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Abstract

A dynamic model of a remotely operated vehicle (ROV) is developed. The hydrodynamic damping coefficients are estimated
using a semi-predictive approach and computational fluid dynamic software ANSYS-CFX™ and WAMIT™, A sliding-mode
controller (SMC) is then designed for the ROV model. The controller is subsequently robustified against modeling uncertainties,
disturbances, and measurement errors. It is shown that when the system is subjected to bounded uncertainties, the SMC will
preserve stability and tracking response. The paper ends with simulation results for a variety of conditions such as disturbances

and parametric uncertainties.

Keywords Remotely operated vehicle - Robust modeling - Sliding-mode control - Simulation - Disturbances - Parametric

uncertainties

1 Introduction

Underwater robotic vehicles (URV) are broadly classified into
remotely operated vehicles (ROV) and autonomous underwa-
ter vehicles (AUV) (Monroy et al. 2017; Shen et al. 2017a).
They are used in the offshore oil industry for tasks such as
installation of structures and pipelines, salvage, mine hunting,
and other applications, where their endurance, economy, and
safety makes them an obvious replacement for divers (Shen et
al. 2017b; Vasilijevic et al. 2017). Due to its hard-wire link or
tethered design, ROVs are best suited for work that involves
real-time image transmission, operating from a stationary
point or cruising at relatively slow speeds, such as in pipeline
inspection. While the governing dynamics of underwater ve-
hicles are generally understood, they are practically intracta-
ble. The problem stems from significant nonlinearities and
modeling uncertainties (McLain and Rock 1996; Caccia et
al. 2000; Chin and Lin 2018) and major hydrodynamic and
inertial nonlinearities due to the inherent open-frame structure
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of'the ROV. This is in contrast to AUVs which are designed to
contain most equipment and are streamlined for faster maneu-
vering (Fossen 1994).

There are two established modeling approaches for ROV's
(Shi et al. 2017): (1) predictive methods based on either com-
putational fluid dynamics (CFD) or strip theory (Ferziger and
Peri¢ 2002; Wilson et al. 2006) and (2) experimental tech-
niques. The ROV’s dynamics is determined using test equip-
ment such as the Planar Motion Mechanism (PMM) and
Marine Dynamic Test Facility (Williams et al. 2000).
Physical tests during design and prototyping usually take the
form of small-scale testing (Chin et al. 2011). For truly accu-
rate results, experimental model data are then referenced
against computer simulation models obtained via computa-
tional fluid dynamic. Accordingly, in this paper, a dynamic
model of the ROV is obtained from both CFD and experimen-
tal techniques (Chin et al. 2011; Koh et al. 2002) (verified by
pool and water tank tests at the Nanyang Technological
University).

The objective of the ROV control system is to keep both its
velocity and position at the desired values. The ROV should
adhere to these desirables even when the vessel is under the
influence of (bounded) disturbances and measurement errors.
Sliding-mode controller (SMC) has two important properties
which are of significance in this case (Medina et al. 2016).
Firstly, since the dynamics of the ROV are highly nonlinear
with respect to both its position and velocity, using SMC
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means that a single controller can accommodate for the entire
mission. Secondly, when the uncertainties are bounded, the
SMC can be robustly designed to maintain stability and to
ensure good tracking (Slotine and Li 1991; Khalil 2002).

The application of SMC to control of AUVs and fully
actuated ROVs is not new (e.g., see Chin and Lin 2018;
Valdovinos et al. 2009; Vazquez et al. 2017). Traditionally,
the uncertainties are assumed to have a known structure and
unknown parameters. The SMC law is then made adaptive to
cater for their presence. The main advantage of adaptation is
that the uncertainties do not have to be bounded. However,
adaptation does have major drawbacks in practical applica-
tions. Firstly, the control law becomes more complex, leading
to notably increased computation. Since onboard processing
power is limited, increased computational costs will result in
an increase of the control update intervals (sample time).
Secondly, adaption of the control law will inherently take a
finite amount of time, rendering a response to fast changing
dynamics due to disturbances very difficult, if not impossible
(Nicholas et al. 2015). Finally, successfully adaptive control
needs persistent excitation which in practice can be quite ex-
haustive for hardware. In addition, the adaptive control of
ROV can be difficult to control for underactuated system.

Accordingly, this work follows an alternative framework in
which a non-adaptive SMC law is made robust against uncer-
tainties with a known bound for underactuated system. This
requires that the bound of uncertainties is known, similar to
traditional robust control theory (Skogestad and Postlethwaite
2005; Burkan and Uzmay 2003). To determine the bound of
the uncertainties, a detailed analysis of environmental distur-
bances (Antonelli et al. 2001) and modeling and measurement
errors is carried out. The types of uncertainties considered in
this paper are parametric uncertainties (modeling error), envi-
ronmental disturbances (wind-generated wave and ocean cur-
rents), and measurement error in sensing devices. These are
essentially all possible environmental and non-environmental
uncertainties which may decrease performance of the control-
ler in real life. To determine the bound of the uncertainties, a
detailed analysis of environmental disturbances and modeling
and measurement errors is carried out. The bounds are then
verified through simulation of the real-life model of the ROV.
Subsequently, the SMC is designed to accommodate the com-
puted bounds. Backed by extensive simulation of the ROV
with the proposed robust-SMC controller on a path-following
mission, we demonstrate that the controller exhibits excellent
performance, while respecting the design and physical con-
straints. This remains so, even in the presence of noticeable
disturbances.

The summary of the contributions of the paper are as fol-
lows. First is the use of a non-adaptive-based sliding-mode
controller for an underactuated ROV system in earth-fixed
frame instead of a fully actuated one. Second is the simulta-
neous bound of parametric uncertainties due to model error
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and external disturbances due to wind and underwater current
are determined for the resulting underactuated system.

2 Modeling

The ROV, designed by the Robotics Research Center (RRC)
in Nanyang Technological University (NTU), RRC ROV is
used to perform underwater pipeline inspections such as lo-
cating pipe leakages or cracks. The twin “eye-ball” ROV has
an open-frame structure and is 1 m long, 0.9 m wide, and
0.9 m high. It has a dry weight of 1243 N and a current
operating depth of 100 to 300 m. The RRC ROV has four
150-N-rated thruster inputs for six degree of freedom (DOF)
(surge, sway, heave, roll, pitch, and yaw velocity). Roll and
pitch motions are designed to be self-stabilizable, i.e., the cen-
ter of buoyancy is located above the center of gravity. To
proceed with modeling, the following are assumed in this

paper:

(a) ROV is arigid body and is fully submerged once in the
water.

(b) Water is assumed incompressible, viscid, and
irrotational.

(c) The earth-fixed frame of reference is inertial.

(d) Tether effects (Jordan and Bustamante 2007) attached to
the ROV is not modeled (assuming light weight, neutral-
ly buoyant, and there is sufficient slack so that minimal
disturbance loads are transmitted to the vehicle).

2.1 ROV Equations of Motion

For marine vehicles, six DOFs are conventionally defined by
the following vectors (Fossen 1994):

« n=[n m]T=[xyz¢ 0 ¢]T —position and ori-
entation (Euler angles) in inertia frame

« v=[ V]T=[uvwp g r]" —linear and angular
velocities in body-fixed frame

=[] "=[r 7 7. 7y 79 74| T —forces and

moments acting on the vehicle in body-fixed frame

A rigid-body ROV’s dynamic equation of motion is usually
expressed in the body-fixed frame as the forces and measure-
ment devices are intuitively related to this body frame of ref-
erence. Using the Newtonian approach, the motion is de-
scribed by the following equation (Fossen 1994):

Mypv + Crp(v)v = Tgp (1)

where Myp € R® * ¢ is the mass inertia matrix, Crp(v) € R® ™ ¢ is
the rigid-boy Coriolis and centripetal matrix, and Trg € R® ™ ' is
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the external forces and moments vector. The mass inertia
matrix is

m 0 0 0 mzg —Myg
0 m 0 —mzg 0 mxg
0 0 m myg —mXg 0
Mgp = 0 —mzg  Myg 1, [xy Iy,
mzg 0 -mxg A I, =1,
—-myg mxg 0 =1, -1, 1,

(2)

The Coriolis and centripetal terms, describing the angular
motion of the ROV, are

0% 3 Ci(v)
Cre(v) = | Cj,(v) Cxn(v) 3)
with
m(ygq +z6r)  —m(xgqg—w)  —m(xgr+v)
_ | mbop W) mGortxep)  mbgru) |,
Cia(v) = —m(zgp—v)  —m(zgq +u) mxep +ysq) 4)
0 “lyq—Lep + 1y Ly +1oyp=1q
sz(u) _ Iyzq + Lp=I.r 0 _lxzr_lxyq +1p

71}*7"711)’p + [yq Lr+ Ixyqilxp 0

(5)

The external force and moment vector includes the hydro-
dynamic forces and moments due to damping and inertial of
surrounding fluid known as added mass, and restoring force
and moment. These forces and moments tend to oppose the
motion of the ROV. Thus, the model can be expressed with
respect to a local body-fixed reference frame, in the following
matrix form (Fossen 1994):

My + C(v ) +D)v+g(n) =
= (©)

=J 772)

where M = My + M, € R® * © is the inertia matrix for rigid
body and added mass, respectively, C(v) = Crp(V) + CA(V) €
R® ™ ®is the rigid-body and hydrodynamic rigid-body Coriolis
and centripetal matrix, respectively, and D(v) = D, + Dy(v) €
R®* ®is the linear and quadratic damping matrix respectively.
The input force and moment vector 7= To € R® relate the
thrust output vector o = FyaeR* with the thruster configu-
ration matrix 7€ R® * 4, and Fr e R* * * is the dynamics of
each thruster that converts the input voltage command GeR*
into thrust to propel the vehicle. J(n,) is the Euler

transformation (ET) matrix which brings the inertia frame into
alignment with the body-fixed frame and J~ ! (13,) s the inverse
Euler transformation (IET) matrix which brings the body-
fixed frame into alignment with the inertial frame

J1(772) 0
J(m) = 0 Ja(m) (7)
. J11(772) _10
J(m) = 0 Jy (m)
and
c()e(0) —s()e(d) +c()s(O)s(¢)  s(¥)s(¢) + c(¥)c(¢)s(6)
Ji(my) = s()e(0)  c(¥)e(@) +s(d)s(@)s()  —c(y)s(¢) +s(0)s(¥)c(9)
h =s(0) c(8)s(9) c(B)e(d)
JYI(772> JT(’?Z)
(1) s(o();()f?) C(O)(i;?) 10 —s5(0)
¢ s (¢)  c(0)s(o)
T2(m) = @) o) | T2 = 10 6 ()l
0 0 70 ( (0)c(9)

where s(.) = sin(.), ¢(.) = cos(.), and #(.) = tan(.). The ET is
undefined for § = + 71/2. However, this will not pose a prob-
lem since the vehicle is not designed or required to pitch
anywhere near +71/2, in other words ¢(6) # 0. By this fact, both
ET and IET are nonsingular (full rank) for all n, € R®. Note
that in this approach matrix, M—2C(v) is skew symmetric,
i.e., for any x € R, we have x" (M' —2C(v)) x = 0.

2.2 Gravitational and Buoyancy Forces

The term g(n) is used to describe the gravitational and buoy-
ancy forces vector exerted on the ROV in the water (Fossen
1994). The gravitational and buoyancy forces are functions of
the orientation and are independent of vehicle motion. When
fully submerged, the ROV’s buoyancy is equal to the weight
of water displaced, i.e., B = pgVwhere p is the fluid density, V
is the volume displaced by the submerged ROV and g is the
earth gravitational constant equal to 9.8(m/sec?). In the body-
fixed coordinate system, the restoring force vector becomes

(W=B)s(0)
—~(W=B)c(0)s(¢)
~(W=B)c(0)c(o)
gn) = | ~gW-ypB)c(0)c(¢) + (z¢W-z5B)c(0)s(¢)
(zgw—z5B)s(0 z+ (x¢W—xpB)c(0)c ()

~(xcW=xpB)c(0)s ()~ (v W-ypB)s(0)

(8)

As the ROV is neutrally buoyant, then W = B. By appro-
priately placing the additional mass on the ROV, the XY
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coordinates of the center of buoyancy will coincide with the
XY coordinate of the center of gravity, that is x; = xz = 0 and
yG =yp = 0. Then, Eq. (8) becomes

g'(m =000 (z6-25)We(0)s(d) (z6-25)Ws(0) 0] (9)

2.3 Hydrodynamic Derivatives

In the vehicle equations of motion (6), external forces and
moments such as hydrodynamic drag force, actuator thrust,
and hydrodynamic added mass forces are described in
terms of vehicle’s corresponding hydrodynamic coeffi-
cients. These coefficients are expressed in the form of hy-
drodynamic derivatives which are in accordance with the
SNAME (1950) notation. For example, axial quadratic
drag force is modeled as

1
X:—<§pCdA>u|u| = X puu|ul (10)
which implies that the drag force derivative in the surge
direction with respect to u | u| is

oX 1
Xyl = == —=pC4A
W Sl — 2

(11)

Since the RRC ROV is symmetric about the XZ plane and
close to symmetric about YZ plane, it is assumed that the
motions in surge, sway, pitch, and yaw are decoupled
(Fossen 1994). Although it is not symmetric about the XY
plane, the surge and heave motions are considered to be
decoupled. Besides, the vehicle is designed to operate at rela-
tively low speeds in which the nonlinear or quadratic effects
can be small and assumed negligible. With this assumption,
the drag matrix in (6) becomes

D = diag([X, Y, Z, K, M, N,|) (12)

where X, is the damping coefficient for x-direction, Y, is the
damping coefficient for y-direction, and so forth.

The relationship between the hydrodynamic forces, mo-
ments, and accelerations are represented by added mass.
For example, if there is acceleration u" in the X direction,
the hydrodynamic force X arising from that motion can be
taken as X = X, u" where X, = 0X/0u is the hydrody-
namic derivative. For most low-speed underwater vehicles,
the off-diagonal terms of M, are often neglected (Fossen
1994) leading to

(13)

The corresponding Coriolis and centripetal added mass
matrix Ca(v) becomes

M = diag([X, Y, Z, K, M, N,|)
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0 0 0 0 —Zyw Yy ]
0 0 0 Zyw 0 —Xyu
0 0 0 -Yw  Xyu 0
Ci(v) = | ~Zyw Yy 0 —Ny =Ny Myq
ALY 0 —Xyu  Nyr 0 *Kpp
—Y-vv qu 0 _M'qq Kpp 0
(14)

The hydrodynamic damping forces were obtained via
open-tank tests and ANSYS-CFX™ (see Fig. la) and
were verified by comparing the results with a free-
decaying experiment on a scaled RRC ROV model
(see Fig. 1c). Note that in this approach matrix, M —2
C(v) is skew symmetric, i.e., for any x € .72%, we have
x'(M"-2C(v)) x=0.

By applying laws of similitude, the hydrodynamics
parameters of the scaled model can be scaled up to
predict the corresponding values of the actual RRC
ROV model. The hydrodynamic added mass coefficients
were obtained using MULTISURF™ and WAMIT™ as
shown in Fig. 1b. The added mass coefficients obtained
were similarly obtained. Full details of the CFD simu-
lation and experimental tests used to determine the
damping and added mass coefficient for the RRC
ROV model can be found in (Chin et al. 2011) and
the data are shown in Appendix Table 1.

2.4 Thrust Model

The position of the thruster on the ROV (see Fig. 2) is
defined by the thrusters’ configuration matrix, 7. The
details of the steady-state experiment performed on the
thruster can be found in Koh et al. (2002). The input
forces and moments to the ROV are determined based
on summation of the force and moment equations in the
six DOFs

(7] [ 1 1 0 0
Ty 00 (B =B ||
T, 0 0 ¢ c(B) Iop)
T=|T¢ = 0 0 ) ) g3
Ty & — ac(f) —ac(B) | | oa
Ty v oy as(B) —as(B)
=To (15)

where the a« = 0.017m, 8 = «n/4, v = 0.31m, § =
0.293m, and € = 0.016m are the geometrical parameters
based on the thrusters’ location on the ROV platform
(see Fig. 2), omin < 0, < Omax | = 1,2,3,4 are the
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5.226¢1001

l -8.1250+001

sl

(@) Pressure distributions on the ROV Body using ANSYS-CFX™

-

(b) WAMIT™ model used in added mass computation

(C) RRC ROV prototype in water tank (orientated in surge direction)

Fig. 1 RRC ROV prototype used in simulation and testing. (a) Pressure
distributions on the ROV Body using ANSYSCFX (b) WAMIT model
used in added mass computation (¢) RRC ROV prototype test in water tank

minimum and maximum thrust output by each thrusters
and 7= [, 7, T, T4 Ty Tw]T is the force and moment
vector generated in the six DOFs. The input is o = Fr
@eR* with F; = f;I,, and aeR* is the commanded volt-
age input to the thrusters. Note that due to the ROV
configuration, the values of a and e are small. Thus,
roll and pitch (fourth and fifth equations) are not fully
actuated and there are insufficient thrusters to fully ma-
neuver the ROV in the six DOFs (ROV is
underactuated).

Since the thrusters have a relatively shorter response
time compared to the ROV, they may be modeled as
gain terms (Koh et al. 2002). Lumped hydro-
electromechanical dynamic model for both the DC mo-
tor shaft speed (assuming small electrical time constant
as compared to the mechanical time constant) and pro-
peller’s dynamic were used. Experimental results indi-
cate the approximate linear relationship between the
thrust (o;) and the thruster input voltage (5;) to be

or=fr5i, i=1, 2, 3, or4 (16)

where f7 = 0.92 N m/V (forward thrust) and fr =
0.61 N m/V (reverse thrust).

3 Design of the SMC Controller
3.1 Design Framework

The ROV equations of motion in the body-fixed frame are
My +C(v)v+Dv+g(n)=T (17)

which compare to its earth-fixed equations given below,

M, (n) ;IJFCn(Tl» V)ﬁ+Dn(n)ﬁ+gn(n) =Ty (18)
where

M, (n) = J " (n)MJ " (n)
Cy(n,v) = J () (Cw)-MJ ' (n)J(n))J " ()

D,(n) = J " (n)DJ ' (n)

) =
g,(n) = J "(n)g(n)
Ty = JﬁT(T’)T

Clearly, the model appears much simpler in the body-fixed
frame, leading to less calculations. In addition, specifying the
desired trajectory for ROVs is more natural in the body-fixed
frame, as opposed to for AUVs for which it is more natural to
use the earth-fixed frame. Nevertheless, in this instance, using
the body frame to design the control law will lead to difficulties.
In particular, it is demonstrated in Section 3.2 that computing
the control law in the earth-fixed framework requires knowl-
edge of i and 7" for feedback purposes. In the body-fixed
framework, these will change to [A0)dz and v, where Juy(7)dt
does not have a physical interpretation and it is not possible to
integrate v, (Fossen 1994). Therefore, in spite of its more com-
plicated characteristics, the Earth-fixed frame is used for control
system design. Note that translating the dynamic model of
ROV from body-fixed frame into earth-fixed frame preserves
the skew-symmetric property of M, (n)—2C,(n,v), since d

(7 () /dt = J () I (m)J " (n) and
' M ()=20 ()M (1) J ()T ()= (19)
M, (m)-2C,(n,v) = J 1 (n)(M=2C(v))J " (n)

3.2 Stability Performance of Sliding-Mode Controller

Given the disparity among the DOF (six) and the number
of thrusters (four), movement in some degrees of freedom
will require more than one active thruster. To optimally
distribute actuation among the four thrusters, a least-
squares optimization approach is employed. Let 7 represent
a vector of bounded torques. The unconstrained thrust al-
location problem can be formulated as follows:

.
min o Wo (20)
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Fig. 2 Position of thrusters on the
ROV

Subject to 7— To = 0 where Wis a positive definite matrix.
The solution using Lagrange multipliers is (Fossen 1994)

o=T"T (21)
where
5 =w'T" (TW'T") " (22)

represents the generalized inverse. If W = I (i.e., equally
weighted control forces), then (22) reduces to the Moore-
Penrose pseudo inverse: 7" = T"(TT") .

Using Slotine’s approach, and assuming the model param-
eters are known (i.e., M, C(v), D, and g(n)), and the values of
nand 17" are available, the control law becomes (Islam and Liu
2011; Liang et al. 2016; Valdovinos et al. 2009)

7= J7(m) (M(m) 9 +Cy(n, v)9 + Dy(m) 0 +g,(n)~T¥)
(23)

where

V=n,An , s=n-0 (24)

and 1~ = 1, is the tracking error, and A and I"are diagonal

positive definite matrices (gain matrices) defined as

A = diag([\ A2 ... X)) and (25)

I =diag([y, 7, .- 7))

The closed-loop equation comprising the system and the
Slotine controller becomes

M) (1=0) + C,(n,v) (n—0) + Ts =0 =

: (26)
M, (n)s+C,(n,v)s + I =0

which describes a nonlinear ordinary differential equation
with s as the variable. To determine closed-loop stability, V
= O.SSTMn(n)s is chosen as the candidate Lyapunov func-
tion. Since M",(n)—2C,(n,v) is skew-symmetric matrix,
this leads to
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Selection of a suitable sliding surface is an important
step in the design of the SMC controller. The manner of
the selection of the sliding surface in this paper is as
follows. First, a candidate Lyapunov function V =
O.SSTMn(n)s is considered and the sliding surface is cho-
sen such that as s — 0 then  — 7, and 7—7,. The
derivative of the candidate Lyapunov function V is com-
puted as follows:

V =s"M,(n)s+0.55"M,(n)s (28)

Using the skew-symmetric property for M", (1)—2C,(n, v),
we have

V=" (M, (m)5+C,(n.v)s) (29)

For a suitable choice, let s = 17" —¢} and substitute this for
M, (n)#) in (18). The resulting equation for the input signal 7,
may then be inserted in V,

V =57 (M,,(n) (n—ﬂ) + Cy(n, u)s)
= s (<M ()9 + 7,-C(m, ) 7Dy ) =g, (m) + C,(n, v)s)
= 5" (=M, () + 7,-C, (n.v)0-D, (m) g, (n) )

(30)

The aim is to select 7, such that underlined terms in the
above equations cancel out and V' becomes negative. A sim-
ple choice is (23). Finally, let ¥ = 1’ ;—A(n—n,) which yields
s = (n'—n,) +A(n—n,). The control law (23) implies V"’
=—s'I5 < 0 for I'>0, and s — 0. From (27),

A(D)lIsl><s" s<X(I) Isl|*= V <=A(D) |15 )1 (31)
and since V = O.SSTM,,(n)s, then

1 , 1 ¢ 1 5
EA(MU(T’)) ||S|| < Es Mn(n)SS E)‘(Mn(n)) ||S|| (32)
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From (31) and (32), one may conclude that

S am ),
V<=2 (A(D) V=V(1)<V(0)e (MM))

A(M)

(33)

where V(0) = 0.5s(0)TMn(77(0))s(0) > 0. The role of \(I')
now becomes evident. By increasing its value, V() can be
made to converge to zero exponentially faster. Moreover,
the eigenvalues \; control the speed at which the error is
eliminated 7—0. To see this, consider

s=n+An (34)
For each individual-loop one obtains,
si(t) = () + A1), i=1,2,...,6 (35)

where s = [s1, S5, ..., S¢]". The Laplace transform of

which gives

Si(s) = s2:(5) + M2(5) = (5 + ) 2i(s)=2i(s)

_ Si(s)
CsHN

(36)

where S,(s) = L{s;(t)} and 27;(s) = L{n;(¢)}.

Accordingly, a larger \; will lead to a greater tracking
performance (i.e., the errors converge to zero more quick-
ly). While a larger value of \; and +; will lead to better
performance, it may also lead to difficulties in practical
implementation; using a large value of this, gains will
increase the effect of measurement noises on the control
law. In addition, it will lead to control signals which vio-
late the maximum torque limits. Therefore in practice,
there is an upper bound on J\; and ;. The trade-off be-
tween the control system performance and torque is evi-
dent from the following relationship:

0 =nAn=191<lngll + XA 7|

I (37)
U =ny~An= D] <lngll + A(A) 7]l

Imposing the above inequalities on the control law leads to

7= {0, m) 17241 + llg, (m) | + 1€ (m,) + D) 11}
{201, m)X(A) 1l + XA € (mv) + D)7+ XL s}
(38)
Note the appearance of A and I'in the second term of the
inequality. From (38) and 7, = J T(m)r, it is clear that to

reduce the upper torque bounds 7, A and I'should have small-
er eigenvalues.

3.3 Robustification of the Control Law
to Disturbances and Uncertainties

The derived model for the ROV is expected to have some
discrepancy with the actual dynamics of the ROV.
Moreover, the ROV is subject to considerable environmen-
tal disturbances and external forces. These will include
waves and ocean currents. To study the effects of these
disturbances, let d(¢) be an extra torque in (18) which de-
notes the sum of all possible external disturbances. As with
the study of uncertain linear systems, the upper bound of
d(®), i.e., ||d(®) || <, is considered known. A major ben-
efit of the SMC framework is that it is possible to robustify
the controller against these uncertainties by an augmenta-
tion of the control law. By adding an extra term u, € R®, the
stability of the closed-loop system will be guaranteed in
the presence of these uncertainties (Tang et al. 2018;
Chiaverini et al. 2004; Effatnejad and Namvar 2009).
Consider the ROV’s equations of motion, subject to the
uncertainty described above,

MV](T’) 71 +C7I(T]7 V) Tl +D71(71) 77 +g7](n):7-77 + d([) (39)
Using (24), the closed-loop equation becomes

M, (n)s+C,(n,v)s + Is = d(1) (40)

addition of u to the control law leads to

M, () s +Cy(n,v)s + Iy = d(r) + uo (41)

To determine closed-loop stability, take V = 0.5s" Ms to be
the candidate Lyapunov function,

) = —s"I5 + std(t) + s ug (42)
Now, by letting uy = —y HiT’

V<AD) sl + xlsll + sTug
= —\(I)|s]|*<0=s—0 (43)

Clearly, |lugl| is bounded in[—y, + x]; however, as s goes
through zero, chattering will ensue. To eliminate chattering,
the additional term is modified as follows (see Theorem 14.1
and 14.2 in Khalil (2002)),

uy = —xtanh G) (44)
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Since it is required to determine the upper bound of this
disturbance, it is necessary to first characterize its constit-
uent elements. The three main sources of uncertainty stud-
ied in this paper are modeling uncertainty, disturbances,
and measurement error. Modeling parametric uncertainty
refers to the mismatch between the estimated values and
actual values of the model parameters such as added mass
and the hydrodynamic coefficients and is denoted by T,.
Disturbances refer to the various external and environmen-
tal forces such as wind, wind-generated waves, and ocean
current that act on the ROV and are denoted by T,,.

Finally, the torque error induced by the sensor measure-
ment error is denoted by 7, In resume, taking into account
the specified errors, the ROV’s equation of motion in the
body-fixed frame becomes

Mv + Clv)v+Dv+g(n) =1+T, (45)
where
Te =Ty +Tu+Ta (46)

and 7, T,, and 7 are as specified previously.

3.3.1 Parametric Uncertainties

Let the error in the estimation of Mzg and M, be denoted
by AM, the error in estimation of C(v) and C,(v) be de-
noted by AC, and the error for D and g(n) be respectively
denoted by AD and Ag. The upper bound for the estima-
tion error of m, I, I, and I, is assumed to be £100s,%.
Thus, from (2) to (5), the largest percentage error in Myg,
C(v), and g(n) is £100¢;. Similarly, assuming the upper
bound for the estimation error of the hydrodynamic coef-
ficient is £100e,%, then the eventual model of the para-
metric uncertainty can be computed as follows:

AM = :l:ElMRB :|:€2MA
AC = +e,C(v) £ £,C4(v)
AD = :l:EzD
Ag = £e1g(n)
>T), = AMv+ACv + ADv + Ag

(47)

3.3.2 External Disturbances

Due to their stochastic nature, environmental disturbances
are not usually included in ROV models. However, the
benefit of the framework adopted in this paper is that it
is possible to design the control law for some worst con-
dition. The main environmental disturbances that are con-
sidered are wind-generated waves and ocean currents
(Fossen 1994). Since it is assumed that the vessel is sub-
merged, surface winds are not taken into consideration.

@ Springer

The torque induced by the wind-generated waves and
ocean currents are respectively denoted by 7Tyave and
Teurrent- Lhat 1S 7, = Tyave + Teurrent- Lhe first component,
Twave> May be modeled as follows (Fossen 1994):

Twave — [Xwavc Yiave Zwave 0 0 O}T (48)
where
N
Xwave = 'ZO prLTC(p)p,(t)
N
Ywave = — Z prLTS(p)pi(t) (49)

i=0

N
Nume = 2 50 peBLT (L8520

Note that the forces induced by the waves (in (48)) are
not so significant that required a torque generating pitch
motion.

In (48), p (kg/m3) is the density of the water, B X
L (m?) is the cross-sectional area of the ROV in water,
T (m) is the draft distance, p is the angle between head-
ing and the direction of the wave, and finally p«(?) is the
wave slope for component i™ which can be obtained by
statistical analysis such as short-term prediction. For the
worst-condition case, the Pierson-Moskowitz (PM) spec-
trum gives

14
P, =0.0731,/—
g

where V  (in knots) is the wind speed at the height of
19.4 m over the sea surface and to have the worst case,
the parameter p must be selected such that the maxi-
mum wave torque can be generated. Let the vertical
position z be measured positive downward. From (48)
and ignoring surface winds, one arrives at

(50)

NBLTu-(0.5—
e = P T (0.57) (51)

[24c(p) —24s(p) (L*~B*)p,s(2p) 0 0 O]

where u_(.) is the Heaviside function and z > 0. As the
ocean current uncertainty is assumed to be continuous,
its effect may be reproduced by varying the relative
velocity in (6). The relative velocity is defined as v, =
v — v, where v, is the current velocity in the body-
fixed reference. In this case, the current velocity will be
measured by an acoustic Doppler current profiler
(ADCP). If the body-fixed current velocity is constant
or slowly varying, then
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Ve =020, = v (52)

and the nonlinear relative equation of motion becomes

My +C(v,)v, + D, +g(n) = 7=
Mv+C(v)v+Dv + g(n)=C(v)v—C(v,)v, + Dv. + T
(53)

From (3) to (5), it is evident that the Coriolis and centripetal
matrix is a linear operator on the velocity. Thus, the current-
induced moments may be modeled as

T current — C(V)Vc + C(Vc)’/r + Duv, (54)

where v, = [u. v. w. 0 0 O]Tis a vector of non-rotational
body-fixed current velocities (Fossen 1994). The value of
v, can be determined by using the IET from the earth-
fixed frame v = [uf vE wf 0 0 0 0] T as follows: let
ay and «, be defined as angle of attack and sideslip that
describe the orientation of the current velocity profile
(V(2)). Then,

uf = Vee(a)e(aa)
VvE = V.s(ap)

wh = Ves(ay)e(az)

(55)

The six velocity components may then be written as
a single summation V,.(z), where it is noted that the first
three components are often the dominant terms
(Williams et al. 2000) for ROV operating above the
seabed above the pipeline,

Ve(z) = Vi(2) + Viu(z) + Vs(z) = V,(0)
V2

) u-1 (50—z) +0.0286 <?) e
(56)

do—
+ VIW(O) (;—Z

0

where V, is the tidal component, V,, is the component
generated by local winds, and V; is the Stokes drift com-

ponent (due to nonlinear waves). Finally, v, = {yzl yg} T
is obtained as follows:
c(ar)e(ar)
_ g1 s(a2) _ T
VC! - Jl (17) S(Oél)C(OQ) VC(Z) ) VCz - [0 0 0} (57)

3.3.3 Measurement Error

In computation of the SMC law, the exact values of n
and " are required. In reality, these terms are measured
using the accelerometer and the gyroscope. Even in the
best cases, these measurements will not be perfect. The

significance of these errors is that even negligible errors
in the measurements may produce a large error in the
value of n and 1’ as these are obtained by integrating
the velocity (v,) and acceleration (v'; ) of the ET. To
determine the effects of these errors, let the inertial sen-
sor measurements be v'; + e; and v, + e,, where e; and
e, are measurement errors,

e = :|:E3{11 & e = :l:E4I/2 (58)

From (23), this error can be modeled by an additional force
on the right hand side of (6) where the effect of the inflow
velocity to the thruster blades is assumed to be negligible. Let
the added term be denoted by 7,

74 = J" () (M, (m) 9 +C, (n, )0 + D, (m)v-+g,(m)~T

My (2) 9 =C (1, 9)-Dy ()= () + )
(59)

where, by assumption of constant €3 and &4, it leads to

(1) (1 £ &3) dr v (1)(1 £ e3)
= J(i(1))

17(!)—1(77([))[ v(t)(1 £e4) Vz(f)(li&t)} (60)

The terms 9 and § will be obtained by inserting the above
equality in (24).

3.4 Bound of Uncertainties

To robustify the controller, the upper bound of the uncertainty
in the Earth-fixed reference equations of motion is required,
ie.,

x = max [[d(0) || = max | S (n(0)7 (61)

Due to the stochastic nature of some of constituent
elements, finding an exact value for xy might not be
possible. But a good estimate can be obtained by pro-
viding certain uncertainties or errors in simulation.
Traditionally, the effects of these disturbances are dealt
with by incorporating an adaptive element in the control
law (Qiao and Zhang 2017; Yin et al. 2003; Effatnejad
and Namvar 2009;Valdovinos et al. 2009). However, as
previously described in the introduction, in this work,
the control law is made robust against these changes,
instead of being made adaptive. A number of reasons
warrant this decision: Firstly, making the control law
adaptive will bring with it an increased computational
burden which may be required to be carried out on-
board. This will increase further, if reasonably fast
tracking dynamics are required. Secondly, since in pipe-
line tracking, the location of the task space is fixed, a
good estimate for dy, V,(0), V, and g can be determined
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a priori. Moreover, information on the maximum mea-
surement error is readily available from the manufactur-
er. Finally, disturbances will usually violate any slow-
varying condition required to convergence. Therefore,
by noting the convergence of the SMC trajectory track-
ing error to zero, the upper bound of ||d(¢)|| can be

represented i_q,(terms of £, as

X = max [ (mg(0)) 74 (62)

where 7/ is the expected extra torque in the body-fixed
equation of the motion, with n = ny, 7" =1y, and v =
v,.

4 Pipeline Simulation Results

For previous studies on the Pipeline tracking problem, please
refer to the following references (Curti et al. 2005; Calvo et al.
2009; Chin et al. 2011). The main purpose of pipeline tracking
is autonomous inspections with minimum human intervention.
The advantage of using AUV in pipeline inspection is its min-
imum human intervention required. However, the current gen-
eration of AUV is still not as successful or useful as the ROVs.
Mainly, this is due to the fact that a hard-wire link for delivery
of suitable power supply and real-time image processing is still
required. Moreover, wireless communication in water is

1AE=6.827463¢-05

Fig. 3 Position and orientation 10 IAE=5.028463¢-04 1.0 x10°
tracking — (m and rad) vs. time [ — x/m - T — ¢/rad
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with presence of uncertainity Z10 N V 0
20— —— s
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seriously hampered by the Doppler effect which limits both the
rate and the range of possible communications.

The RRC ROV model, uncert

parameters used to set up the simulation are given in
Appendix Tables 2, 3, and 4. Numerous simulations
have been run to assess the performance of the ROV.
All simulations are performed in MATLAB SIMULINK

Fig. 4 Velocity tracking in body-

ainty, and controller

IAE=6.170254¢-04

fixed coordinate — (m/sec and Lo ’ — uw/(ms)
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coordinate in all figures, while z denotes altitude which
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4.1 Robust Position, Orientation Tracking, and Thrust
Results

Figure 3 shows the position and orientation of tracking in the
earth-fixed reference frame (1 and 7,) and Fig. 4 displays
velocity tracking in body-fixed coordinated frame (v and
v,). The optimal required thrusts for this path are depicted in
Fig. 5a, b for the certain and uncertain cases respectively. The
results show that the ROV can track the pipelines robustly.

4.2 Robust 3D Tracking Results

Figure 6 shows a 3D view of the desired and actual ROV
trajectory. This figure graphically verifies the performance of
the controller in light of the main pipeline inspection objec-
tives, i.e., tracking with minimal error.

While the controller gives excellent tracking performance
even in the case of considering the worst-case combination of
all uncertainties, as expected this does comes at the expense of
requiring larger torques from the thrusters. This is logical
since additional torque is required to counter the effects of
uncertainties. It is also necessary to point out that the control
law momentarily violates the maximum torque specification
of the thrusters. However, the overload is of a limited duration
and is not considered to be of a critical nature. It is also im-
portant to consider how the torque profiles change in the sim-
ulation of the uncertainty system. Initially, it is thrusters 3 and
4 which see the biggest change. This is due to the effect of
wind-generated wave and ocean current direction which cause
large disturbances in the z direction. However, as the ROV
proceeds along the desired trajectory, the disturbances in the x
and y direction become more pronounced, leading to changes
in the torque profile of thrusters 1 and 2.

Fig. 5 Required thrust and their %gg [ — 0 /(N'm) fgg . —a/(N-m)
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2000710 20 30 40 50 60 70 80 2000710 20 30 40 50 60 70 80
200 200
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5 Conclusions

The paper described modeling, sliding-mode control
(SMC) design, and simulation of the RRC ROV. The
dynamic model of the ROV was obtained from both
CFD software and experimental techniques performed
in the swimming pool and water tank tests. These ex-
perimental tests were performed to verify the damping
and added mass coefficients used in the dynamic equa-
tions. The results from the CFD software (such as
ANSYS™  MULTISURF™, and WAMIT™ software)
were verified by comparing them to a free-decaying
experiment on a scaled RRC ROV model. By applying
laws of similitude, the hydrodynamics damping and
added mass forces or the coefficients of the scaled mod-
el were scaled up to predict the corresponding values of
the actual RRC ROV model.

The sliding-model control law was first developed
and then made robust against uncertainties with a
known bound. The bound for the uncertainties was ob-
tained from a detailed analysis of environmental distur-
bance’s modeling and was then verified through simula-
tion of the real-life model of the ROV on a path-
following mission. The simulated results showed an ex-
cellent tracking performance with the minimal position
tracking error. For future works, other approaches such
as machine learnings will be applied on the ROV.
Experimental works to test the control scheme will be
implemented.
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Appendix

Table 1 Damping and added mass coefficients used for RRC ROV model simulation

Methods Damping coefficient/added mass coefficient
Surge (0-0.5 m/s) Sway (0-0.5 m/s) Heave (0-0.02 m/s) Yaw (0-0.5 rad/s)
Xu Xulul Yv Yv\vl Zw Zw\wl ]v; Nr\r\
ANSYS-CFX 11.863 108.45 19.640 108.24 2.3756 351.98 0 10.390
Experiment 17.240 106.03 38.060 84.100 72.530 104.41 1.180 7.5100
Xll YV ZW’ NV
WAMIT 21.140 51.700 92.450 2.3030
Experiment 21.480 55.170 113.60 0.2960

Table 2  Parameters for ROV model

Parameters Values

Mgy [115 0 0 0 0 0 01150000 00115000 0006.1-0.00016—0.185 000—0.000165.980.0006 000—0.1850.00065.517 ]

M, diag([21.1403, 51.7012, 92.4510, 3.6191, 2.6427, 2.3033])

Ci>(v) [0 115w —115v —115w0115u 115v—115u0 ]

Co(v) [—0.0006g + 0.185p + 5.5170r  —0.0006¢ + 0.185p + 5.5170r  0.0006r—0.0002p—5.9800g 0.0006g—0.185p—5.5170r00.1850r
+0.0002g + 6.100p —0.0006r + 0.0002p + 5.98004—0.1850r—0.0002—6.100p0 ]

Ci(v) [0 0 0 0 —924510w 51.7012v 00092.4510w0—-21.1401 000—51.7012v21.140u0 0-92.4510w51.701210-2.3033r2.6427¢
92.4510w0-21.14002.303370-3.6191p —51.7012v21.140u0-2.6427¢3.6191p0 |

D diag([17.2, 38.06, 72.50, 1.665, 1.456, 1.180])

w 115 (kg)

rG [ ¥, 261" =10, 0,0]" (m)

Iy [x Vg z5]" = [0, 0, — 0.048]" (m)

T [1 1 0 0 000.707—0.707 000.7070.707 00—0.2930.293 —0.016-0.0160.012—0.012 0.31-0.310.012-0.012 ]

Table 3  Parameters used in computing uncertainties

Parameter p \% p (o2 [ Vio dy VA0) € & &3 €4
Value 1000 10 /4 /12 /4 5.15 50 0.8 0.01 0.1 0.001 0.01
Unit kg/m® kn rad rad rad m/s m m/s - - - -

Table 4  Controller gains and parameters used

Controller gains and parameters Without uncertainty With uncertainty

No i=1, 2, ..., 6 10 10
Y i=1, 2, ..., 6 10 5
X 608
€ 0.5
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