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ABSTRACT

Shallow water zones including lakes, ponds, creeks, and rivers play a prominent role in the spiritual
culture and economy of Vietnamese people throughout history. Therefore, numerous researches
have been conducted in regard to this topic for many purposes, most of which focus on elevating
the quality of life and safety. With the aid of new technology, modern platforms gradually replace
conventional methods and reach a higher level of efficiency and convenience. This paper presents
the research on design and control of Remotely Operated Vehicle (ROV) belonging to National key
Laboratory of Digital Control and System Engineering. Basically, it is controlled by human pilots
to move underwater and perform specifically pre-assigned tasks. T he power supply and commu-
nication channel for the vehicle are connected from an onshore station via cable systems. There
are several stages of the pipeline in implementing a full-scale ROV platform that must be stud-
ied carefully. Prior to the experiments in practical conditions, th e proposed 3D model designed
by SOLIDWORKS® and MATLAB Simulink” mathematical model analysis firstly provide a nonlinear
plant in order to apply classical PID controllers and evaluate their feasibility through simulation
process. The outer frame protects other components from being damaged or unattached while
the thruster allocation strategy from the simulated model enables flexibility in motion. A system
of sensors and camera collects data from underwater environment for on-the-spot monitoring or
they can be captured for further post-analysis processes. After assembling all parts into a whole
model, we launched the vehicle at the maximum depth of a pool as the condition of a shallow
water survey. Optimistic experimental results have proved the ability of controllers even in case of
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the presence of external disturbances.
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INTRODUCTION

Vietnam is a coastal country which is packed with
activities in national defense, economy, environment
and tourism. In areas with an exceptional depth or
harsh natural environmental conditions, people can
not handle difficult tasks. Therefore, the development
of underwater vehicles to support and gradually re-
place human factor is essential to ensure the work-
place safety while performing given tasks according to
technical requirements. There are two types of diving
robots: Remotely Operated Vehicle Control (ROV)
and Autonomous Underwater Vehicle (AUV)'. Al-
though AUV is capable of working automatically,
ROV provides on-the-spot surveillance without being
limited by operation time due to the direct power sup-
ply and communication through cables. With the ad-
dition of accessories such as grabber, water sampling
module will aid ROV in carrying out simple tasks. In
this research, the 3D mechanical model is designed
based on reference from previous related works, using
SolidWorks software?. Simulation for mathematical

model using MATLAB Simulink will be performed to
observe the response of position, velocity and acceler-
ation values over time. Based on the defined parame-
ters in?, classical PID controllers were studied to eval-
uate the ability to control ROV in practice. The output
of this research is a ROV model for actual tests, apply-
ing the programmed controller.

METHODOLOGY
Design of 3D model

The design concept for ROV varies according to size,
weight and function. However, a typical ROV should
consist of a mechanical frame, thrusters, power supply
system, communication and control module as well as
image capture function. Some of basic specifications
are listed below.

 Box frame configuration
o Estimated operating depth: 5m
o Average speed: 0.5m/s

« Continuous operation with DC Power Supply

Cite this article : Ngoc Huy T, Tan Dat H. Modeling, design and control of low-cost Remotely Operated
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o Number of thrusters: 6
o Weight (in air): 25kg

Figure 1 and Figure 2 display the ROV model in three
dimensional spaces, designed by SolidWorks. Apart
from the outer frame and thrusters, other components
are placed in waterproof function boxes.
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Figure 1: Thrusters arrangement in back view,
side view and top view respectively.

Figure 2: Overall 3D ROV model.

In the above figure, the numbered components can be
sequentially expressed in detail:

Three jaw grabber

Camera and lighting system box
Buoyancy system

Sensors box

Water sampling module

I

Power supply and thruster’s drive box

A brief description of components is given subse-
quently. The vehicle is equipped with a grabber for
a wide array of useful tasks such as carrying or recov-
ering objects underwater. An integrated camera cap-
tures image signals with the aid of high performance
lights then feedbacks those to the central processing
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unit, all just within a box. Three PVC pipes form a
floating plane, keeping ROV’s self-balance at rest on
water surface. The sensors box contains some naviga-
tion sensors used to determine the orientation of ROV
to control thruster properly. In addition, a water-
sampling module can collect an amount of water at a
desired depth for environmental quality analysis. The
last and most important component is an aluminum
container that converts high DC voltage from the ca-
ble into 24 and 48 DCV for power supply while trans-
ferring heat to surrounding water in order to protect
and stabilize power converter circuits.

Coordinate system and definition of kine-
matic notations

To explain the motion of ROV in six degrees of free-
dom and to determine position and orientation in
three-dimensional space, it is essential to define coor-
dinate system and notations. Kinematics from ROV
base on two types of reference, which are earth-fixed
coordinate system (NED) with arbitrary origin O,
and body-fixed coordinate system (BODY) with the
origin Oy, placed at the center of gravity*. Meanwhile,
the notations which are used to explain ROV motion
are summarized in Table 1.

Table 1: Notations of 6-DOF Standard motions

DOF Mo- Forces Linear and Positions
tions and Angular and Orien-
Moments velocities tations

(7) (v) ()

1 Surge X u X

2 Sway Y v y

3 Heav Z w z

4  Roll K p (]

5 Pitch M q 0

6 Yaw N r 72

Vector 1] is in the reference of inertial earth-fixed co-
ordinate system, whereas the velocity vector v and ex-
ternal force and moment vector 7 that acts on ROV
body must be expressed in BODY reference frame.
Figure 3 shows the relation between those two coor-
dinate systems.

Mathematical model of ROV

Mathematical model of ROV can be obtained in terms
of kinematic and dynamic equations. When studying
about motion of object without regard to the forces or
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Heave

Figure 3: Earth-fixed to body-fixed coordinate
system.

moments, kinematic equation can be written state pa-
rameters. As mentioned before, the Jacobian matrix
must be used to transform from earth-fixed frame to
body-fixed frame.

(1)

)

cycd  —sycd +cysOso
Ji(M) = |sycd  cycd +ssOsy
—s0 cOs¢
SYso +cychsO
—cysd +s0syco (3)
cOco
1 s¢t6 cgrO
hL(n)=1| 0 co —s0 (4)
0 s¢/cO cd/cO

Based on Newton’s Second Law, if the forces that act
upon an object are considered, the derivative dynamic
equation is expressed for the complete three dimen-
sions, 6 DOF rigid body motion as follows:

Mv+C()v+Dv)v+g(n)=r (5)

The right-hand side refers to the input forces and mo-
ments to the ROV, including thruster forces, distur-
bances, environmental forces (wind, wave and ocean
current). For the most basic control, let 7 = [X, Y, Z,
K, M, N]T denotes the specific forces and moments
vector of ROV only from thrusters. It can be obtained
from the multiplication of component thruster forces
vector u = [Fy, Fp, F3, F4, Fs, Fg ]T by a thruster’s con-
figuration matrix B*, according to the position of each
thruster where | = 10mm, l, = 150mm, I3 = 140mm,
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Figure 4: Thruster layout contributes to deter-
mine the configuration matrix in side view and
front view.

I4 = 200mm, ls = 125mm, lg = 115mm as shown in
Figure 4.

1 0 0 0 0 0
0 1 1 0 0 0
T Bu— 0 0 0 1 1 1
s s 0 0 g —I
I 0 0 -3 I 153
Lo L L 0 0 0
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F
F3
6
£ (6)
Fs
L Fs

When ROV moves underwater, its motion would
force the amount of surrounding fluid (water) to oscil-
late with different amplitudes, which is called added
mass. In the general dynamic equation (5), M is the
sum of the rigid-body mass inertia matrix (Mgp ) and
added mass matrix (M4 ) where m, I are ROV’s to-
tal mass and inertial moment components along X, Y,
Z axes and vector rg =[Xg, Y6» ZG 17 is the coordinate
of ROV center of gravity. Moreover, due to the fact
that ROV is relatively symmetric and moves at low
speed, My can be simplified into diagonal matrix”.

M = Mgp + My (7)
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m 0 0 0
0 m 0 —mzg
My = 0 0 myg
0 —mzg  myG I
mzg 0 —mxg  —ly
—myg ~ mxg 0 —Ix
mig  —myG
0 mxg
—mxg 0 (®)
71)6\7 7IXZ
I, ~I,
=1Ly I
My = —diag (Xu. Yy, Zyw,Kp,Mq,Ny) 9)

Similarly, C(v) is the total Coriolis and Centripetal
matrix of ROV rigid body and added mass, affecting
particularly when angular velocities change.

C(v) =Crp(v) +Ca(v) (10)
0 C
Colv) = 3 12(v) (11)
—Cn(") Cxn(v)
m(ycq+zgr) —m(xgq—w)
Cio(v) | —m(ygp+w) m(zgr+xcp)
—m(zgp—v) —m(zGq+u)
—m(xgr+v)
—m(yr—u) (12)
m(xGgp+ycq)
0 —lyq—Lp+1Lr
Cx (V) = Ly:q+Lip—Lr 0
—Ly;r—Lyp+1Lq Lyr+Lyg—ILp
Lyzr+Lyp —Lyq
—I;r — Lyqg+ Icp (13)
0
0 0 0 0 —Zyw
0 0 0 Zyw 0
Calv) = 0 0 0 —Yv Xuu
A - 0 —LypyW Y\;V 0 —Nﬂ'
wa 0 7qu N,'r 0
—IyV qu 0 — qq Kp'p
YvV
—X;u
0
(14)
qu
—Kjp
0

The hydrodynamic damping force matrix consists of
a linear and quadratic terms where the terms higher
than second-order are negligible. With a non-couple
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motion, a diagonal approximation would be accept-
able in most of applications. Although the damp-
ing coefficients appear to be challenging to determine,
we can make use of strip theory or practical experi-
ments®.

D(v) =—diag{X,,Yy,Zy,Kp,My,N; }
—diag {X|u\u ‘u‘ 7YMV |V| 7Z\w\w ‘W| 7K\p\p ‘Plv

M\q|q|‘1|aN|r|r‘r|} (15)

The last part of the dynamic equation is the restor-
ing force matrix, existing as the interaction between
buoyant forces based on Archimedes’ principle and
the force of gravity. As they are expressed in the earth-
fixed frame, a transformation matrix g(n) must be
used to add them to (5) in body-fixed frame.

g(m) =
(W —B)sin6
—(W —B)cos 0sin¢
—(W —B)cosBcos ¢
—(ygW —ypB)cos 0 cos ¢ + (ZGW — ZpB) cos O sin ¢
(zgW —ZpB)sin 6 + (XGW — XgB) cos 6 cos ¢
— (XgW — XgB)cos 0sing — (ygW — ygB) sin 6

(16)

ROV model control

Prior to control the experimental model, simulation
using MATLAB Simulink will be studied to investi-
gate the central controller. Due to the difficulty in
modelling state parameters and MIMO control, the
classical PID controller has been proposed for some
reasons such as its simplicity in many applications
and positive response. Figure 5 demonstrates the
block diagram of closed-loop control system for ROV.
There are two mode of maneuvering. Normally, ROV
is manipulated by human pilot from an onshore base,
but the ability of remaining at a desired depth or head-
ing angle does contribute much to task accomplish-
ment. Therefore, this section focuses on the PID con-
trollers for depth and heading angle, following the
block diagram in Figure 5.

|

Setpoint <
—

Figure 5: Block diagram of controlling system.

After choosing algorithm for controlling, along with
the set of equations (1) and (5), the simulation model
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Figure 6: Function block diagram of controlling
system in Simulink.

is established to obtain the response of ROV at differ-
ent setpoints, as shown in Figure 6.

Figure 7 shows the overall system of electronic and
electrical devices in ROV. CAN (Controller Area Net-
work) protocol is crucial for communication in this
structure. With the 1Mbps data transfer rate, CAN
bus guarantees the response rate for the whole sys-
tem while eliminating common noise by means of dif-
ferential signals from twisted pair cable. The cen-
tral processing unit is Raspberry PI 3 (Model B) with
ARM core provides 1Gbps processing speed, taking
charge of major control -and computation; 2 boards
ARM STM32F407VGTxx’ are used to collect data
from sensors and receive commands from Raspberry
to drive motors. ROV has to be connected with the
onshore station via Ethernet TCP/IP communication.
All signals from sensors and camera will be sent and
displayed in user interface (GUI) whereas the station
transfers input values from joystick to the central pro-

cessing unit.

STM32F103

oo R )
. Gy
o )

& B

Figure 7. Communication diagram of hardware
and electronic components.
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Figure 8: Interactive monitoring interface.

General user interface

Figure 8 gives us a capture of monitoring screens to
visualize how pilots can track the parameters of the
vehicle. The software based on Visual Studio platform
and C# programming language allows users to moni-
tor state parameters like the direction of rotation and
power of motor (%), altitude, depth and camera im-
ages, etc. Then, the operator can use the integrated
function to store data as Excel spreadsheets for fur-
ther analysis. Besides, after connecting GUI and ROV
by setting Ethernet connection, it is easy to maneuver
ROV at will with the joystick or to tune the PID coef-
ficient (K, K;, K ) so that the vehicles response can
reach the set points. Another important key feature
is that the pilot can observe the surrounding environ-
ment with high quality camera.

RESULTS AND DISCUSSION

Simulation result

Based on the model built in previous sections, a set
of parameters is inputted into function blocks so as to
tune the PID coefficients to receive the most satisfac-
tory response. The limit of force for depth control is
70N and that for heading control is 70Nm. Figure 9
and Figure 10 show the output response of simula-
tion, comparing to some desired values. The tuned
PID’s gain for depth control is [120, 0, 180]T and that
for heading control is [25, 0, O.S]T.

Both figures indicate good response of the two PID
controllers. The steady-state errors are zero and there
are almost no overshoots. Assuming that the influ-
ence of environmental disturbance is insignificant,
the high damping coefficient along Z-axis is respon-
sible for extending the settling time of depth control.
When the damping component from D(v) reach the
control output to drive thrusters, the vehicle’s accel-
eration of heave motion, for instance, is terminated,
which leads to constant motion. On the other hand,
the response of heading control proves to be quite op-
timistic.
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Figure 9: The PID response of auto-depth con-
trol.
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Figure 10: The PID response of auto-heading
control.

Simulation result

The last part of this section comes up with several ex-
periments to verify the operation of ROV based on the
designed model and simulation as shown in Figure 11
and Figure 12. The experiments take place in a swim-
ming pool 1.8 meters deep. Power supply and Ether-
net communication are transferred via cable from an
onshore station. The operator manipulates ROV with
joystick and GUTI on PC screen in two modes: manual
and automatic (depth, heading).

Figure 11: Actual test when ROV floats on water
surface.

Si54

Figure 12: ROV’s movement at a desired depth
underwater without external forces.

During the experimental process, the response of the
control object (ROV) will be displayed on the screen
and exported into an Excel every 10 milliseconds. The
monitor can use this report function for information
analysis afterward, as observed in Figure 13 and Fig-

ure 14.

Depth {cm)
8 &8 8 8

o
E

-------- Desired
= Measured

0 10 20 30 40 50 60 70
Time (s)

Figure 13: Experimental depth response of ROV
with different set-points.

According to the experimental results in Figure 13
and Figure 14, it can be seen that the PID con-
troller give fairly good response, both in terms of the
depth and heading control. During the experimen-
tal process, some external forces are applied when
the heading angle controller is working but the con-
troller keep ROV tracking back to the set point. How-
ever, there are still many aspects that need to be im-
proved. Due to limited available devices and equip-
ment, noise measurement contributes substantially to
the controller, making the response oscillate around
the reference value without being stable. In addition,
the design is lack of optimal hydrodynamic profile,
which prolongs the depth control settling time (about
8.445).
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Figure 14: Experimental heading angle response
of ROV with different set-points.

CONCLUDING REMARKS

This paper has presented the research of 6-DOF ROV
model which have the ability to move flexibly un-
derwater under the conditions of the experiment.
Through mathematical models, simulation process is
carried out to evaluate the ability of the controller. In
addition, the design of the control system for the ac-
tual model and experiments in the pool are also men-
tioned in order to observe the response of the selected
controller when applying from theory into reality.
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ABBREVIATIONS

ROV: Remotely Operated Vehicle
AUV: Autonomous Underwater Vehicle
PID: Proportional Integral Derivative
DC: Direct current

NED: North - East - Down

MIMO: Multiple Input, Multiple Output
CAN: Controller Area Network

ARM: Advanced RISC Machine

GUI: Gerneral User Interface

6-DOF: 6 degrees of freedom

TCP/IP: Transmission Control Protocol/Internet
Protocol

REFERENCES

1. Budiyono A, Hujjatul A, Setiawan J. Simulation and Dynamic
Analysis of Remotely Operated Vehicle (ROV) Using PID Con-
troller for Pitch Movement; 2015.

2. Christ RD, Wernli R. The ROV Manual: A User Guide for Obser-
vation Class Remotely Operated Vehicles. 1-320.; 2011.

3. Siong CC, Michael L, Low E, Seet G. Software for Modelling and
Simulation of a Remotely Operated Vehicle. International Jour-
nal of Simulation Modeling. 2006;5:114-125.

4. Fossen TI. Marine Control Systems Guidance, Navigation, and
Control of Ships, Rigs and Underwater Vehicles. Marine cyber-
netics AS. 2002;.

5. Fossen Tl. Handbook of Marine Craft Hydrodynamics and Mo-
tion Control. New York: Wiley; 2011.

6. Chin CS, Lin WP, Lin JY. Experimental validation of open-frame
ROV model for virtual reality simulation and control. J Mar Sci
Technol. 2018;23:267-267.

7. Datasheet STMicroelectronics.

SI55



Tap chi Phdt trién Khoa hoc va Céng nghé - Engineering and Technology, 2(S11):5149-5156
Open Access Full Text Article Bai Nghién ciiu

M hinh héa, thiét ké va diéu khién Thiét bi 1dn vdn hanh tu xa
khao sat ving nuéc ndng vaéi chi phi thap

Tran Ngoc Huy*, Huynh Tan Pat
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Vung nuéc nudc ndng bao gobm ao hoé kénh rach va séng ngodi chiém vi thé quan trong trong nén
van hoa tinh than va kinh té ctia ngudi dan Viét Nam sudt chiéu dai lich st Vi vay, vo sé nghién clu
da dugc thuc hién lién quan dén dé tai nay véi nhiéu muc dich, hau hét trong dé la nang cao chét
lugng cudc séng va su an toan. Véi suhd trg clia cong nghé mdi, phuong tién hién dai dan thay thé
c4c phuong phap théng thudng dé vuon tdi tiéu chudn cao hon vé hiéu sudt va su tién |gi. Bai bao
nay trinh bay cac nghién cliu vé thiét ké mé hinh va diéu khién thiét bj diéu khién tir xa dudi nuéc
(ROV) thudc phong thi nghiém trong diém qudc gia DCSELAB. VE ca ban, né dugc diéu khién bdi
ngudi giam sat dé di chuyén va thuc hién cac tac vu dugc giao dudi mat nudc. Ngudn cung cap
dién va truyén thong dugc két ndi nha vao tram trén ba thong qua hé théng day cap. Co nhiéu
giai doan trong qua trinh phat trién moét mé hinh ROV nguyén ban can dugc nghién ctu ki ludng.
Trudc khi thuc hién thi nghiém trong méi trudng thuc t€, mé hinh 3D xady dung trén phan mém
SolidWork va mé hinh toan dugc phan tich bang MATLAB Simulink tao ra mot d6i tugng tuyén tinh
mo phong dé ép dung bé diéu khién cé dién PID va kiém nghiém kha ndng van hanh théng qua
qua trinh mé phong. Khung ngoai bao vé cac thanh phan khoi hu hai va gidp ¢6 dinh ching trong
khi thiét ké bo tri dong co tr mé phéng cho phép di chuyén linh hoat. Hé théng cdm bién va may
ghi hinh thu thap di liéu dé xem tai chd hodc luu lai d€ phan tich sau hon. Sau khi tap hop tét ca
cac phan tt, chidng téi thuc hién thi nghiém & day hé bai tuong tu diéu kién khao sat ving nudc
néng. Két qua thi nghiém kha qua ching to kha nang clia bo diéu khién ngay ca khi cé su hién
dién cla tdc nhan bén ngoai.

Tur khoa: Phuong tién diéu khién tir xa, bd diéu khién khuéch dai vi tich phan (PID), ré-bét dudi
nuasc
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