Simulink model is built in block by
block system based on the mathematic models. Some input models are tested in order to
analyze responses of the model.

5.1 Simulink model

From Eq. 67, Simulink model of rate change of weight in the ballast tank, AW, is shown in
Figure 2. From Figure 2, it can be seen that value of k,, depends on power input, P,,
which results torque T,, to change amount of water in the ballast tank. If P, >0 then
T, =T, therefore k,, =k, , otherwise k,, =k,,;.

The rate change of weight in the ballast tank, AW, has saturation values (+AW_ ). This
saturation value depends on the maximum angular velocity of the DC motor that drives this
mechanism both in counterclockwise and clockwise direction. Then, the change of weight in
the ballast tank, AW, can be obtained by integrating AW which is shown in Figure 3. AW
also has saturation values (+AW_,) which depends upon the maximum volume of the
ballast tank.

Output of this model is acceleration of the URV. In order to obtain velocity of URV’s vertical
motion, v, an integration block diagram is used. In order to get the depth position of the
URY, this velocity is integrated. The Simulink model is shown in Figure 5. The condition of
depth position and velocity are depth position always be positive (z>0) and for
z=0=>0v20.
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The Simulink model of URV motion in vertical plane which is taken from Eq. 13, is shown
in Figure 4. By combining all models, obviously Simulink model for depth positioning of the

spherical URV is shown in F
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From Figure 6, it can be shown that the power input, P,, has saturation values that is

+P max. This power depends upon the power provided by the DC motor.

m

5.2 Simulation result

The dynamic model for depth positioning of the spherical URV involves many constants
and parameters both for URV and it ambient. The assumption of these constants and
parameters used in the simulation are presented in Table 1.

Parameters Symbols Values
Ambient parameters:

Atmospheric pressure at water surface Pa 1 atm
Density of water Py 998 kg/m3
Dynamic viscosity of water H 10 Ns/m?2
Gravitational acceleration 8 9.81 m/s2

URV’s hull:
Initial mass of URV m, 2239 kg

Added mass of URV m, 11.2 kg

Diameter of URV D, 0.35m
Projected area of URV A, 0.09616 m?
Initial volume of empty space inside URV’s hull V., 50 % of Vfb

Variable ballast system:

Diameter of variable ballast tank D, 0.18 m
Projected area of base of variable ballast tank A, 0.0254 m?2

Maximum height of variable ballast tank h 0.08 m

Initial weight of water in ballast tank W, 9.96 N

Transmission ratio of worm gear and power screw k. 8.164x104 rad/m
Coefficient of wogr(r)l V\%ressaigd H]looo;/;fr?; screw couple for k. 460110
Coefficient of worm gear and power screw couple for k., 1122x10
upward moving

Power saturation resulted by DC motor P, . +100 Watt
Angular velocity saturation of DC motor TO, o +157 rad/s

Table 1. Parameters of URV and the ambient.

Some types of input are tested to analyze response of the model. The first input tested in the
open loop simulation is a single pulse input. The responses of the model are shown in
Figure 7. The given power input from the DC motor, P, , is a single pulse with amplitude at
50 Watt. The origin position of URV is at 0 meter from surface. Since this input is applied,
the URV is descent from surface.
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From Figure 7, it is also seen when the power is applied to the motor as positive value, the
weight change, AWV, is increased and reaches saturation around 10N, as maximum value of
AW. When the power is reset to zero, AW still remain at the last value, and the URV still
moves with velocity v, which is proportional to AW . The depth position of URV, z, will
increase since the velocity is available as positive.

If the velocity is negative, the URV is ascending as shown in Figure 8. The increment of
AW depends on the total power given by the motor to actuate the variable ballast and also
depends on the depth position of the URV. If the power given is small then the increment of
AW is also small, and since the power is available, AW will keep increasing till reach
saturation. If same power is given to the system but in different depth positions, the
increment of AW at deeper position is lower than shallower position. This is caused by the
availability of hydrostatic force.
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Fig. 7. Response of the system for single pulse input.
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When the power is zero, AWV remains at its last value as well as velocity V. The velocity will
remain constant until AW change and velocity in this condition is known as terminal velocity.
This is the advantage of using variable ballast as vertical motion actuator, even the zero
power is given to the actuator, the URV still moves therefore it will save the power usage. If
AW =0, then the zero velocity occurs. The depth position of URV, z, will remain at its last
position, and this condition is called equilibrium point. The equilibrium point occurs at any
depth position since v and AW is equal to zero.
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Fig. 8. Response of the system for pulse input in different amplitude.

If ramp input is applied, then the response of the system is shown in Figure 9. By looking to
the response, obviously the nonlinearity of the weight change of the URV’s body and the
velocity in vertical motion are shown. By the increment of P,,, v and AW also increase
until both of these reach saturation. Depth position, z, keeps increasing since v >0 .
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Fig. 9. Response of the system for ramp input.

6. Conclusion

The dynamic model of depth positioning of a spherical URV is obtained by considering the
physical laws involve in this system. The dynamic model presented in this chapter is
nonlinear. Some inputs are tested to see the responses and characteristics of this system. In
the next chapter, the control systems will be designed in order to control the depth position
of this spherical URV.
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