
Kybernetika

Ralph Gerard B. Sangalang; Diether Jhay S. Masangcay; Cleo Martin R. Torino; Diane
Jelyn C. Gutierrez
Design of a control architecture for an underwater remotely operated vehicle (ROV)
used for search and rescue operations

Kybernetika, Vol. 58 (2022), No. 2, 237–253

Persistent URL: http://dml.cz/dmlcz/150466

Terms of use:
© Institute of Information Theory and Automation AS CR, 2022

Institute of Mathematics of the Czech Academy of Sciences provides access to digitized documents
strictly for personal use. Each copy of any part of this document must contain these Terms of use.

This document has been digitized, optimized for electronic delivery and stamped
with digital signature within the project DML-CZ: The Czech Digital Mathematics
Library http://dml.cz

http://dml.cz/dmlcz/150466
http://dml.cz


KYBERNET IKA — VOLUME 5 8 ( 2 0 2 2 ) , NUMBER 2 , PAGES 2 3 7 – 2 5 3

DESIGN OF A CONTROL ARCHITECTURE FOR AN
UNDERWATER REMOTELY OPERATED VEHICLE (ROV)
USED FOR SEARCH AND RESCUE OPERATIONS

Ralph Gerard B. Sangalang, Diether Jhay S. Masangcay,
Cleo Martin R. Torino, and Diane Jelyn C. Gutierrez

A control system architecture design for an underwater ROV, primarily Class I - Pure
Observation underwater ROV is presented in this paper. A non-linear plant model was designed
using SolidWorks 3D modeling tool and is imported to MATLAB as a 3D model. The non-
linear modeled plant is linearized using the MATLAB linear analysis toolbox to have a linear
approximate model of the system. The authors designed controllers for the linear plant model
of underwater ROV. PID controllers are utilized as a controller of the modeled plant. The PID
tuning tools by MATLAB are utilized to tune the controller of the plant model of underwater
ROV. The researchers test the control design of underwater ROV using MATLAB Simulink
by analyzing the response of the system and troubleshoot the control design to achieve the
objective parameters for the control design of underwater ROV.
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1. INTRODUCTION

As mentioned in [7], control systems development of remotely operated vehicles (ROV)
is a promising topic in the developments of the future. ROVs have different sets of
algorithms to aid in stabilizing the states of the vessel so it can follow the path planning
order. Several control techniques and schemes are based on the system’s mathematical
model. Examples are PID (proportional-integral-derivative) Control [3], Model Pre-
dictive Control [11], PPD (proportional-proportional-derivative) Control [17], Feedback
Linearization [4], and Self-Adaptive Fuzzy PID Control [12] are some of the aforemen-
tioned techniques. Therefore, accurate models for control and prediction are preferable.
Yet, the functionality and complexity of control systems are rapidly increasing due to
its demand requirements and details. Since it is expected for its continuous growth, old
control solutions will become useless [15].

Control design of Remotely Operated Vehicles is complex. There are two major
problems associated with ROV control, (1) the highly dynamic nature of underwater
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environment showing significant disturbances on the vessel & lack of a precise model
of ROV’s dynamics & parameters, and (2) the parametric uncertainties such as added
mass, non-linear hydrodynamic coefficients, etc. [2]

There are several approaches on designing a control system that will meet the current
and future needs [5, 9, 13, 14]. The preferred level of autonomy will decide what kind
of algorithm are necessary to control the variables, which are given by the altitude,
position, orientation and velocity of the vehicle with regards to the inertial reference
system located at the surface.

Majority of the existing works as described before were focus mainly on control of
one particular movement of an underwater ROV e.ġ. position or orientation only. In
this paper, the authors designed a control system for 6 DOF underwater vehicles that
can be utilized by other ROV, primarily Class I – Pure Observation ROV. The plant
model, designed controller and Hardware-in-the-Loop Test is presented.

2. UNDERWATER REMOTELY OPERATED VEHICLE DESIGN

In this section, the mathematical basis and the design process is discussed. Discussions
on the models used in the simulation software is also shown.

2.1. Modeling the underwater remotely operated vehicle

The ROV model is often characterized using six degrees of freedom (DOF) non-linear
first-order differential equations of motion, which, given suitable initial conditions, may
be numerically integrated to obtain vehicle linear and angular velocities. The 6 DOF
parameters are listed in Table 2.1.

There are two reference frames, shown in Figure 1, used in describing the vehicles
states; Earth-Fixed Frame (Inertial Frame) and Body-Fixed Frame. The Body-fixed
frame is connected to the body of the vehicle, to which the center of gravity of the vehicle
is normally the origin of the frame. The earth-fixed frame is used as the reference of the
motion of the body-fixed frame motions.

DOF Forces &
Moment

Linear and
Angular
Velocities

Position and
Euler
Angles

Surge X u x
Sway Y v y
Heave Z w z
Roll K p φ
Pitch M q θ
Yaw N r ψ

Tab. 1. Notations of standard motions.

According to the notation developed by the Society of Naval Architects and Marine
Engineers (SNAME) [10], the velocity vector is represented in Eq. (1). Here, the
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Fig. 1. Coordinate systems.

linear velocities in the surge, sway, & heave directions are u, v, & and w, while the
angular velocities in roll, pitch, & yaw are p, q, & r. On the other hand, the general
position/orientation vector is represented in Eq. (2), where x, y, and z represent the
Cartesian position in Earth-Fixed frame and φ, θ, and ψ represents the roll, yaw, and
pitch angles respectively. The forces and moment acting on the vehicle in the body-fixed
frame is presented in Eq. (3).

ν =
[
ν1 ν2

]T
=
[
u v w p q r

]T
(1)

η =
[
η1 η2

]T
=
[
x y z φ θ ψ

]T
(2)

τ =
[
τ1 τ2

]T
=
[
τx τy τz τφ τθ τψ

]T
. (3)

By utilizing the Newtonian approach, the motion of the rigid body with respect to the
body-fixed frame is given by the in Eq. (4), where MUROV ∈ <6×6 is the mass-inertia
matrix and CUROV (ν) ∈ <6×6 is the Coriolis and centripetal matrix.

MUROV (ν̇) + CUROV (ν)ν = τ. (4)

The hydrodynamic model of the system considering the effects of damping and inertia
of the surrounding fluid is given in Eq. (5) and (6), where ν is the body-fixed velocity
vector, η is the earth-fixed vector, MUROV is the inertial matrix of the rigid bodies and
added mass, g(η) is the buoyancy & gravitational vector, CUROV is the centripetal and
Coriolis matrix, and J(η2) is the Euler transformation matrix. These inertial forces and
moments resist the ROV’s motion, whereas its restoring forces are described in the body-
fixed frame and are dependent on the vessel’s velocities and accelerations. Non-linear
equations of motion in matrix form can be used to express the ROV’s mathematical
model in relation to a body-fixed frame.
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MUROV (ν̇) + CUROV (ν) +D(ν)ν + g(η) = τ (5)

η̇ = J(η2)ν. (6)

2.2. Modeling the underwater remotely operated vehicle

Figure 2 shows the architecture of the 6DOF underwater ROV.
The diagram shown in Figure 2 is the whole architecture design of 6 DOF underwater

ROV. It is made up of the input command, the controller, the plant model, sensors and
the output DOF. The input command on the diagram is the desired DOF.

Fig. 2. Architecture of the 6-DOF ROV.

The plant model of the underwater ROV is composed of the thruster model, the
kinetic model, and the kinematic model. The plant dynamics are represented by the
kinetic and kinematic models, while the underwater ROV actuators are represented by
the thruster model. Figure 3 shows the Simulink R© model of the underwater ROV.

2.2.1. The kinetic model of the underwater ROV

The kinetic model of the underwater ROV composed of the mass-inertia, Coriolis-
centrifugal, hydrodynamic damping, and bouyancy-gravitational damping force matri-
ces. The methods of derivations for the kinetic model was introduced by Fossen and
Fjellstad [8]. The following are the derived equations using Newton-Euler equations.

Mass-Inertia Matrix. A rigid body’s moment of inertia, also known as mass moment
of inertia, angular mass, or rotational inertia, is a quantity that determines the torque
required for a desired angular acceleration around a rotational axis, in the same way
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Fig. 3. Simulink R© model of the 6-DOF ROV.

that mass determines the force required for a desired acceleration. The mass-inertia
matrix is is presented as Eq. (7)

MRB =

[
Mmass −mS(rG)
mS(rG) I

]
(7)

Mmass =

m 0 0
0 m 0
0 0 m


I =

 Ix −Ixy −Ixz
−Iyx Iy −Iyz
−Izx −Izy Iz

 ; I = IT ≥ 0, İ = 0

S(rG) =

 0 −zG yG
zG 0 −xG
−yG xG 0


In these equations, the following are the symbols used:

• m is mass of the ROV

• I is the inertia tensor

• Ix, Iy, & Iz are the moments of inertia in the x, y, & z

• Ixy, Ixz, & Iyz are the inertial cross-product

• xG, yG, & zG are the location of the center of gravity

The operator S(·) is the skew-symmetric matrix operator having a property S(a) =
−ST (a) such that a× b , S(a)b. [8]
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Coriolis and Centrifugal Matrix. The centrifugal force is proportional to the square
of the rotation rate, while the Coriolis force is proportional to the rotation rate. The
centrifugal force works in a radial direction and is proportional to the body’s distance
from the rotating frame’s axis. The angular motion of the underwater ROV can be
described with Coriolis and centripetal terms. The matrix form is shown in Eq. (8)

CRB(v) =

[
−mS(v1)v2 −mS(v2)S(rG)v2
−mS(v1)v1 mS(rG)S(v2)v1 − S(Iv2)v2

]
(8)

where v1 is he linear velocity vector, v2 is the angular velocity vector and rG is the
location of the center of gravity.

Hydrodynamic Damping Matrix. In fluid dynamics, damping is both a funda-
mental and a practical problem. The latter is known as “hydrodynamic damping” or
“viscous damping,” and refers to the reduction of oscillation amplitude caused by forces
that are out of phase with velocity. The potential damping caused by linear skin fric-
tion (linear damping), drag, and vortex shedding causes this hydrodynamic damping
(quadratic or nonlinear damping). The overall hydrodynamic dampening impact on the
ROV is calculated as the sum of these individual components. A linear hydrodynamic
damping model is used based on the assumptions in [16] and is shown in Eq. (9) based
on [6].

D = −


X 0 0 0 0 0
0 Y 0 0 0 0
0 0 Z 0 0 0
0 0 0 K 0 0
0 0 0 0 M 0
0 0 0 0 0 N

 (9)

The magnitude of these angles, notably the pitch angle, is relatively tiny because the
ROV is designed to be self-stabilizing in the roll and pitch angles. As a result, there is
no cross-flow separation or boundary layer separation for such a short pitch angle (or
angle of attack), and the flow remains linked. As a result, the non-linear element of the
forces and moments can be regarded as forces and moments due to the flow’s viscous
effect, which becomes less important as the pitch angle decreases. The pitch angle has
a linear relationship with these potential flow forces.

Buoyancy Matrix. The Archimedes’ principle states that a buoyant force on an
object is a result of the gravitational force acting on the surroundings of that object.
So, an object that floats has two forces acting on it, the gravitational force downward
and the buoyant force upward - and they are equal in magnitude. The buoyancy matrix
is presented in Eq. (10) composed of the gravitational (fG(η)) and buoyancy (fB(η))
terms that are functions of orientation and are independent of vehicle motion.

Gf (η) =

[
fG(η) + fB(η)

rG × fG(η) + rB × fB(η)

]
(10)
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where:

fG(η) = JT1 (η)

 0
0
W

 fB(η) = −JT1 (η)

 0
0
B

 .
The weight of the ROV is written as W which is W = mg. When fully submerged,

the ROVs buoyancy is equal to the weight of water displaced, that is, B = ρgV where ρ
is the fluid density and V is the volume displaced by the submerged ROV. Here, J1(η)
is the Euler angle coordinate transformation matrix.

It is desirable in ROV designs to have the ROV be neutrally buoyant or little positively
buoyant through additional floats or balancing mass, making W = B. Also, the ROV
is designed so that the center of gravity is located at the center of bouyancy, thus
xG = xB = 0 and yG = yB = 0. With this, Eq. (10) becomes

Gf (η) =


0
0
0

(zG − zB)Wcθsφ
(zG − zB)Wsθ

0

 (11)

where: sθ = sin θ, cθ = cos θ, and sφ = sinφ. These equations will now be the basis of
the Simulink R© models of the system.

2.2.2. The kinematic model of the underwater ROV

The kinematic model of the underwater ROV is the collection of the equations of motion
of the underwater ROV.

Euler Transformation. The Euler angles provide an important transformation be-
tween the dynamics described in the body-fixed frame and the dynamics expressed in
the earth-fixed frame. For slow-moving maritime vehicles, the accelerations of a point
on the Earth’s surface can be ignored, hence the earth-fixed frame can be considered an
inertial frame. The kinematics equations that represent Eulers transformation is written
as Eq. (12).

η̇ = J(η2)ν. (12)

The Euler transformation matrix, J(η2), can be written as:

J(η2) =

[
J1(η2) 0

0 J2(η2)

]
(13)

where:

J1(η2) =

cθcψ −cφsψ + sφsθcψ sφsψ + cφsθcψ
cθsψ cφcψ + sφsθsψ −sφcψ + cφsθsψ
−sθ sφcθ cφcθ

 .
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To overcome this singularity, a quaternion approach is considered. However, in this
model the problem does not exist because the vehicle is neither designed nor required to
operate at θ = ±90◦. By differentiating the and arranging the equation gives the matrix
as follows:

[
ν
η̈

]
=

[
J−1(η2) 06×6

J̇(η2)J−1(η2) J(η2)

] [
η̇
ν̇

]
(14)

These equations are then used to create the Simulink R© kinematic model.

2.2.3. Thruster model

Thrusters are mounted on the vehicle so that the moment arm of their thrust force is
proportional to the vehicle’s centre mass, allowing for adequate agility and control. The
thruster’s configuration matrix determines the position of the thrusters on the ROV
as seen in Figure (4). After that, the thrust vs input voltage relationship model is
established. The vertical thrusters are T1 & T2 while T3, T4 and T5 are horizontal
thrusters.

Fig. 4. Thruster notations (a) Front view (b) Side view.

The thruster equations are shown in Eq. (15).

u1 + u2 = τx

u3 sinβ − u4 sinβ = τy

u3 cosβ + u4 cosβ + u5 cosβ = τz

u3δ − u4δ = τφ

u3α cosβ + u4α cosβ − u5α cosβ = τθ

u1δ − u2δ + u3α sinβ + u4α sinβ − u5α sinβ = τψ.

(15)

In matrix form, Eq. (15) becomes
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τx
τy
τz
τφ
τθ
τψ

 =


1 1 0 0 0
0 0 sβ −sβ 0
0 0 cβ cβ cβ
0 0 δ −δ 0
0 0 αcβ αcβ −αcβ
δ −δ αsβ αsβ −αsβ




u1
u2
u3
u4
u5


where the input signals, u, are the commands given to each of the thrusters.

To summarize, we have used seven (7) equations to model the underwater ROV. The
overall model was developed based on the equation of motion described by a Newtonian
approach in Eq. (5). Based on this equation, we need three (3) components for the
model: 1. thruster equation, 2. kinetic equations, and 3. kinematic equations. The
kinetic model was composed of the Mass-Inertia Matrix , the Coriolis & Centrifugal Ma-
trix, Bouyancy Matrix, and Hydrodynamic Damping Matrix described by Eq. (7), (8),
(11), and (9). The kinematic model was derived using Euler transformation approach
and presented in Eq. (14). Finally, the thruster model is described using the set of
equation in Eq. (15).

2.3. Controller design

Fig. 5. Feedback strategy.

Figure 5 shows the control strategy used for the underwater ROV. The system has
six PID controller which control the ROV position. The PID controller needs to tune
but tuning a system is tedious and time consuming to do. Automatic PID tuning is
used based on a plant model or plant data. In order to properly tune the controllers, the
non-linear plant is linearized first at its equilibrium point. Linearization is done using
MATLAB R©’s linear analysis tool.
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Fig. 6. Linearized underwater ROV Model of each DOF.

Fig. 7. Control Strategy using the Linearized Model.
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The linearized model for each DOF are shown on Figure 6, each models are the output
of the linear analysis tool when the other output are set to equilibrium state. Figure 7

shows the new model used to tune the controllers. The linearized model replaced the
non-linear model for easier tuning. A disturbance signal is included in the linearized
model to represent the different disturbances an underwater ROV might experience.

Table 2.3 shows the gains obtained after tuning the different controllers. The PID
controllers used in the models are discrete-type controllers operating at a 0.1-ms sam-
pling rate. The effectiveness of the controllers are evaluated through individual step
responses. The target responses for each controller should have at 2 s rise time, 5 s
settling time, 5% settling error and 30% overshoot.

Gain Roll Pitch Yaw x y z

kp 0 0 4.39 9.88×105 1.18×106 1.12
×105

ki 7.61×104 3.16×105 1.03×10−2 9.36×103 1.12×104 1.06×104

kd 0 0 4.15×102 6.29×106 7.51×106 7.15×106

Tab. 2. PID Controller Gains.

3. RESULTS AND DISCUSSION

The step response of each controller is simulated with the other controllers deactivated.
A step input is fed into each controller and the response is observed in the scope dedicated
to the specific movement. Table 3 shows the results of the step response simulation. The
roll and pitch controllers does not show peak values because the simulations does not
have overshoots, but they stabilized at the set point. Since the individual controllers
are functional on its own, the next step is to test the controllers with all the controllers
working together with the model.

Parameter Roll Pitch Yaw x y z

Rise
Time (s)

243 63.2 3.66 36.5 34.8 32.2

Peak
Ampli-
tude

N/A N/A 1.23 1.02 1.16 1.12

Peak
Time (s)

N/A N/A 7.4 125 110 106

Overshoot
(%)

N/A N/A 22.5 2 16 11.7

Settling
Time
(ms)

431 120 24 243 257 269

Tab. 3. Controller Step Response Simulation.
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To test the controllers of the system, step input of magnitude (10◦,−10◦, 10◦) in the
roll, yaw and pitch direction is fed into the system. Figure (8) shows the simulations
on the controllers based on the aforementioned setup. Figure (8)(a) shows the step
response simulation of the controllers activated and controllers not activated. It can
be observed that the roll, yaw, and pitch movement stabilized on the set points when
the controller is activated (blue waveform). It shows a 20%, 22%, and 13% overshoot
for the roll, yaw, and pitch movements and stabilizes at 0.1% on the target directions.
The overall system model also affected the response of the roll and pitch controllers as
it showed overshoot compared to the results in Table 3. Without any control, it shows
that the plant’s response is not stable (red waveform). Figure (8)(b) shows the response
when disturbance is added to the simulation. The disturbance added to the system is
in a form of additive Gaussian White noise signal to the measurements at the (φ, θ, ψ)
directions (blue waveform) and at the (x, y, z, φ, θ, ψ) directions (red waveform). When
a disturbance is added to the system, it does not go to the set point assigned. Upon
activation of the controllers, it will gradually reach the required set point even if there
is a presence of disturbance to the model. There is also less than 0.1% difference in
the results when three (3) signal disturbance or six (6) disturbances are present in the
system. It can be inferred from this that when the controllers are working together, it
can stabilize the movement of the underwater ROV.

Simulations are done on several set points for each controllers, Table 3 shows the
summary of the average errors for each of the tests performed on the system. For the
angular parameters, the set points were set from −90◦ to +90◦ at an increment of −5◦.
For the linear movement simulations, the set points are set from 10 m to 90 m at an
increment of 5 m.

Parameter % Error

Roll Angle 1.60
Pitch Angle 1.01
Yaw Angle 1.98

x Movement 0.80
y Movement 1.11
z Movement 2.00

Tab. 4. Average Settling Time Error

In order to verify the effectiveness of the controllers working together, a trajectory
test was performed on the plant similar to the test pattern done by Arnesen et al [1].
The trajectory is a helical pattern to ensure all of the controllers are working. The
position command has a 100 m radius and a -50 m pitch. The trajectory is defined by
the parametric equation 16.

x(t) = 100 cos(t); y(t) = 100 sin(t); z(t) = −2t. (16)
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Fig. 8. Parameter Simulations of the underwater ROV (a) Step

Response (b) Simulation with included Disturbance.

Figure 9 shows the trajectory simulation of the underwater ROV with the controllers
activated along with the trajectory command. A water current is added in the (x, y, z)
directions to mimic external forces that my act on the underwater ROV. The value is
equivalent to a 10 m displacement in all the direction. In order to validate that the
controllers are working, the expected trajectory should still be followed even with a
presence of this water current. The position of the underwater ROV is recorded for
every π/10 steps in time. It can be seen in Figure 9 that although there is a presence
of an external disturbance, the controllers were able to maintain the trajectory path of
the underwater ROV. The errors in each direction was also recorded, it was compared
to the recorded position compared to the position it should be in. Figure 10 shows
the histogram of the errors in the position of the underwater ROV. The simulation
shows that there is a 2.35, 2.45, and 0.41 m deviation in the errors in the x, y, and
z-directions. Equivalently, the controllers made a path correction of 76.5%, 75.5%, and
99.59% path corrections from the 10 m displacement presented in the model. This shows
the effectiveness of the controllers on the system even when there are disturbance present
in the model.
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Fig. 9. Trajectory Simulation of the underwater ROV.

Fig. 10. Histogram of Trajectory Errors of the underwater ROV.
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4. CONCLUSION

This work presents the dynamic model of the underwater ROV. It included thruster,
kinetic, and kinematic models presented as systems of non-linear equation written in ma-
trix form. These models are modeled using Simulink R© blocks as well as Simscape R© di-
agrams derived from a Solidworks R© 3D model. There are six PID controllers designed
for the underwater ROV for each of the degree of freedom the vehicle, namely, surge
(x), sway (y), heave (z), roll, yaw, and pitch controls. The model is linearized to apply
classical control strategies for the design of each controllers. Each controller is tuned
relative to the linearized model of each movement of the underwater ROV. PID con-
trollers are the chosen controllers for the system. The step response of the controllers
are determined independent with each other. The slowest controller is the roll controller
while the yaw controller offers the fastest response. As a trade-off for the yaw controller
speed, a 22.5 % overshoot is observed in the said controller. All the controllers have
shown a settling value error of less than 5%. The underwater ROV was simulated to
follow a helical trajectory to determine the controllers’ performance when integrated
together. It showed that the underwater ROV can follow a specified trajectory even
with a presence of a large disturbance. The simulation test result of the system both
achieved the desired stability and maneuverability of the underwater ROV.
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