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Abstract— In this study, an electromechanical design and a
proper control architecture has been proposed for horizontal
motion control of a remote operated underwater vehicle.
Horizontal motion is performed with the combination of roll and
yaw rotations. With the use of mathematical model and dynamic
equations of the remote operated vehicle, control architecture has
been developed for auto-tuning the position of a linear brushless
direct current motor and angular velocities of horizontal
thrusters. In particular, the part of control architecture related
with roll rotation tuning through the linear motion of a mass along
pitch axis has been accentuated in this paper. Control system has
been realized as a MATLAB/Simulink simulation model thus the
responses have been monitorized. Finally, series of performance
analysis over tracking capabilities have been carried out.
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l. INTRODUCTION

At the present time, control and design of underwater robots
has become a significant scientific field of study arising from
intense effort in underwater applications such as ship
maintenance, port operations, hydroelectric energy systems,
underwater pipelines, salvage services and underwater
exploration. All of these working fields have some requirement
of unmanned underwater operations for industrial, military or
scientific purpose. Like other land, aerial or marine type of
unmanned vehicles, underwater vehicles have a series of
mission specification and working environment. Possible
working fields of underwater robots given as follows [1].

TABLE I. APPLICATIONS OF UNDERWATER ROBOTS
Field Application
. Seafloor Mapping
Science . Rapid response to oceanographic

and geothermal events

. Geological sampling

. Long term monitoring (e.g.,
hydrocarbon spills, radiation
leakage, pollution)

. Environmental remediation

. Inspection of underwater structures
including pipelines, dams, etc.

. Shallow water mine search and
disposal

Environment

Military
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Field Application

. Submarine off-board sensors

e Ocean survey and resource
assessment

Construction and maintenance of
undersea structures

Ship hull inspection and ship tank
internal inspection

Nuclear power plant inspection
Underwater communication &
power

cables installation and inspection
e  Entertainment-underwater tours
. Fisheries-underwater ranger

Ocean Mining and
Oil Industry .

Other applications

Il. PROBLEM AND SYSTEM DESCRIPTION

As it is seen in Figure 1, robots and vehicles which navigate
in underwater environment have six degree of freedoms [2]. In
order to follow the predetermined pathways and respond to the
real time motion commands there should be some control over
these degree of freedoms. The objective of the control
architecture in this study is to create a maneuvering capability
along horizontal plane due to tuning of the roll rotation.
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Roll rotation is planned to be performed through a moving
mass which is actuated by a linear brushless direct current motor.
LBDCM is located inside the ROV. Rotor and stator axes are
located coincident with pitch axis. The settlement of LBDCM
inside the ROV can be seen in Figure 2.
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Fig.2 Settlement of Linear Actuation

I1l. ROV MODELLING

A. Kinematic Model of Underwater Robot

In order to determine the control parameters of ROV, the
kinematic model of the system should be created. The motion
is defined according to earth fixed frame and body fixed frame
as seen in Figure 3.
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Fig. 3 Earth and Body Fixed Frames

Body fixed frame is located at the center of gravity thus
linear and angular velocity data are described according to body
fixed frame. On the other side position and orientation data are
described according to the earth fixed frame [3][4].

In the light of this information, the vectors that express the
the motion through six axes are indicated below [5].
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Here, n is the combination of position and orientation
vectors described according to earth-fixed frame, v is the
combination of linear and angular velocity vectors described
according to body-fixed frame and 1 is the combination of
moment and force vectors acting on ROV. In particular, Euler
angles(0,0,¢) are significant due to their function of describing
the orientation and defining the control parameters.

Linear velocity transformation with respect to earth-fixed
frame is given as follows [6]:

1 =3,(17,)0, &)

Here Ji(72), is the transformation matrix that is related with
Euler angles.
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Angular velocity vector with respect to the body-fixed
frame is associated with Euler wvector through Ja(2)
transformation matrix.

1, =3,(1,)v, (4)

Ja(n2) transformation matrix can be written in terms of Euler
angles as follows:
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B. Dynamic Model of Underwater Robot
Mv+CV)V+DNV)V+g(n) =7 ®)

n=J(mv

Here, M is the sum of Mgg rigid body mass matrix and Ma
added mass matrix. C(v) is the sum of Crg(V) rigid body Coriolis
matrix and Ca(v) added mass Coriolis matrix.

M =My +M,
C(V) = CRB (V)+CA(V)
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D(v), g(n) and t are damping matrix, gravity and lifting
force vector and input vector respectively.

IV. LINEAR MOTION BASICS

A. Linear Brushless Direct Current Motor Model

Lorentz force parameter in electric motors is the basis of
LBDCM mathematical model. Instead of nominal torque, there
is nominal force:

F=q.B5xB (8)

If the variations of the stator self-inductance with rotor
position and the mutual inductance between stator windings
considered as negligible; electrical dynamics of LBDCM may
be modeled as an electrically balanced system [7].

ug—Vo = Ls% + Rsig + ;5 1=1,23 9)
Sy =0 (10)

In (9), Rsand Ls are the stator resistance and inductance, Usi
is the motor terminal voltage, is is the phase current and ¢; is the
back-EMF associated with the ith phase. The potential of the
motor neutral terminal in wye-connected windings is denoted as
Vo. The back-EMF inducted in each phase;

— Ay —

e =" Wirdd _ . Wir (11)
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If yir is the mutual magnetic flux between the permanent
magnet and the stator windings in the ith phase, 9 is the rotor
position, and w is the rotor speed. If the model is assumed as
linear;

Ay, = Lipiy (12)

The mutual inductance Li is expressed, using the terms of
the trigonometric Fourier series, as:

Lir = 2o Liraxcosk(pd — 2 (i = 1) + Lypesin (p6 — 2 (i — 1)] (13)

The back EMF can be derived from (11) and (12) as;
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The electromagnetic motor torque can be derived as;
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The first three terms in (15) are mutual torques caused by
interaction between the permanent magnet field and the phase
currents. Ticogg IS the cogging-torque, due to the attraction of the
permanent to the salient portions of the stator iron. So, even in
the absence of the phase currents, the cogging-torque is present.

If Ty is the load torque, J is the rotor inertia, B is the viscous
friction coefficient C is the Coloumb friction coefficient,
mechanical dynamics model of the motor is defined as;

6 = w; @:}U—Q—Bw—mmmm) (16)

B. Structure of Linear Brushless Direct Current Servo Motor

The LBDCSM (linear brushless direct current servo motor)
is designed as a brushless motor which has a wye connected
windings in stator. The motor has three wires those are
connected to three phases from driver which follow each other
with 120° The motor driver gets the feedback signal from three
Hall - Effect sensors those are located on the stator unit (Fig. 4
and Fig. 5).
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Fig 4. Structure of the LBDCSM and its driver.
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Fig. 5. (a) Hall-effect sensor card, (b) the sensor card placed on the stator unit



The signals from Hall-Effect sensors (HES) are processed to
have position data. The structure is not so different from a
rotating brushless motor, but in fact the rotor and stator are just
became lines parallel to each other.

V. POSITION CONTROL ALGHORITM

A. Design of LBDCSM Driver

The designed driver of the system is a six state switching
motor driver. According to the data taken from sensors, the
driver generates PWM signals and drives the appropriate phase
or phases due to the rotor position.

The sensor data taken from the Hall — Effect sensors are
evaluated in two stages in motor drive algorithm. First, the
position data is generated. Second is the information which one
of the six states needed to be applied to stator phases of the motor
(see Table 2)

TABLE 2. THE CONTROL LOGIC OF PHASES DUE TO THE POSITION
OF ROTOR MAGNETS

Sensor Rotor Motor Motor
Output Position Forward Backward
A B C|A B C|A B C|A B C
o 1 0f0 1 1/0 1 o0 0 1
o0 1 1{0 0 1|0 1 11 o0 12
o o 141 0 1(0 O 212|1 0 O
1 0 1|1 o o021 0 1|1 1 O
1 0 0|1 1 o1 0 OO 1 O
1 1 0|0 1 o1 1 o0 o0 1 1

B. Positioning Alghoritm

Position data and reference position data are processed in
control algorithm to get the appropriate PWM signal for the
motor. Subsequently, PWM parameters and switching sequence
data are processed in motor driver algorithm and sent to the
stator of the motor. The change in position affects the sensors,
so a closed loop control is formed as seen in Fig.6.
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Fig.6 Structure of the control algorithm.

VI. SIMULATION RESULTS AND CONCLUSIONS

Closed loop control cycle which comprises the proposed
control method and the model blocks of LBDCSM, hall effect
sensor pack, PWM driver will be built in Matlab/Simulink
environment. Simulation results will be obtained as system
responses and tracking capabilities. LBDCSM parameters will
be observed in terms of rotor speed, electrical power, mechanical
power, supply current and efficiency.
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