Advances in Robotics
& Automation

ISSN: 2168-9695

Jebelli et al., Adv Robot Autom 2017, 6:1
DOI: 10.4172/2168-9695.1000162

Research Article Open Access

Modeling of an Autonomous Underwater Robot with Rotating Thrusters

Jebelli A*, Yagoub MCE and Dhillon BS
Faculty of Engineering, University of Ottawa, Canada

Abstract

Mathematical modeling, simulation and control of an underwater robot are a very complex task due to its non-
linear dynamic structure. In this paper, the authors present kinematic and dynamic modeling of an underwater robot
with two rotating thrusters. Through a virtual environment implemented in MATLAB and LabVIEW, the performance
of the proposed robot under real operating conditions was demonstrated.

Keywords: AUV; Hydrodynamics coefficients; Added mass;
Graphical user interface (GUI); Virtual reality (VR)

Introduction

These days, underwater vehicles have wide range of applications
in different marine industries. Controllability and maneuverability of
these vehicles which are strongly affected by various forces including
hydrodynamic forces applied on them. At the design stage, knowing
and calculating these forces are of very high importance which a
mistake in calculations and analysis of forces can have a lot of damage
to be followed including time, the cost of re-design and total change in
the body and following to that some changes in internal and external,
mechanical and electronic components of that. Therefore, simulating
a robot in a real system and implementation and real monitoring of
a robot performance can significantly help the designer in observing
the robot performance in different condition. But it needs a good
understanding of the robot environment modeling body coordinate
and accurate calculation of the external forces applied on the body.
In this project, we implement a virtual simulation of the robot in
real conditions after the accurate analysis of the applied forces on
the designed robot body and coding achieved equations in MATLAB
and the environment of LabVIEW which is able to give us the whole
performance of the robot for the moment which this display control
in the actual operation of the robot in the water is a very accurate
indicator of the robot performance in tests that enables us to manually
apply necessary orders to robot through a wireless transceiver of the
robot by changing the parameters of this display.

Design the Body

To successfully design the body, one should establish a primary plan
of the body structure with the location of each sub-part, knowing that
the device will be made of one piece with a camera on the top and engines
attached on the sides. In this work (Figure 1); in this case, all thrusters
should be put “on” at the same time to create a simultaneous vertical-
horizontal movement; it will then lead to high power consumption.
Our first contribution was to use a pair of mobile thrusters instead of
fixed vertical/horizontal ones, thus saving energy. In practice, the two
thrusters shown in Figure 2 could be oriented within a specific angle
based on the vertical and horizontal forces needed to move the device
in a predefined direction. Any change of angle should be made possible
by the instant movement of a servo motor which consumes much less
energy than the constant movement of a thruster.

Mass Shifter

As shown in Figure 3, a mass shifter was included, first because of
the thruster’s movement and second, to make the maneuver possible in

the direction of the pitch. The whole set can have two movement modes.
In the first mode, the body will have, by the help of the mass shifter, a
constant horizontal movement and its movement towards vertical and
horizontal directions should be performed through a change in the
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Figure 1: Isometric scheme of the designed robot.

Figure 2: The designed robot in the sea.
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thruster’s angle. In the second mode, the thrusters should be kept fixed
in a horizontal direction and the vertical movement should be made
possible through a change in the body angle in the pitch direction. The
first mode is used to maneuver or pass obstacles while the second mode
is used to preserve and store energy as well as to change direction in
relatively large depths.

Physical Device

According to Figure 4, the center of the physical device is matched
with the reference point of the vehicle. Its axis comes out from the front
end of the vehicle and its y axis extends to the right; the z axis completes
the right hand rule. Let this system be called B and its axes b, b, and b,.

Gravity Model

Assuming the Earth as a perfect sphere, the gravity in terms of
height is determined by the following equation:

- H 1
g e (1)

where p is the earth constant (3.986005 x 10 m?/s?). R, the distance
between the two masses, depends on the earth's radius R, [1,2].

R=R +h )
Modeling the Forces

In this work, it has been assumed that the fluid in which the vehicle
is moving has a steadily and fixed density p = 1000 kg/m?®. The external
forces applied on the vehicle can be then evaluated [3].

Figure 3: Mass shifter: location of the cube dumbbells, ball Screw, and stepper
motor.

Figure 4: Physical coordinates system.

Buoyancy force

According to Archimedes' principle, the buoyancy force, applied
vertically to the body and in the upward direction, equals the weight of
the displaced fluid by the body:

FBuoyancy = pVg (3)
where p is the density of the fluid and V it’s volume.

Weight force

The weight force is calculated as

F,=m,g (4)
where m,, is the vehicle mass.
Thrust force

As shown in Figure 5, two engines on either side of the vehicle are
used to provide the thrust force. The forces produced by the left and
right engines are noted F_and F , respectively.

Added mass force

As the device moves within the fluid, a certain amount of liquid
will move with it [4]. As inertial and Coriolis matrices relate the
accelerations and angular/linear velocities of the body to the forces
applied to the device, the added mass matrices and added Coriolis relate
the accelerations and angular/linear velocities to the hydrodynamic
force arising from the liquid displacement and applied to the device.

When a vehicle moves inside the fluid, a dynamic pressure
distribution is created around it. Bernoulli's law states that the pressure
applied on a differential surface dS depends on the fluid particle
velocity on the differential surface and also to the water column height
above it and this pressure applies a differential force dF and differential
moment dM on the differential surface dS. The force and differential
moment are called the force and added mass moment.

When a force is applied to the fluid particles, its adjacent particles
are accelerated due to a viscosity. That is why when a device moves
in the fluid, the fluid particles which are located exactly on the device
move at the same rate of the vehicle and the particles that are far from
the vehicle move with different velocities. In fact, there is a velocity
distribution on the differential surface dS and the farthest particles

Figure 5: Propulsion.
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have a zero velocity [5]. According to Regan et al., [1] the force due
to the added mass is

F =M py+C,(v)v (5)

where F,is the added mass, M,the added mass matrix, v the velocity
and C, the added Coriolis matrix.

Hydrodynamic force

As stated refs. the main hydrodynamic forces that are applied on a
subsurface vessel include Quadratic drag forces and lineal skin friction
forces. Although the equations of a vehicle with six degrees of freedom
are highly non-linear, a series of simplifications are usually used.

The most common simplification is to assume that the linear
and quadratic forces in the direction i depend on the velocity vector
components in that direction. Thus, the hydrodynamic forces are
calculated as follows :

[ 7 I XUM M‘u —‘
X,u
Yv Yy vy
zZw Z i W‘W
Fa== . |- (6)
K,p| |K,,lplp
M
qu Mr/\e/\ q‘q
Lo Ny rr ]
where B

® u, vand w are the components of the velocity vector in the
respective directions x, y and z.

®* p, q and r are physical components of the angular velocity
vector on the respective directions x, y and z.).

« X, and X = are the linear viscosity and quadratic
coeflicients along the x direction.

« Y,and Y  are linear viscosity and quadratic coefficients

along the y direction.

« Z,and Z are linear viscosity and quadratic coefficients
along the z direction.

« Kand K are linear viscosity and quadratic coefficients
along the p direction.

« M and M arelinear viscosity and quadratic coefficients
along the q direction.
« N, and N are linear viscosity and quadratic coefficients

along the r direction.

Kinematics

To derive a vector V vs. time in any coordinates system (Table 1),
the following operator D=d/dt is used:

Degrees of freedom Movement direction
1 Movement along X
Movement along Y
Movement along Z
Rotation along X
Rotation along Y

Rotation along Z

o g~ wWwN

Position and Euler angle

X

© 6 [N | <

DAV =D®V +® xV (7)

Then, the transfer matrix form a point B to a given vehicle W can
be stated as in ref:

cosOcosy  sinsinfcosy — cosdsiny  cosdsin@cosy + sinsiny

"R =| cosOsiny  sinsinOsiny + coshcosy  coshsinOsiny — sinhcosy (8)
—sin6 sindcos@ cosdcosO
To calculate the angular speeds, the following equation are used [2]:
b = p +gsindtand + rcosdtand )]
0 = gcosd — rsing (10)
. gsind + rcosd 11

cos@
Physical speeds p, q and r are calculated from the following
equation [6]:

p = —ysind (12)
q = Ocosd +yrsindcosd (13)
r = —Osind + yrcoshcosd (14)

To model the rotation in three dimensions, the concept in classical
mechanics is to use rotational kinematics. One of the ways to describe
rotation is the quaternion method. The four elements of the quaternion,
q, 9, 9, and q,, are related to the physical speed components p, qand r
through the following relation:

4o 0 —-p —qg —rl||q
“|_1ljp 0 r -q{}q, (15)
4| 2|q -~ 0 p|lg
4s rqg -p 0]lq

Dynamics Analyze

The Linear momentum of a m, mass relative to an arbitrary vehicle,
denoted I, is given by

pzla :va([}’ (16)

The system under discussion contains two objects namely, the
floating vehicle, considered as m, and the weights, considered as m,
that move relatively to m,. According to the Newton’s second law,
the resultant forces acting on a system m, are equal with the linear
momentum changes over time in the inertia system (Figure 6).

Assuming that both objects have constant mass, we get:

fy=D' (m,v(’;‘ +m,v, ) (17)
with V(I;] the velocity of the center of the 1** object and V(I;Z the velocity
of the center of the 2™ object mass. Thus,

IV NN
DVGI—DDSGJ

Linear and angular speed Force and moment

u X
\ Y
w z
p K
q M
r N

Table 1: Variables for subsurface floating vessels with: (1) Surge, (2) Sway, (3) Heave, (4) Roll, (5) Pitch, and (6) Yaw.
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[ = (DEa)BE)x MyS gy + (DBa)EI)x MySey +
o™ x (a)EE x mBsGB) + @™ x (a)E’ X mBsGB) +
o x(a)BE xmBsGB)+a)EI x(a)“ xmBsGB)+ 27)
mzag2 +2m,0* Xng +2m," ><vg2 +
my D, + mye™ xvi + 2mue™ xv; +
EI EI
. myw~ x (a) x sBE)
Figure 6: An example of the System B. So f, can be expressed as:
fo =m,D*VE +m, (DBa)BE)x Sgp + M@ x
L N L v§+2mBa)EIxv§+m3a)BE><(a)BEstB)+
=D (D Sgp+@ stB)+DDsB, o5 o o .
' ' my@ ‘x(w‘ XSGB)+mBa)‘ x(a) ‘XSGB)+
(28)
_ BB B BI BI B
_DDsGlg-k(D @ )stlB+2a) x(D SG,B)+ 18) ZmszEngz+mB(DBmE')><sGB+mBa)E’><
Bl Bl 1
@ X(a) XSQB)"'”B (CUEIXSGB)"'mzagq +2m,0" xvg +
Dlvéz = DIDISG21 m,o” x (wﬂ N SBE)
D'v; =D"D"s;, +(D'Za)'")><‘s'ozlf +20" X(DRSGII’.)-FC()RI x(a)'" XSGZH)'HZ; (19) Knowing that
Since m, is moving compared to the reference system B connected DP 0l lx (29)
to the mass m , some of the terms removed in equation (18) cannot not
1 q
be removed in this last equation, thus leading to: £, =myD™VE +m, (DBwBE) X5y + 20" X
B __BE BI BE
:m(Da) )xs +m,w x(a) X§ )
fg 1 GB 1 GB vg + mbBE x (a)BE % SGB) + mbBE «
AW B B Bl BI 20)
+m,a,; +msa; +m, (D )x G T2mm” x ( 5 5 e
2 2 (a) stB)+mBa) x(a) stB)+ (30
B BI BI 1
v, )+mw x(a) X )+ma
( e 2 6.8 e 2m,0" xv;, +my, (0™ x a)BE)x Sgp +
' Using the relation m,=m +m,, and reorganizing the equations, myo™ x ( o x SGB) +2m0™ x v +
gives ?
EI EI
(B oBE my x(a) stE)
I = (D W )x(mlsG‘B +m2sGZB)+
which leads to
a)BEx(a)B’x(ms. +m,s, ))+ma’? (21)
19G,8 256G,8 246, . DEVE DE oPE BE
s , [y =my V3+m3( W )stB+mBa) X
+2m,0™ X v, +mya, B o . "
Vp +2mp@” XV +mym x(a) stB)—
1 E E EI EI E EI
a,=D (v +ow ><s‘)+a) ><(v +w xs,)
B 8 bE & bE (22) 2mu" x (a)BE X S0 ) +2m,0" xvg +myw™ (31)
:DEVE+(DEa)E1)><s +2a)E’><vE+a)E’><(a)E’><s )
B BE B BE (a)E’ x sGB) —mya, +2m,0” xv, +myo™ x
Then i ) 7
’ (a)“ xS BE)
a, =Dvi+a)BExvf+2aJElxvf+a)E'><(a)E’><sBE) (23)
o Rotational Dynamics Equations
After substitution,
5 b Angular momentum
Iy = (D w )x(mlsG]B +m2stB)
. . R . The (absolute) angular momentum of m, can be defined as follows:
" x(w x(ms +m,s, )+ma +2m,m” x
1°G,B 2°G,B 26, 2 (24) BI B GI 1
=10 +sg xmvl, (32)
B B_E BE E EI E
Vo, TmgD vy + mp@™ x vy +2mpe” x vy +
o o On the other hand, the relative angular momentum of m, is defined
Mp@ X (co % SBE) according to:
: T . BI  _ 7B _.PI P
According to the definition of the center of mass: K ) = 0™ +sgp xmv), (33)
mISG B + mZSG B . . .
Sop = lmiz = MySp = M85 5 +MySG (25) According to White [3], the angular momentum of m, around its
B center of mass is given by,
with BI B _GI
=1lw (34)
BI_  BE EI
w’'=w" +w 26 .
(26) and around the point P, we have
and
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18 = 120" +sg xmv,, (35)

leading to the following equality:

lff(’m[) =120 +sg xmD'sg, (36)
15 = ([B)a)‘” +8g, 5 X MV, g 5 XM,V (37)

A. Euler law:

The Euler law says that the resultant momentum exerted on m, is

equal to the time derivative of angular momentum in the inertia system

(7]

M; =D} (38)
Mg = DI((IB)a)BI +sGlB><m]v§ +sGZB><m2vé2) (39)
which leads to:

DI(IB BI):IB(DBCOBE)+1R(COEIXwBE)+wBEX (40)
(13w3£)+w£1 X(]Ba)HE)+a)BE><(]Ba)EI)+a)EI X(]Ba)l;'[)
Each term can be calculated separately,
DI(IBCOBI):IB(DBCOBE)+IB((OE[X[()BE)+C()BE>< (41)
(13w35)+w51 X(]Ba)BE)+a)BE X(IBQ)EI)_'_Q)EI X(IBU)EI)
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—ml(a) stIB)va+ml(w stlB)xv3+
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ml(a) st]B)x(a) stE)+m1(a) stIB)x(a) stE)
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B E BE . E
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EI E EI EI
2’"15G13><<w xv3)+mlsGle(a) x(a) XSBE))

(DIstB)xmzvé2 =

m, (D'RsGZB + o x sGZB) x (D’sBE)

= mzvg2 XV +m, (a)BE x sGZB)x vE+ (44)
m, (wEI x sGZB) x vy +myve < (0" x5, )+

BE El EI El
mz(a) stZB)x(a) stE)+m2(a) stZB)x(a) stE)

ve, +(a)BE +a)E’)><((a>BE +a)EI)><stB)+DBv§ + &% x

D, =al +(DBa)BE + " xa)BE)stB+2(a)BE+a)E’)><
2 2 2

Ve, +(a)BE +a)E’)><((a)BE +a)E1)><sGB)+DBV§ + @ x

E EI E EI EI
vy +207 XV, + o x(a) stE)

_ B B _BE EI BE BE B
=a, +D°w stzB+(a) X @ )stEB+2a) XV +

20" xvg + o™ x(a)BE staB)+a)BE x(a)EI stzB)+ (45)
o x(a)BEstzB)+a)E’ x(a)E’ stﬂB)+Dvi + 0" x

E EI E EI EI
vy +207 Xvp +@ x(a) stE)

1.1\ _ B B _BE

S8 xmz(D Ve, ) =MySq 5 X dg +MySq ><(D @ XSGZB)+
EI BE BE B

MySg g X ((a) X @ )x 6,5 ) +2m,86 5 x| @7 X Vg, )

(
(BE

El B BE
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BE EI
M,86. 5 x(a) x(a) stZB))+msz7B X (46)
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By combining the above terms, we obtain:

M, = IB(DBa)BE)+IB(a)E’ X a)BE)+ o™ x(IBa)BE)+
wEIX(]Ba)BE)+wBEX([Ba)EI)+a)EIX(IBwE1)+

MVe XV +myve X (coEI stE)—i-mB (a)BE stB)x

v +m, (a)BE stB)x(a)E' stE>+mbE1 x

(SGB xv§)+m3 (a)EI stB)x(wE1 XSBE)+

MpSgp X DBVg +MpSep X (a)BE x V§)+ MpScp X (48)
(a)EI xv§)+mBsGB x(a)EI x(a)” stE))+

MySg 5 X agz + S x((DBa)BE)stZB) +

2m,s 5 X (a)BE xvg, )—i— 2m,s 5 X (a)E’ X Ve, )+

BE BE
mszsz(a) x(a) stzB))+2m2stB><

EI BE EI El
(a) x(a) stzB))+m2stB><(a) x(a) ><SG23))
Thus,

B __ B _ B _
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(49)
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Making the main equation as:
EI B EI B E B
w x(] 10} )+m2vGZ X Vg +m,vg X
EI BE E
(a) stE)+mB(a) stB)va+
BE EI El
mB(a) stB)x(a) stE)—mBa) X

E BE BE
(sGvaB)+mB(a) stB)x(a) stE)+
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(@ %y )+ mysgy (0 x(0 x5, ) + (50)
5%, + 50 (D50 )55 )+
2,55 % (@ X, ) = 2mys4, % (0™ < V], ) -
M5y % (0" % (07 x55,4) )+ 215, %
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(o <l )+ malsa]” ([0 T ([0 T x50 ')
e[ ] <[l ] +2m 50, ] ([0 T <[4 T')
w56, ([0 ] ([0 ] x50 ]'))

(51)

Simulation Platform

The equations obtained in the previous section and describing the
movement of the vehicle were coded in MATLAB. The Runge-Kutta
method was used to solve them with a time step size of 20 ms. This
value was tuned to simultaneously assure relatively fast convergence
and acceptable accuracy. After completing the coding in MATLAB, the
Lab View software was used to design a Graphical User Interface (GUI)
as well as a virtual reality (VR) to virtually observe the maneuvers of
the vehicle.

Initial conditions

As shown in Figure 7, this part should be set before running the
simulation. Here the user can set the initial conditions of the vehicle
including the following cases:

. Initial latitude and longitude and height
. Initial velocity
. Initial physical angle
. Initial angular velocity
Simulation monitoring

As displayed in Figure 8, it is possible to perform some of the
settings related to the platforms including setting the frequency of the
loops or choosing the processor.

Setting the simulation parameters
As seen in Figure 9, this part includes four main components:

Setting the environmental parameters (Figure 10). In this part, the
simulation parameters include:

*  Determining the Greenwich longitude and the radius of the earth.
* Determining the rotational velocity of the earth.

* Determining the earth chamfer: If this value is zero, the Earth
is assumed a perfect sphere.

*  Determining the fluid density in which the vehicle moves.

e Setting the volume mass parameters of the vehicle: this part, as
seen in Figure 11, consists in determining the total volume of
the vehicle.

Set Parameters

Figure 7: Initial conditions.
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Simulation Monitor

Initial Condition

od Plant 20

r Plant 1

Figure 8: Platform settings.

Set Parameters Control

Initial Condition Simulation Monitor

1000

Figure 9: Settings parameters.

Set Parameters Control

*  Determining the total volume and the moment of inertia of the
entire vehicle regardless of the moving mass.

* Determining the mass and the moment of inertia of the moving
mass.

Setting the hydrodynamic parameters

In this part, the hydrodynamic parameters of the device are set by
the user. This part includes three main components:

. Determining linear drag coeflicients (Figure 12a)
. Determining quadratic drag coefficients (Figure 12b)
. Setting the added mass elements (Figure 13).

Locating the critical points versus the reference point

In this part the user should determine the location vector, which
contains the critical points of the vehicle versus the reference point

B. These important points include (Figure 14):

* The location of the center of the moving mass.
* The buoyancy location,
* The pressure location.
* The left and right engine force location.
Control and displays
This part is composed of three sets that include (Figure 15):

* The physical angular velocity.
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Figure 12: Linear drag and Quadratic drag.

Figure 13: Added mass.

B (m) Xt1B B (m)

Figure 14: The critical points’ location vector.

Figure 15: Control.

¢ The latitude and longitude.

e The physical angle versus the North East Down (NED)
coordinate system.

* Thevertical velocity that resents the rate of reduced or increased

height.
¢ The height.
VR control

Two controllers have been implemented to control the VR
environment, including the perspective and setting the distance
between the two cameras located on the back of the device (eye) versus
the body.

Vehicle control tools

Using these tools, the user can control the device in the GUI
environment, i.e., determining:

* The right engine speed.
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* The right engine speed relative to the body.
* The left engine speed.
*  The left engine speed relative to the body.
* The moving mass location.
Data

In this part, the diagrams of the movement data are visible to the
operator. These data include:

¢ The velocity.
* The rotational velocity.
* The body angle to the magnetic north and horizon.

e The acceleration.

Figure 16: VR Environment.

Figure 17: Displayers status (part 1 presents the main data of the vehicle, and
part 2 presents the vehicle control tool).

Figure 18: The status of displayers

Figure 19: Status of displayers.

VR environment

In this part, a three-dimensional model of the body is created
in 1-scale. This graphic model is directly connected to the equation
solution subsystem and displays the movement changes of the vehicle
including the translational and rotational movements (Figure 16).

Results

Figure 17 shows the status of displayers in a position where the robot
depth’s is 5 m, with a constant speed of 0.2 m/s and with a direction
angle of 30° towards the north and with an horizontal movement.

Figure 18 shows the displayers in a status where the robot is at rest,
at a depth of 2 m, and with a 180° direction.
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Figure 20: Status of displayers.

Figure 19 shows the displayers in a position where the device is
moving at a depth of 4 m, a speed of 0.35 m/s, and at the same time
spinning to the right side to adjust the direction angle to 160°. The
image shows the moment where the current direction angle of the
device is 99.1°.

Figure 20 shows the status of the displayers in a position where
the robot is changing its depth from 5 m to 7 m. The image shows the
moment when it has reached the depth of 6.4 m.

Conclusion

This work deals with the modeling of the operation of an
underwater robot with two rotating thrusters. To efficiently control
the device movement at different depths with the help of a mass
shifter, an accurate monitoring system was implemented. This virtual
environment gives the user the ability to observe and adjust, in real
time, the required parameters for controlling the robot in different
situations. It also plays an effective role in enhancing the performance
of the underwater by using the obtained results to plan/prepare the
robot for future tasks.
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