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ABSTRACT Nowadays, underwater vehicles (UVs) are applied to various tasks such as carrying objects
or maintenance of underwater structures. To carry out well these tasks, UVs should keep the position
and orientation in the water to perform the specified tasks. However, the systems used in underwater
operations are always under the influence of disturbance such as ocean currents and model uncertainties.
In this paper, the robust station-keeping (SK) control algorithm based on a sliding mode control (SMC)
theory is designed to guarantee stability and better performance of a hovering over-actuated autonomous
underwater vehicle (HAUV) despite the existence of model uncertainties and ocean current disturbance in the
horizontal plane (HP). Using the Lyapunov theorem, the stability of the proposed controller is demonstrated.
Besides, an optimal allocation control (AC) algorithm is also designed to keep the linear position and Euler
angles of the HAUYV in the presence of model uncertainties as well as ocean currents and to minimize the
energy consumption of the system. Finally, a series of simulations and experiments for the HAUV system is
conducted to demonstrate the superior performance of the proposed method.

INDEX TERMS Over-actuated underwater vehicle, robust sliding mode controller, station-keeping control,
experimental result.

I. INTRODUCTION
As the oceans contain numerous natural and mineral

of research, due to their various potential applications such
as in maritime security, marine economy and science, marine

resources along with the depletion of resources on land, the
development of resources in the ocean has been increasingly
developed in recent years. With the development of the activ-
ities in the deep ocean, the UVs are becoming an active area
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security, marine archaeology, rescue, and military usage.
Moreover, the UVs are one of the intelligence motion
platforms, which can be relied on the remote control or navi-
gate autonomously and safely in the real marine environment
and complete various missions such as pipeline inspection,
environmental monitoring, underwater inspection, offshore
gas and oil exploration, and exploitation, etc. [1]-[6]. There
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are many different types of the UVs for a variety of tasks
that have been designed and developed, such as Autonomous
Underwater Vehicles (AUV) [7], [8], Remotely Operated
Vehicles (ROV) [9], [10], Underwater Gliders (UGs) [11],
[12], and so on.

To carry out all the above tasks and missions, the control
of the UVs faces several challenges due to some main factors
such as high and couple nonlinear model, the time-varying
dynamic model, model uncertainties, external disturbances
by sea current and wave, unpredicted underwater currents,
and so on. Some examples can be found in [13]-[15] for an
overview. In recent decades, various control strategies have
been proposed for improving the performances on dynamic
characters of these UVs such as linear controllers [16], [17],
fuzzy logic control [18], [19], SMC controllers [20], [21],
predictive control algorithms [22], [23], and neural network
control strategies [24].

Nowadays, dynamic positioning (DP) is applied for many
purposes in ocean engineering such as drilling, underwater
pipe-laying, resource exploitation, diving support, etc. The
DP systems generally consist of a motion controller (MC)
module and an AC module. Most DP controlled vehicles
are HAUV systems with multiple thrusters, in which the AC
module is adopted to distribute the specified control forces
to each thruster based on mechanical or operational con-
straints. Using multiple active thrusters, DP control systems
automatically keep the desired linear position and vehicle
heading subjected to environmental disturbances and model
uncertainties [25], [26]. Various control techniques have been
proposed for the DP control in recent years, with many
results shown in the literature. Among them are Proportional-
Integral-Differential (PID) control [27], neural network con-
trol [28], adaptive control [29], fuzzy control [30], SMC [31],
and so on. However, most aforementioned studies on the DP
control did not mention the thruster saturation constraints into
account in the DP control design. In practice, the command
control input is subject to saturation constraints because of
the physical limitations of the propulsion system.

Obviously, the UVs are the complex and highly nonlinear
models, therefore, it is impossible and difficult to define their
accurate kinematic and kinetic models. With the development
of various control algorithms, the SMC is one of the control
strategies that has been successfully applied to the control of
the UVs due to its strong robustness to uncertain parameters
and external disturbances [32]-[34]. Thus, considering the
complexity of the HAUV in the HP, the SMC is selected
as a DP control of the HAUV for the horizontal motion in
this paper. Generally, the main goal of the overall control
system of the HAUV is to provide a suitable compensa-
tion to the system, even despite the existence of the model
uncertainties and external disturbance while also minimizing
power consumption. Selecting wisely both the MC module
and the AC module within the overall control system is an
important step to achieve these objectives. Based on these,
this paper describes a procedure to design a robust controller
for the DP system of a HAUV subjected to the influence
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of the ocean current and model uncertainties. The proposed
DP control system, including an MC module and an AC
module, is designed. First, an MC module is designed to
generate the generalized force in three degree of freedoms
based on current and desired states by using the SMC law.
Then, based on the generalized force, an AC module is
designed by applying the Lagrange Multiplier (LM) method
to distribute this generalized force amongst the thrusters of
the HAUV. Numerical simulations and experimental studies
are conducted to illustrate the performance of the proposed
controller for SK of the HAUV under the effects of the model
uncertainties and ocean currents. Both simulation and exper-
imental results demonstrate the effectiveness and practicality
of the proposed system and controller and its robustness to
external disturbances.

The paper is constructed as follows. Firstly, Section 2
introduces the mathematical model of the HAUV including
the effects of the ocean current. The detailed kinematics and
kinetics of the HAUV are discussed in this section. Next,
Section 3 explores the dynamic position system of the HAUV
which has two cascade control modules: MC module and AC
module. In this section, the MC module is established using
robust SMC whereas we use the LM method to linear the AC
module. Then, Section 4 presents some numerical simulation
results and experimental results using the designed HAUV
system and proposed SK system. Finally, Section 5 provides
conclusions of this paper.

Il. MATHEMATICAL MODEL OF A HAUV UNDER THE
OCEAN CURRENT EFFECTS

A. COORDINATE SYSTEM DEFINITION

Generally, the HAUV is modeled as a body moving freely in
six degree of freedoms. The dynamic model for the HAUV
consists of two parts: one is a kinematic model, and the
other one is a kinetic model. First, two coordinate systems
are used: one coordinate is fixed to the HAUV to define its
translational and rotational movements and another one is
located on Earth-fixed (EF) coordinate to describe its position
and orientation as illustrated in Fig. 1.

Since the HAUV moves slowly in the water, the EF coor-
dinate system can be defined to be inertial. The EF frame
EXgYEZE has its origin is fixed at the water surface and three
axes are respectively defined as: the Z-axis direction points
down into the water while the X-axis and Y-axis directions
complete a right-handed system. On the other hand, the Body-
fixed (BF) frame is represented by Bxpypzp with its origin
located at the gravity center of the HAUYV, in which the x,y,z-
axes point forward, starboard side, and down the HAUYV,
respectively.

When the horizontal motion of the HAUYV is discussed,
three motions of the heave, roll, and pitch can be neglected
in this study. According to SNAME [35], the motions of the
HAUY in HP can be described as follows:

n=[xyvy ]T € M3 : linear position and Euler angles of
the HAUV in EF coordinate system.
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FIGURE 1. Coordinate systems of a HAUV.

v=[uvr ]T € %3 : linear and angular velocities of the
HAUYV in BF coordinate system.

B. HAUV KINEMATIC AND DYNAMIC MODEL IN
HORIZONTAL PLANE

In this work, we concentrate on the SK problem in HP, that
is the surge, sway, and yaw motions. The three degree of
freedoms relationship between the BF coordinate Bxpypzp
and the EF coordinate EXg YgZg can be described as follows:

n=R@mv ey

where, the rotation matrix R(n) = R(v) is the function of the
heading angle of the HAUYV is defined as:

cosyy —siny 0
RW)=|siny cosy 0|, R ') =R
0 0 1

@

Finally, the kinematic equations of the HAUV can be re-
arranged as:

X = ucos(y) — vsin(yr)
y = usin(yr) 4+ vcos(y) 3)
i=r

By reducing three motions of the HAUV: heave, roll, and

pitch in the vertical plane motion, the horizontal motion
dynamics in the BF frame can be represented as [36]:

Mv+COWw+DOWw+Gp) =1 @

where M € R¥3 > 0,C(v) € W3, D) e W>*3
are the inertia matrix, the Centripetal and Coriolis matrix,
the damping matrix of the HAUYV, respectively, G(7) € %3
represents the gravitational forces, it can be assumed that
gravitational forces are negligible in HP, thus, G(n) =0, 7 =
[tx, Ty, Tv] € 93 is the control input.
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In Eq. (4), all matrices M, C(v), and D(v) can be expressed
as:

M = Mpgp + My

m 0  —myg -X; 0 0
= 0 m mxg |+ 0 -Y, -Y;
| —myg mx, Iy 0 —-N; -—N;
[ m —X; 0 —my,
= 0 m-—Y; mxg — Y; ®)
|~ mxg — Ny I; — N;
C(v) = Crp(v) + Ca(v)
[ 0 0 —m(xgr +v)
= 0 0 —m (ygr - u)
| m(xgr +v) m (ygr — u) 0
0 0 Yiv
+ 0 0 —X;u
-Yv  Xuu 0
0 0

Yy —myy +mxgr  — (m—X;;) u+ mygr

Yy —m)v — mxgr

(m — Xi u — mygr ©
0
D) = Dy + Dnp(v)
—X, 0 0
= 0 -Y, 0
0 0 —N,
—Xjuju lul 0 0
+ 0 =Y VI 0
0 0 _N|r|r 7|
Xy — X\u|u|u| 0 0
= 0 =Y, = Yuplvl 0
0 0 _Nr_N|r|r|r|
(7

Inserting Egs. (5)-(7) into Eq. (4), the expanded form of
three degree of freedoms equations of the HAUV’s motion
is:

(m — Xp)it — mygi + (Yy — m)vr — m)cgr2 — Xuu

_Xlulu lulu = tx 8)
(m — Yy)v + (mxg — Yi)i + (m — Xi) ur — mygr2
— IV — Ylvlv v[v =1y ©)]

—mygit + (mxg — Ny)v + (I; — Np)ir — (Yy — m)vu
+mxgru — (m — Xi) uv + myerv — Nyr
_N|r|r|r|r =N (10)

C. CONFIGURATION OF HORIZONTAL THRUSTERS

The HAUV’s six degree of freedoms motions are controlled
by using four horizontal thrusters and three vertical thrusters
as shown in Fig. 2. However, in this paper, the motions of
the HAUV are analyzed on the HP only. Thus, the sim-
plified HAUV has four thrusters is adopted in this section.
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4 Horizontal thrusters

FIGURE 2. Thruster arrangement of the HAUV.

By installing these horizontal thrusters at the bow and the
stern parts of the HAUV with a fixed inclined angle 67, the
surge, sway, and yaw motions of the HAUV are operated
simultaneously.

Assume 7 = (Xcis Yeis Zei)i=12.3.4 15 the center point
of each thruster which located on the HAUV, the moment
induced by four horizontal thrusters T;—1 2 3.4 can be respec-
tively obtained as:

[ x.1 FycosfOr
1 Xi‘] = | ye1 | x| Fisinfr
L <cl 0
B df FycosOr
= —ds X Fl sin QT
0 0
= (d;F) sin6r + diFy cos 67)k (11)
B F5cosOr
FaxFy=|yeo | x | —Fasinfr
| Zc2 0
[ dy F> cosOr
=|ds | x| —=F>sinfr
0 0
= (—dfFysin0r — dyFacos0r)k  (12)
[ x5 —F3cosOr
73 X 1?3 = | y3 | x F3sin0r
L 2c3 0
[ —dy —F3cos0r
= | —ds | X F5 sin 67
0 0
= (—dfF3sinfr — dyFycos0r)k  (13)
[ xca —FycosOr
T4 X I?'4 = | Ya | X | —F4sinfr
L Zc4 0
K —dy —F4 cosOr
= dy X | —F4sin0r
o 0

= (—dfFysinOr + d;FycosOr)k  (14)
where the inclined angle 07 is set to be 30 in this paper.
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As a result, the resultant force and moment of the propul-
sion system induced by four horizontal thrusters can be
expressed by:

Fiprust = F Tx7 +F Ty.;
= (F1+Fy, —F3 — F4)cosOri
+(F) — F2 + F3 — Fy)sin0rj (15)
Mypruse = MTzk
= (dpF1 sinOr + dsFy cosOr — dpF> sinOr
—dgF> cos O — dyF3 sin Oy — dgF3 cos O
+dyFysin 07 + dsFy cos 0r)k (16)

From Egs. (15) and (16), the horizontal thruster allocation

in the matrix form can be defined as follows:

T, = TU a7
T
Ty = [FTx Fry MTz] (18)
T
U=[F1 F» F3 F4] (19)
cos Or cos Or
T = sin O —sinf7
dycosOr +dpsinfy  —dscosOr — dy sinfr
—cosfOr —cosfOr
sin Or — sinOr

—dgcosr —dpsinOy  dgcosOr + dy sinfp

(20)

where, 7, € R3*1 is the control forces and moments acting
on the HAUV due to four horizontal thrusters, U € R**1 is
the individual thruster force; and T € R3*% is the thruster
configuration matrix of the propulsion system.

D. OCEAN CURRENT MODELLING

In marine engineering, the motion and stability of the HAUV
are significantly affected by the ocean current. As the ocean
current creates a relative speed between the fluid flow and
the HAUY, thus, a hydrodynamic effect on the HAUV needs
to be considered. According to Gauss-Markov process [37],
the ocean current speed can be modeled as the following
form:

Vc + Ve = we 2n

where, u. > 0 is a suitable constant, and w, is Gaussian
white noise. In order to limit the ocean current speed in the
simulation, the bounded ocean current is set as:

Vmin = Vc(t) < Vmax (22)

It is possible to assume that the fluid is irrotational, the
ocean current speed vector in the EF coordinate is obtained
as:

v 0] (23)

where V. = v+ v%, and the components of the ocean
current in North and East directions are defined as:

vy = V. cos Y, (24)

VOLUME 9, 2021



M. T. Vu et al.: Station-Keeping Control of a Hovering Over-Actuated Autonomous Underwater Vehicle

IEEE Access

vy = Vesiny, (25)

where, V. is the horizontal ocean current angle.

Using the rotation transformation, the relationship between
the EF coordinate ocean current speed and the BF coordinate
ocean current speed can be obtained as:

B=Tu8 B o] (26)
vE = diag [R" () | v 27)

where uf and vf denote the ocean current speeds in the surge
and sway motions, respectively. As a result, the relative speed
of the HAUV including the effects of the ocean current is
given by:
v=v—"V=[u v, r] (28)

E. HAUV DYNAMIC MODEL INCLUDING OCEAN CURRENT
EFFECTS
In Eq. (4), the dynamic model of the HAUV did not consider
the ocean currents acting on the vehicle. First, we assume
that wave-induced currents are neglected because a HAUV
is deeply submerged. This section shows how to include the
effects of the ocean current in the dynamic equations of the
HAUYV motions.

The relative speed of the three degree of freedoms- HAUV
including the effects of the ocean current in Eq. (28) can be
rewritten as:

vrz[u—u? v—1? r]T (29)

The dynamic model of the HAUV including the ocean
currents expressed in the BF coordinate is in the form as:

Mpgpv + Crp(V)V +Muav, + Ca(vr)vy + D(vy)v,

Rigid—Body Part

Hydrodynamic Part
+ G(n) =t (30)
——
Hydrostatic Part

It is also possible to assume that the ocean current speed is
slowly varying, which means that v, ~ 0. Thus, the dynamic
model in Eq. (31) can be simplified as:

My + Crp(v)v + Ca(vp)vy + D)y, + G =1 (31)

As aresult, the kinematic and Kinetic models for the HAUV
including ocean current are:

N = J@)v, +vE
MYV + Crp)v + Ca(p)vy + D)y, + G =7 (32)

1Il. DYNAMIC POSITIONING SYSTEM OF THE HAUV

To systematically handle challenges on the control perfor-
mance and power of an HAUYV, the whole control system
consists of two cascade modules such as an MC module
and an AC module as shown in Figure 3. The MC mod-
ule is responsible for generating the generalized forces and
moments based on current and desired states for each degree
of freedom that is necessary for achieving the desired position
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FIGURE 3. A whole control system including the MC law and AC module.

and heading angle of the HAUV. After that, the AC module
helps to distribute these generalized forces and moments to
the individual thruster of the propulsion system in such a
way that the overall system consumes the least power. These
two modules of the whole control system are respectively
explained below.

A. CONTROLLER DESIGN USING ROBUST SLIDING MODE
As the SMC is a well-know and robust control when it applies
to modeling uncertainties, system parameters variation, exter-
nal disturbance, the control system is designed using the SMC
strategy to drive n asymptotically converge to its desired
value 7ng.

To simplify the complexity of designing the proposed con-
troller, the dynamic model equation of the HAUV in the EF
coordinate E-XYZ needs to be defined. For this, the following
kinematic transformations are used:

n=JWw e v=J"n (33)
i = T+ I & =77 ) [ii = I~ i
(34)

By substituting Eqs. (33)-(34) into Eq. (32) and re-
arranging the results, the dynamic model of the HAUV in the
EF coordinate can be expressed:

Mgij+ Cen + D+ Ge(n) = ¢ (35)

where, the transformed system matrices Mg, Cg, Dg, Gg and
Tg are obtained as:

Mg = 77T @M1~ ()
Ce =7 [Con =M~ W]~ W)

De = J T ()D,)I (W)
Ge(n) = J~ T ()G()
w=J"TW)r (36)

As a dynamical system established using Lagrangian
mechanics, the dynamic equations for the HAUV expressed
in Eq. (35) have some following assumptions:

Assumption 1: The inertia matrix Mg = ML > 0is
symmetric and positive definite, and therefore: x’ Mgx > 0
and all eigenvalues of the matrix Mg satisfy the following
condition:

0 < Amin(ME) < [IME| < Amax(ME).
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Assumption 2: Matrix ME — 2Cg is the skew symmetric,
therefore it satisfies the following formula:

sT[ME—ZCE]s:O VseR3, neR3,veR3.

Assumption 3: The matrix Dg is positive definite:
Dg>0VveR.

Assumption 4: Assume that the model uncertainties in
matrices Mg, Cg, Dg, Gg of the HAUV and external distur-
bance Fj;; are bounded by some known functions as follows:

e | = ME—MEH < 8My < o0;
6’E = CE—éEHS(SCE<OO;
De| = DE—DEH < 8Dp < 00
Gr| = ’GE—GE” < 5Gg < 00
‘Fdis = ’Fdis—ﬁdis < Fis < 00

where, " and ~ represent the estimated system matrices, the
estimation error matrices, respectively.
Assumption 5: The following inequality is satisfied for a

positively bounded diagonal matrix.
0 < Amin(Kp) lIs|l < s"Krsgn(s); K, > 0

where Apin means the smallest eigenvalue of the correspond-

ing matrix.
Proof:
sTK,sgn(s)
= [s1 $2 ... sn]
K, 0 0 0 sgn(sy)
0 K, 0 0 sgn(s2)
X . .
0 0 0 K, sgn(s,)

= K, si1sgn(sy) + Ky, s25gn(s2) + ... + K;, 5,5g0(s,)
= Ky, Isil + Ky, [s2] + ... + K5, |sn]

> Amin(Kr) (Is1] =+ [s2] + ... + [snl)

> Amin(Ky) sl = 0

Let ng = [xa ya ¥a ] be the vector of the desired position
of the HAUV. Then, the tracking error is defined as:

e(t) =nqa—n (37
Differentiating with respect to time, Eq. (37) becomes:

e(t)y =na—1 (38)
Now, we introduce the sliding surface function as:

s=é+Ae=ns—n+Ae, A>0 (39)

where A > 0 is the constant control gain which determines
as a diagonal positive matrix.

According to the SMC design strategy, a control law t for
the HAUYV is constructed as:

T = Teq + Tsw (40)

6860

where, 7., is the equivalent term which merges the system
states toward the sliding surface, and ty, is the switching
term which compensates for the effect of the uncertainties
and disturbances. Both the equivalent control 7., and the
switching control ty,, can be obtained as:

Tog = ME (Na + Aé) + (CE + DE) (na + Ae)
+GE — Fuis 41)
Tow = —Bsign(s) 42)

in which, B is the positive definite matrix of gains, and the
sign function of the sliding surface is denoted by sgn(s). This
sign function can be expressed as:

1 if s>0
if s=0 43)
—1 otherwise

From Egs. (41) and (42), the robust SMC law for the
HAUYV in Eq. (40) can be rewritten as follow:

sign(s) = 10

T = Mg (ha + A) + (éE + DE) (14 + Ae) + Gg — Fg
— Bsign(s) (44)

To avoid chattering by the use of the sign function sgn in
Eq. (44), we can replace the sign function with a saturating
function as follows:

S
sgn(—) if |3 >1
sy =1s ¢ ’ (45)

— otherwise

As aresult, the SMC law in Eq. (44) now becomes:
v = Mg Gia + £&) + (Ce + Di ) (1 + Ae) + Ge — Fu
— Bsat(s) (46)

Theorem 1: Let us assume that all model uncertainties and
disturbance satisfy Assumption 4 and the switching control
gain B is selected by Eq. (47).

Amin(B) = SME |Ina + Aéll + (8Cg + 3Dg) lIna + Aell
+38Ge + Fais  (47)

The sliding surface, s, asymptotically converges to zero if
a control 7 is designed by Eq. (44).
Proof: Let us consider the following Lyapunov positive
candidate:

1T
V=" Mps > 0 (48)

By differentiating the proposed Lyapunov function V with
respect to time, we obtain the following equation:

N o
V = ES Mgs+ s Mgs 49)

The first-order derivative of the sliding surface in Eq. (39)
is in the form:

§ =i — fia + Aé (50)
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Using Eq. (50), Eq. (49) can be rewritten as follows:
. 1 ;. Try oo T .. .
V:ES Mgs+s Mgn — s Mg (ng — Aé) (@28
The second-order derivative of 1 can be obtained from Eq.
(35) as:
i = =My ' [(Ck + Dg) it + Ge (1) — 7 — Fais] (52)
Substituting Eq. (52) into Eq. (51) results in:

. 1 .
V= ESTMES + 5T [= (Cg 4+ Dg) ) — GE () + t£ + Fis]
—s" Mg (ila — A&)  (53)

From Eq. (39), we can define the first-order derivative of
n as:

0 =s+iq— Ae (54)
Inserting Eq. (54) into Eq. (53) yields:

. 1 .
V= EsTMEs + 5" [~ (CE + DE) (s + 114 — Ae)
—Gg (0) + T + Fais] — s" Mg (ija — Aé)

1 . .
= ESTMES — sT [CEs + Dgs + (Cg + D) (fa — Ae)

+Gg () =t — Fais] — s" Mg (fja — A2) (55)
By using Assumption 2, Eq. (55) can be rewritten as:
V = —s"Dgs —s" [(Cg + Dp) (a — Ae)
+Gg (1) — g — Fais] — s" Mg (ila — A&)  (56)
Substituting the designed robust SMC law in Eq. (44) into
Eq. (56) yields:
V = —s"Dgs — sT Bsgn(s) + s7 [ME (Na + Aé)
+ (EE + DE) (14 + Ae) + Gg — Fdis] (57)

Applying Assumptions 1 and 3 and § is positive matrix,
the first-order derivative of the proposed Lyapunov function
V can be upper bounded as follows:

V < —hminDE 1511 = Amin(B) lIs]
+ |57 [#5 Gia + £&) + (Ci + Di) (na + Ae)
+Gr — Fu | (58)
By combining Assumptions 4 and 5, the inequality can be
re-arranged as:
V< —Amin D) 512 = Amin(B) sl + (|#2 | 1 + Al
+(|Ce] + |Be|) 1ma + nel + |G | + | Fas )
x|l (59)
V < —Amin (DE) IsII* = Amin(B) s + (SME [l7a + Aél|
+ (8CE + 8Dg) na + Ael + 8GE + Fais) s (60)

Obviously, V' < 0 if the switching gains g satisfy
the condition in Eq. (47). Therefore, we can conclude that the
designed control system is asymptotically stable based on the
Lyapunov stability.
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B. LINEAR QUADRATIC CONTROL ALLOCATION USING
LAGRANGE MULTIPLIERS

The AC module is responsible for delivering the forces and
moments calculated by the MC law onto the available set of
thrusters in a way to minimize power consumption. For the
AC, the Lagrange multiplier method is used in this section.
The relationship between the equivalent control input T and
the actual thruster action U can be assumed as a linear model
in the form as:

T =TU 61)

where, the matrix T is not a square matrix and has full row
rank and/ or a non-trivial null space. As the result, there is an
infinite number of control vectors U that satisfies Eq. (61).

To compensate for the thruster redundancy, the Moore-
Penrose pseudo-inverse method is used. Firstly, a least-square
cost function can be defined as:

U* = arg min (UTWU)
subject tot = TU (62)

where, W is a positive definite matrix weighting the thruster
cost. Eq. (62) means that the AC will seek the solution that
achieves the desired generalized force t while minimizing
the control effort which is represented by objective function
uwu.
Next, the quadratic energy function is considered as:
lor

J = EU wU (63)

which can be minimized subject to

T—-TU =0 (64)
Thus, we select the Lagrangian function, expressed as:
1
LU, » = 5UTWU + A1t - 1U) (65)

where A denotes the Lagrange multiplier. By differentiating
Eq. (65) with respect to U, we obtain the following equation:

oL T
— =WU-T"A=0 (66)
aU
Using Eq. (64), Eq. (66) can be rewritten as:
t=TW 77T} (67)

Finally, the optimal solution for the Lagrange multiplica-
tion can be obtained as follows:

A= (TW—ITT)_1 T (68)

Substituting Eq. (68) into Eq. (67), the generalized inverse
TJV can be generated as follows:

-1
T, = wirT (TWITT> (69)
Using Eq. (69), thus, U can be calculated as:

-1
U=Thr=wT (Tw'rT) (70)
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FIGURE 4. Simulation program using Matlab-Simulink.

TABLE 1. All simulation parameters.

Properties Units Symbols Values
Environmental conditions
Current velocity m/s Vi 0.5
Attack angle degree B. 60
Seawater density kg/m® Pw 1000
HAUY parameters
Dimension mm LxBxH 560x750x280
Weight kg m 80
Gravity Point m X (0,0,-0.06)
Buoyancy Point m Xy (0,0,0)
Inertia tensor in x axis kg.m? I, 6.9
Inertia tensor in y axis ~ kg.m? I, 26.1
Inertia tensor in z axis kg.m? I, 232
Initial values and desired trajectory
Initial position m/degree Xo, Yo, ¥, 0;0;90
Desired position m/ degree X, Yy, 0;0;LOS
Parameter of SMC controller
Parameter 1 - ALALA, 7;7;10
Parameter 2 - K. K, K, 0.5;0.5;0.5

IV. RESULTS AND DISCUSSIONS

According to the established HAUV modeling and the
designed control strategy, the numerical simulations for the
SK control of the HAUV are presented based on the MAT-
LAB/Simulink Software. The block diagram of this sim-
ulation program is shown in Fig. 4. The main simulation
parameters and hydrodynamic coefficients of the HAUV are
shown in Table 1 and Table 2, respectively.

A. SK CONTROL OF THE HAUV IN THE HORIZONTAL
PLANE

To validate the robustness of the designed controller to elimi-
nate the ocean current disturbances and the model uncertain-
ties, the simulation for a SK control of the three degree of
freedoms-HAUYV on the HP is carried out. In this simulation,
we assume that a random value between —35% and 35% is
applied as the model uncertainties of the HAUV operating
under the water such as in the mass, the inertia tensor, and
the hydrodynamic coefficients. Moreover, Fig. 5 shows the
average velocity and the direction angle of the ocean current
during this simulation. In this case, it is possible to assume
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TABLE 2. Hydrodynamic coefficients.

Parameters Units Value Description
X, kg -29 Added mass
X, kg/s -72 Linear damping
X kg/m -227.18 Axial drag
Y, kg -30 Added mass
Y, kg.m 1.93 Added mass
Y, kg/s =77 Linear damping
T, kg/m -405.41 Cross-flow drag
N, kg 1.93 Added mass
N, kg.m 3.3 Added mass
N, kg.m/s -30 Linear damping
N kg.m -12.937 Cross-flow drag
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FIGURE 5. Ocean current form applying to SK control simulation of HAUV
in a horizontal plane: (a) ocean current parameters; (b) ocean current
vector w.r.t Earth fixed coordinate EXYZ.

that the ocean currents are irrotational fluid, slowly varying
with respect to the time, and thus the first Gauss-Markov
process is used to simulate the ocean currents expressed in
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FIGURE 6. SK control simulation results of HAUV using SMC controller in
horizontal plane: (a) 2D trajectory of HAUV; (b) 2D shape diagram of
HAUV.

two dimensions model. The behaviors of the ocean currents
are shown in Fig. 5a with an average velocity of the ocean
current is 0.5 m / s (about 1 knot) and the angle of attack
is 60°. Meanwhile, the velocity vector of the ocean current
expressed in the EF coordinate system EXYZ is shown in
Fig. 5b.

In this simulation, the HAUYV is requested to stay at point
(0, 0) [m] while tracking the specified heading angle in a case
where the average velocity of the ocean current is 0.5m/s and
initial direction angle of the average ocean current is 60°. The
trajectory of the HAUYV in horizontal motion can be observed
in Fig. 6. As shown in Fig. 6a, the HAUYV is taken out of its set
point in the x and y coordinates about 4 cm along the direction
of the ocean current due to the effects of the ocean current,
however, the HAUV rapidly converges to the initial position
(0,0) [m] thanks to the designed controller. Fig. 6b shows that
the HAUYV in the HP rotates according to the target heading
angle while keeping the initial position during the simulation.

Fig. 7a shows the linear position x, y and heading angle
Y of the HAUV with the changing time. As can be seen

VOLUME 9, 2021

0.1

-------- desired
— 005 | = actual
E o
x
-0.05
-0.1
0 2 4 6 8 10 12 14 16 18 20
0.05
-------- desired
—_ = actual
E oA
>
-0.05
0 2 4 6 8 10 12 14 16 18 20
100 g7
= 50 /\\ /’
S 9 AN Pl
S, \ ~ [ P
""""" esires
> 50 = actual
-100 L L
0 2 4 6 8 10 12 14 16 18 20
time [sec]
@)
0.1
_, 005
E o
o
-0.05
-0.1
0 2 4 6 8 10 12 14 16 18 20
0.05
E
o> \V
-0.05
0 2 4 6 8 10 12 14 16 18 20
100
=
b5 50 \
=
> 0
[
-50
0 2 4 6 8 10 12 14 16 18 20
time [sec]

(b)

FIGURE 7. State variables of HAUV in horizontal plane: (a) position and
heading angle; (b) errors of state variables.

from the results, the HAUV maintains the initial position
(0, 0) [m], and the heading angle follows the desired heading
angle of 90 ° from the initial heading angle of 0 °. At the
beginning of the simulation, a slight push appears in the x and
y-directions due to the effects of the ocean current, however,
the HAUV quickly moves back to the initial position thanks
to the designed robust SMC controller. Also, it is observed
that the heading angle of the HAUV is well driven with the
lapse of the time despite the existence of a big error between
the initial and the designed heading angles whereas the linear
position (0, 0) of the HAUV kept without large error. Fig. 7b
shows the errors of the state variables of the HAUV during
the simulation.

Finally, to track the desired heading angle while keep-
ing the initial linear position of the HAUYV, the forces and
moments of the control obtained through the robust SMC
designed in the previous section are shown in Fig. 8a. Besides,
according to the designed AC algorithm, the thruster forces
generated by the four horizontal thrusters are obtained to
optimize the energy consumption while satisfying the control
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FIGURE 8. Control inputs and thruster forces in horizontal plane:
(a) control inputs of controller; (b) horizontal thruster forces.

input as shown in Fig. 8b. It can be also seen that the thruster
force produced in individual thrusters is operated within the
limit range from —100N to 100N of the predefined thrust
according to the real technical specifications of each thruster.

B. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we present a SK experiment of the HAUV to
confirm the performance of the proposed control system as
shown in Fig. 9.

Firstly, in order to confirm the performance of the SMC
that is robust to the effects of the ocean current and model
uncertainties proposed in this study, an ocean current distur-
bance is applied to the HAUYV in a specific direction from the
outside. The effects of the tidal current with the velocity of
about 1 knot and the direction angle of 90° on the HAUV are
assessed. Then, a number of unknown masses are attached to
the hull of the HAUV to simulate the model uncertainties to
the HAUV system.

Under the setting environments, the first experiment is
conducted to stabilize the HAUV satisfying the constraints
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(b)

FIGURE 9. SK control experiments of HAUV in horizontal plane: (a) HAUV
platform; (b) conducting experiments of HAUV.

of keeping a specific position at (0,0) m and of following
the desired heading angle of 120 degrees in 90 seconds under
ocean current disturbance and model uncertainties as shown
in Fig. 10. In this experiment, the effectiveness of the robust
SMC control in unknown perturbations of the HAUV system
is verified in this experiment by comparing it with the PD
control method. Fig. 10a shows the result of the heading angle
control of the HAUV. As shown in this figure, in the case of
the ocean current disturbances and model uncertainties, the
maximum error of about +5° is included in the heading con-
trol when using the PD controller to perform the SK control of
the HAUV. On the other hand, the heading angle control of the
HAUYV through the SMC is much better. It is observed that the
control error is maintained within 1° during the experiment.

Fig. 10b shows the 2D trajectory of the HAUV in the HP.
As shown in the results, it can be seen that when the PD
control is applied, the position of the HAUYV is deviated from
the target position by at least Im in the direction of the ocean
current, while its position is maintained within about +0.2m
when the SMC is used. According to these results, we found
that using the SMC algorithm is better than the PD in the
SK control of the HAUV under the model uncertainties and
the effects of the ocean current. Lastly, Fig. 10c shows the
thruster forces generated by the four horizontal thrusters to
satisfy the control input obtained through an AC algorithm
during the experiment.

As mentioned in the first experiment, Fig. 10c shows the
result of adding the saturation condition to the actual thrusters
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FIGURE 10. Experiment results of SK control using SMC controller in
horizontal plane: (a) heading angle of HAUV; (b) 2D trajectory of HAUV in
horizontal plane; (c) four horizontal thruster forces.

after determining the control input in the SMC case. To verify
the optimization of the proposed AC algorithm in this study,
the second experiment is performed to compare with the one
in the first experiment as shown in Fig. 11. As shown in Figs.
11a and b, in the case of without considering the saturation of
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FIGURE 11. Experiment results of SK control without actuator saturation:
(a) heading angle of HAUV; (b) 2D trajectory of HAUV in horizontal plane;
(c) four horizontal thruster forces.

the thruster, the heading angle of the HAUV shows an error of
up to 10°, and the position of the HAUV in the HP shows the
result of diverging without maintaining the target position.
This is because the driving saturation phenomenon of the
thruster forces continuously occurs, which lowers the control
performance as shown in Fig. 11c. Therefore, through such
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an experiment, the effectiveness of the optimal AC algorithm
proposed in this study can be confirmed.

V. CONCLUSION

In this paper, the design of the SK control, and the experi-
mental implementation of a HAUV platform are performed.
Using four horizontal thrusters and three vertical thrusters for
the propulsion system, the hovering operation and maneuver-
ability of the HAUV are more efficiency and high capacity.
Firstly, the kinematic and kinetic equations of the HAUV
under the model uncertainties and the ocean current distur-
bances are established. Next, a SK control scheme is proposed
based on an MC module and an optimal AC module. To do
so, the SMC controller is used to figure out the appropriate
forces and moments to keep the HAUV at the fixed linear
position and the desired heading angle. Then, an AC module
allocates these forces and moments to individual thrusters
of the HAUV as the thruster commands by using the LM
method. The stability of the designed controller has been
proved thoroughly based on the Lyapunov criteria. In order to
demonstrate the performance of the proposed controller and
its robustness to the model uncertainties and ocean current
disturbance, the numerical simulation and experimental tests
have been carried out. The simulation results verified the
superior performance of the proposed algorithm under the
uncertainties parameters and the ocean current disturbances.
Especially, the results of the field experiments verify the
feasibility of the HAUV control system in the HP motion.
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