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Abstract. An underwater robotic vehicle is being developed at the UFABC (Universidade Federal do ABC) which has as
main mission the inspection of ship hull thickness using ultrasonic transducers. This is a hybrid ROV (Remotely Operated
Vehicle) due to its extreme locomotion capabilities adapted of the terrain tracked vehicles. This paper presents the surge-
yaw control system of a new hybrid underwater vehicle that has two operation modes: free-flight and crawling. The
free-flight mode uses a set of thrusters and the crawling mode uses two motorized tracks. The adherence between tracks
and ship hull is guaranteed by applying a force normal to the hull surface from vertical thrusters. The conventional PID
approach is used in order to control the horizontal dynamics composed of three degrees of freedom. The generated control
signals are used to command the two thrusters to move the vehicle in the free-flight mode, and to command the two DC
motors to move tracks of the crawling mode. The controlled vehicle responses are shown by numerical results focused to
guarantee the performance specifications of the challenging and typical maneuvers.
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1. INTRODUCTION

Offshore industry uses underwater vehicles to support drilling process, riser maintenance, ducts inspections, and other
typical tasks performed at underwater environment. However, hybrid vehicles is the new trend in underwater systems due
to their extreme capabilities required to accomplish challenge missions like a hull inspection of ships, platforms, and other
offshore structures. In Brazil, the submarine activities have increased mainly by the interest in oil and gas production off-
shore industry. The recent discovers of pre-salt, located in deep waters, put Brazil in an attractive and prominent position,
attracting the interest of the offshore industries, but the actual scenario presents also new challenges for engineering and
research. Eventually, the adaptation or hybridization of new technologies will overcome these challenges.

In former works, the authors have been involved with modeling, identification and control systems of Remotely Op-
erated Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs) (Cutipa-Luque and Donha, 2011; Avila et al.,
2013). There is a little number of hybrid underwater vehicles, which commonly combine ROV and AUV capabilities
and operate in ultra-deep waters (Whitcomb et al., 2010). A new hybrid underwater vehicle is under construction in the
laboratories of the Federal University of ABC. This vehicle, defined as a Hybrid Remotely Operated Vehicle (HROV),
combines capabilities found in ROVs and tracked terrain vehicles (Wong, 2001). The tracked systems are adapted from
terrain tracked vehicles and provide extreme locomotion over the terrains at different soils properties (Liu and Liu, 2009).
The HROV adopts a tracked system to provide the crawling motion over the ship hull and other offshore structures that
remain semi-submerged at sub-sea.

A number of control approaches have been used to ensure the performance specifications due to the vehicle operates
in hostile environment, subjected to waves, currents and noise sensors (Roberts and Sutton, 2006). Maurya et al. (2006)
controlled successfully a torpedo shape AUV through the classical Linear Quadratic Regulator (LQR) approach. Silvestre
and Pascoal (2007) designed a decoupled control system for an autonomous underwater vehicle based on theH∞ approach
(Skogestad and Postlethwaite, 2005). Roche et al. (2011) presented a H∞ robust control for an autonomous underwater
vehicle in which the control goal of the system remains guaranteed despite the measurement sensors presented varying
parameters in sampling. Cutipa-Luque et al. (2012) presented the implementation of H∞ for an underwater vehicle
torpedo shape where the AUV dynamics and motions are decoupled. The tuning process of advanced controllers is not as
straightforward as tuning process of classical PID controllers. In (Whitcomb et al., 2003), the authors applied the model-
based adaptive PID approach (Slotine and Li, 1987) to tackle the control problem of a ROV. The current work presents
the control of a HROV in surge and yaw directions based on conventional PID control approach (Åström and Hägglund,
2006).

The paper is organized as follows: section 1 presents the introduction of hybrid underwater vehicles and control
approaches implemented in underwater vehicles; section 2 presents the mathematical model of the HROV included the
tracked system; section 3 presents the design of conventional PID control technique for the HROV; section 4 presents
the results of control approaches proposed where the responses, linear and nonlinear, are assessed through numerical
simulations. Finally, section 5 presents the conclusions of the work and further experimental activities and researches.
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2. UNDERWATER ROBOTIC VEHICLE MODEL

The HROV is described in Fig. 1 and consists of a mechanical structure made of polypropylene plates. The vehicle of
125 kg mass presents a rectangular parallelepiped shape with 1.08 m length, 0.57 m height and 0.83 m width. The whole
HROV structure follows a modular design and can be easily reconfigured. At the top side, a polypropylene floatation box
is installed to compensate and guarantee hydrostatic stability. The underwater vehicle has a pressure vessel for electronics
embedded boards and inertial navigation sensors. The actuators are composed of a set of four vertical thrusters, two
horizontal thrusters, and two horizontal tracks powered independently by two DC electric motors. DVL sensor and
Depthmeter sensor are also installed at the bottom side. An umbilical cable is used for electric power supply and data
transmission, and is connected to an isolated 4.5 kW DC power supply. The Fig. 2 presents the actual hybrid ROV under
final stage of construction. A complete and detailed description of the HROV, mechanical design, electronics, sensors and
actuator technical specifications, will be presented shortly in a further paper.

Figure 3 presents the body frame coordinates of the vehicle defined by the surge u, sway v and heave w linear
velocities. Three angular velocities relative to the linear velocities are defined respectively as roll p, pitch q, and yaw r.
The external forces are represented by capital letters X , Y , Z, K, M , N , respectively. Moreover, and inertial frame is
defined by the position x, y and z and attitude φ, θ and ψ, which are used to locate the vehicle over the sub-sea environment
(Fossen, 2002). In this paper, the aim is to control the vehicle in horizontal dynamics u, v and r using controllers, which
feed control signals to the two horizontal thrusters and two motorized tracks. The vehicle moves at constant speeds in
heave ẇ = 0, roll ṗ = 0 and pitch q̇ = 0.

This is a hybrid ROV where the two operation mode models differ in external forces applied over the system. The free-
flight model represents the dynamics when the vehicle navigates free under the sub-sea and the crawling model represents
the dynamics when the vehicle moves attached to the ship hull. The free-flight dynamic model of the HROV can be
expressed using the standard equations for ROVs (Fossen, 2002):

Mυ̇ + C(υ)υ +D(υ)υ + g(η) = τ, (1)

where υ represents the velocity vector, M represents the mass matrix, C(υ) represents the Coriolis matrix, D(υ) repre-
sents the damping matrix, g(η) represents the hydrostatic force vector, and τ represents the control vector. Equation (1)
represents a multivariable system where the matrix orders are determined by the degree-of-freedom (DOF) of the under-
water vehicle motions. A complete dynamic model of the vehicle can be determined from its three longitudinal (surge,
sway and heave) and its three angular (roll, pitch and yaw) motions to merge into a model of 6-DOF. It is assumed that the
vehicle model deals with surge velocity (u), sway velocity (v) and yaw rate (r) dynamics merging into a model of 3-DOF
in which the vectors and matrices are expressed as follows:

υ =
[
u v r

]T
, (2)

M = MRB +MA, (3)

MRB =

 m 0 −myg
0 m mxg

−myg mxg Iz

 , (4)

MA =

 −Xu̇ 0 0
0 −Yv̇ 0
0 0 −Nṙ

 , (5)

C(υ) = CRB(υ) + CA(υ), (6)

CRB(υ) =

 0 0 −m(xgr + v)
0 0 mu

m(xgr + v) −mu 0

 , (7)

CA(υ) =

 0 0 Yv̇v
0 0 −Xu̇u
−Yv̇v Xu̇u 0

 , (8)

D(υ) =

 −X|u|u|u| 0 0
0 −Y|v|v|v| 0
0 0 −N|r|r|r|

 , (9)

g(η) =
[

0 0 0
]T
, (10)
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τ =

 τu
0
τr

 =

 τ1 + τ2
0

−yP1τ1 − yP2τ2

 , (11)

where MRB(υ) and CRB(υ) are the mass matrix and Coriolis matrix components, respectively, due to rigid body dynam-
ics; MA(υ) and CA(υ) are the added mass matrix and Coriolis added matrix components, respectively, due to the added
mass hydrodynamics; Xu̇, Yv̇ , and Nṙ are the added mass hydrodynamic terms that can be computed using strip theory
or by aid of computer software; X|u|u, Y|v|v , and N|r|r are the damping terms due to the hydrodynamic drag that can
be computed using commercial software of CFD (Computational Fluid Dynamic); τu is the resultant force and τr is the
resultant moment due to the thruster actuator forces, τ1 and τ2. Moreover, m is the mass of the vehicle, xg and yg are the
location of mass center relative to a body reference frame located at the geometric center of the vehicle, yP1 and yP2 are
the coordinates of the thrusters relative to the body frame. The drag coefficients of the HROV can be determined using
FLUENT (a commercial computational fluid dynamic software) following the procedures given in (Avila et al., 2013).

Figure 1: Hybrid Remotely Operated Vehicle (HROV).

The HROV took the extreme dynamics capabilities found in tracked terrain vehicles for crawling over the surface of
the ship hull. Figure 4 presents the body forces actuating on the tracked system of the underwater vehicle. Friction forces
are modeled according to the Coulomb’s law of friction. Therefore, the forces and moments relatives to the track system
can be modeled according to the following equations: Xe

Ye
Ne

 = −

 Re1 +Re2
µvN

(−Re1 +Re2)
de
2

+Me


︸ ︷︷ ︸

Γe

+

 τe1 + τe2
0

(−τe1 + τe2)
de
2


︸ ︷︷ ︸

τe

, (12)

whereXe is the resultant force over the tracks in surge direction, Ye is the resultant force over the tracks in sway direction,
and Ne is the resultant moment in yaw direction, N is the normal force perpendicular to the ship surface, Re1 and Re2
are the friction track forces and each one modeled by the expression µuN/2, µu is the longitudinal friction coefficient, µv
is the lateral friction coefficient, de is the distance between centerlines of the tracks, Me is the moment turning resistance
modeled by expression µvNle/4 (Wong, 2001), τe1 is the actuator force generated by track 1 and τe2 is the actuator force
generated by track 2. The normal force N is proportional to the maximum traction force (Bekker, 1969). Different to the
terrain tracked vehicles where the normal force is a weight constant, here, the normal force is defined as the hydrostatic
normal force, straightforward computed from roll and pitch angles, plus the applied vertical thruster forces, as shown
below:

N = (W −B)cosθcosφ+ τ3 + τ4 + τ5 + τ6, (13)
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Figure 2: Hybrid ROV under final stage of construction.

where W = mg is the weight of the vehicle, B is the Buoyancy force, and the forces of vertical thrusters are represented
by τ3, τ4, τ5 and τ6. ConsideringW ≈ B, the maximum force of traction will be determined by thruster vertical actuators.
In this paper, the normal force was set to a constant, and each force of vertical thrusters sets to 50 N. The maximum traction
force Fmax can be computed from the contact area of the tracks Ae over the ship hull, the cohesion coefficient ce between
the tracks and the hull of a ship, and shear resistance angle αs (Bekker, 1969):

Fmax = Aece +N tanαe. (14)

The coefficients ce and αe will be determined through experimental tests in further and, if necessary, the values of vertical
thruster forces shall be increased in order to guarantee good traction in the tracks. An excessive value of normal force
increases the turning resistance Me, which opposes to the motion and reduces the maneuverability of the vehicle.

The track traction forces are generated using DC motors and a first order filter can straightforward represent each DC
motor. However, this work neglected the DC motor dynamics in order to reduce the complexity in assessing the control
approach and the results focuses in terms of effort required by tracked system. Finally, considering the friction track force
vector Γe and the control track vector τe, the 3-DOF crawling dynamic model of the hybrid ROV can be expressed as:

Mυ̇ + C(υ)υ +D(υ)υ + g(η) + Γe = τe. (15)

Figure 3: Coordinate systems of the HROV: inertial and body frames.
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Figure 4: Track system forces of the underwater robotic vehicle (top view).

3. CONTROL SYSTEM

The HROV operates in two operation modes to perform the inspection task of a ship hull. A set of four controllers
are synthesized, grouped in two couples. A first couple of controllers are synthesized for free-flight mode to carry the
vehicle close to the hull ship. A second couple of controllers are synthesized for crawling mode to maneuver the vehicle
over the hull of a ship. Initially, the free-flight controllers are used to carry the vehicle close to the hull ship. The crawling
controllers are activated after the vehicle is attached1 to the hull of a ship. The free-flight mode is powered only by the
two horizontal thrusters and the crawling mode is powered only by the two motorized tracks. This paper deals with the
design of controllers for the two operation modes of the vehicle considering the 3-DOF. The classical Proportional Integral
Derivative (PID) control approach is used with its variants, Proportional Derivative (PD) and Proportional Integral (PI).
Because the synthesis process is based on linear time model, the 3-DOF dynamic model expressed in Eqs. (1) and (15)
will be linearized around a cruise speed and decoupled in particular motions.

Figure 5 presents the structure of the control design for the underwater vehicle. The control syntheses are accomplished
using decoupled models as surge motion as yaw angle motion.

The control architecture of the HROV has been designed for providing fast deployment of data acquisition, control
systems and, state estimation and navigation systems. This is based on a PC-104 single-board computer running the
VxWorks real time operating system. This paper deals with surge and yaw control for a 3-DOF HROV model which
allows to accomplish maneuvers in horizontal plane relative to the body frame. Control system of heave and pitch will be
developed and presented in further works.

3.1 Surge control

The PI control is proposed in order to synthesize a controller the vehicle in the surge motion. The HROV model of
Eq. (1) is decoupled and linearized in surge velocity u and expressed as:

(m−Xu̇)u̇−Xuu = τu, (16)

where Xuu is a linearized expression of X|u|u|u|u close to the cruise speed of the vehicle. Equation (16) can be trans-
ported to the Laplace s domain and represented by its gain k and time constant T parameters:

u

τu
=

k

Ts+ 1
, (17)

where k = −1/Xu and T = −(m−Xu̇)/Xu. The control law can be expressed as (Åström and Hägglund, 2006):

τu = −(KP ũ+KI

∫ t

0

ũdt), (18)

1The maneuver of the attachment is complex and will be accomplished with the support of additional proximity sensors installed in the vehicle and
with heave and pitch controllers that will be presented in further works.
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where KP is the proportional gain and KI is the integral gain of the PI controller. The closed loop equation is expressed
as follows:

T ü+ (1 + kKP )u̇+ kKIu = kKP u̇ref + kKIuref , (19)

where uref is the reference command signal. The location of closed loop complex poles will determine the controlled
system response. Moreover, in Laplace domain, the transfer functions in open loop L and in closed loop C result:

L =
kKI(

KP

KI
s+ 1)

s(Ts+ 1)
, (20)

C =
(
KP

KI
s+ 1)

(
T

kKI
s2 +

1 + kKP

kKI
s+ 1)

. (21)

The parameters of the controller can be tuned using the root locus method, fixing a rate for KI/KP > 1/T and
computing the integrator gain KI from the root locus plot of L. Another straightforward alternative is to use the pole
allocation from the closed loop C or the Eq. (19). The parameters of the PI controller for the surge motion can be found
following the relations below:

KI =
ω2
nT

k
> 0, (22)

KP =
2ζKI

ωn
− 1

k
> 0, (23)

where ζ is the damping coefficient and ωn is the natural frequency of the controlled feedback system.

3.2 Yaw control

The HROV model of Eq. (1) is decoupled and linearized in sway velocity v and yaw rate r directions, and expressed
as a second order Nomoto model:

r

τr
=

k(T3s+ 1)

(T1s+ 1)(T2s+ 1)
, (24)

where T∗ are the time constants and k is the gain of the system. The above model can be reduced to a first order model:

r

τr
=

k

(Ts+ 1)
, (25)

where T = T1 + T2 − T3 is the new constant time. Considering the kinematic equation of yaw angle ψ̇ = r, the model
can be expressed as:

T ψ̈ + ψ̇ = kτr, (26)

The control system can be represented following the PD law (Fossen, 2002):

τr = −(KP ψ̃ +KDψ̇), (27)

where KP is a constant relative to the proportional action, KD is the derivative constant of the controller, ψ̃ is the error
signal between the observed angular velocity ψ and the angular velocity reference signal ψref . The feedback system is
then closed in loop and expressed as a typical second order system:

T ψ̈ + (1 + kKD)ψ̇ + kKPψ = kKPψref , (28)

where ψref is the command reference signal of yaw angle. The above equation is a second order differential equation
where controller parameters can be obtained straightforward and are in function of natural frequency ωn and damping
coefficient ζ, as follows:

KP =
ω2
nT

k
> 0, (29)

KD =
2ζωnT − 1

k
> 0. (30)
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Figure 5: Surge-yaw control structure: thruster signals τ1 and τ2 are feed in free-flight mode and track signals τe1 and τe2
are feed in crawling mode.

The integral action KI

∫ t
0
ψ̃ can even be added to the PID controller structure. However, the integral action are not

necessarily an attempt because the model presents a pure integrator model by the relation between ψ and r to carry out the
error signal to zero in steady state. According to the Fossen (1994), the integral gainKI can be added and tuned following
the relation:

KI =
ω3
nT

10k
> 0. (31)

4. RESULTS

The controllers were designed to control a nonlinear dynamic model of the HROV in its 3-DOF. The performance of
the feedback controlled system was assessed through numerical simulation and using Matlab. It is important to observe
the controllers were synthesized based on a Linear Time Invariant models and some kind of information was lost in the
process of linearizing and decoupling dynamics. Nevertheless, the controlled system will shall guarantee good stability,
fast rise time responses, reduced overshot, zero steady state error, and rejection to perturbation and model uncertainties.
The control design specifications were summarized in below:

1. Stability;

2. Rise time < 7 seconds;

3. Overshot < 25 percent;

4. Steady state error ≈ 0;

5. Rejection to output perturbation and model uncertainties.

Table 1 presents the parameters of the PID controllers. The PI controller for surge motion was straightforward to tune
as for free-flight operation mode as for crawling operation mode. Two controllers are synthesized in order to perform
maneuvers of ship hull inspection. The free-flight controller is used to maneuver the vehicle close to the hull ship. The
crawling controller is activated after the underwater vehicle is attached to the hull ship and is moved through the two
tracks.

Figure 6 presents the linear and nonlinear response of the controlled system in surge direction. The vehicle moves at
surge speed of 0.5 m/s (Fig. 6a) meanwhile the yaw angle is keeping at 10 degrees (Fig. 6b). Figures 6c shows force
and moment signals to be applied in surge and yaw directions. Figure 6d shows the thruster forces required by control
actuator signals of the system. The difference between τ1 and τ2 is greater in transient and goes to zero in steady state,
indicating that an initial moment should be generated through the variation of the thruster forces until reaching the desired
angle value of 10 degrees and, after, the moment should be carried to zero value. The thruster forces are keeping at steady
state constant values of 27.5 N, keeping a surge speed of 0.5 m/s.

Figure 7 presents the response of the controlled system in crawling mode. The vehicle moves at surge speed of 0.5 m/s
(Fig. 7a) meanwhile the yaw angle is keeping at 10 degrees (Fig. 7b). Figures 7c shows force and moment signals to be
applied in surge and yaw directions. Figure 7d shows the thruster forces required by control actuator signals of the system.
The difference between τ1 and τ2, in contrast with free-flight mode, is greater in transient and goes to a constant value
in steady state, indicating that an initial moment should be also generated with the variation of the thruster force until
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reaching the desired angle value of 10 degrees and, after, the moment should be carried to a constant value compensating
the friction moment relative to the tracked system.

Turning resistance is present in this hybrid ROV vehicle due to the irregular distribution of lateral friction forces of
the tracks and, as shown in terrain vehicles (Wong, 2001), a turning moment overcomes its effect. Figure 7d shows a
steady state difference between track forces indicating the required turning moment for this maneuver. In free-flight mode
(Fig. 6d), despite to be the same maneuver, the thruster forces reach to the same value in the steady state indicating the
lack of turning moment. In fact, the turning resistance Me appears only when the vehicle operates in crawling mode with
its tracks attached to the hull of a ship. There are many semi-empirical models for turning resistance that can be also
examined in further (Wong, 2001). Another better alternative is to use a maneuver data record with system identification
methods in order to determine the model parameters (Cutipa-Luque and Donha, 2009).

Yaw controller parameters were not straightforward to tune due the responses presented large steady state errors that
were tackled adding an integral action. Figure 8a presents the responses of the three crawling controller in the attempt of
reducing rise time. The selected yaw controller that showed best performance (ζ = 0.7 and ωn = 1.5) was submitted to
model uncertainties tests, varying the friction coefficients between 40 % and 160 % of their settled values (see the Fig.
8b).

The stability of the system is achieved according to the Hurwitz, ensuring that all poles of the closed loop system
remains in the Left Half Plane (LHP). The steady state error specification was also guaranteed for all responses. In all
responses, the rise time was less than 7 s (Fig. 6 and Fig. 7), but it can slightly increase when the model is corrupted by
model uncertainties (Fig. 8b).

(a) Surge velocity u response. (b) Yaw angle ψ response.

(c) Control actuator signals. (d) Propeller actuator forces.
Figure 6: Surge-yaw control for the HROV: free-flight operation mode

5. CONCLUSIONS

The current work dealt with control design for a new class of underwater vehicle in horizontal dynamics. A 3-DOF
model of a hybrid vehicle was described in which the tracked system was adapted from the terrain tracked vehicles class.
The PID controllers guaranteed the performance specifications. For the free-flight mode operation, a proportional-integral
structure was used to control the vehicle in surge direction and a proportional-derivative structure was used to control
the vehicle in yaw direction. For the crawling mode operation, a proportional-integral structure was used to control the
vehicle in surge direction and a proportional-integral-derivative structure was used to control the vehicle in yaw direction.
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(a) Surge velocity u response. (b) Yaw angle ψ response.

(c) Control actuator signals. (d) Track forces.
Figure 7: Surge-yaw control for the HROV: crawling operation mode.

(a) Yaw angle ψ responses at different ζ and ωn parameters. (b) Yaw angle responses at different µ uncertainties.
Figure 8: Different parameters to pole allocation controller and controlled system responses subjected to uncertainties in
friction Coulomb coefficients.

The friction forces relative to the tracked system cause steady state error in yaw direction and it was tackled using an
integral action. The hybrid ROV controllers presented good performances and guaranteed time domain specifications
included when parameter uncertainties are considered. Large values of friction parameters of the tracks can slightly
increase the rise time. In crawling mode operation, the moment turning resistance requires additional control efforts.
However, stability, steady state error and overshot specifications remain between desired values. In a further work, these
controllers will be validated through experimental tests and the results will be compared with other advanced robust
control approaches in order to choose the better control system for this new hybrid underwater robotic vehicle.
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Table 1: Surge-yaw PID Controller parameters

Operation mode Surge controller Yaw controller
ζ ωn KP KD KI ζ ωn KP KD KI

Free-flight 0.7 1 131.84 — 229.71 0.7 1 47.04 61.14 —
Crawling 0.7 1 131.84 — 229.71 0.9 1 47.04 79.96 4.70
Crawling 0.7 1 131.84 — 229.71 0.7 1.5 105.84 143.46 15.88
Crawling 0.7 1 131.84 — 229.71 0.7 2 188.16 258.71 37.63
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