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Abstract: Underwater vehicles are a powerful tool that can assist oceanologists with measuring
the state of oceans on a large scale. The heading control is essential for the underwater vehicle to
follow a specific path. This study describes the general decoupled dynamics of underwater vehicles,
which is a nonlinear second-order differential equation considering linear and quadratic damping
hydrodynamics. A novel aspect of this study is the development of a new analytical solution for the
second-order nonlinear differential equation, which involves the heading motion of the underwater
vehicle. In this study, the time-optimal trajectory is formulated as the closed-form solution for
the heading dynamics of the underwater vehicle. The concept of this trajectory is based on the
shortest arrival time when the maximum force from the thrusters is applied to the underwater vehicle.
Finally, a simulation of the time-optimal trajectory and evaluation of the robustness of the controller
were demonstrated in order to verify the effectiveness of the proposed trajectory for controlling
underwater vehicles.

Keywords: underwater vehicle; nonlinear decoupled dynamics; heading dynamics; closed-form
solution; time-optimal trajectory; super-twisting sliding mode control

1. Introduction

Although we have made significant strides in exploring the surface of the earth and
outer space, we still have a limited understanding of the mysteries hidden in the depths of
the ocean. The ocean is home to a vast array of natural and mineral resources, and with the
depletion of resources on land, there is an increasing demand to explore the ocean’s wealth.
The ocean covers approximately 70% of the earth’s surface area, making it a valuable source
of untapped resources. As the global population and resource consumption continue to
grow, there is a growing need to focus on the ocean. Unfortunately, current techniques
for undersea development are limited and challenging. As a result, there is a significant
push to develop advanced oceanographic systems to explore and exploit the vast oceanic
environment. Underwater vehicles (UVs) have been developed for a diverse range of tasks,
with a variety of types available. Examples include Autonomous Underwater Vehicles
(AUVs) [1,2], Remotely Operated Vehicles (ROVs) [3,4], and underwater gliders (UGs) [5,6],
among others. Underwater vehicles have been used as advanced vehicles for marine
security, mineral reconnaissance, and military surveillance [7-12].
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Trajectories are essential for controlling the motion of autonomous systems, and their
design is crucial for achieving high performance. If we want the controller to perform
efficiently, we need to optimize the trajectory for both time and energy efficiency. In order
to achieve good controllability, the set of desired points should consider many constraints,
such as actuation saturation and energy consumption. There are various methods for
designing trajectories, and one of the simplest ones is to use a low-pass filter or a polynomial
function to smoothly connect the start and end points. In 2003, Fraga et al. [13] proposed a
low-pass filter that allows for the creation of simple trajectories using a constant destination
depth or a polynomial function to smoothly connect the departure point and destination.
However, while these trajectories are easy to design, they may not be the most efficient
in terms of time or energy consumption. To optimize their performance, more complex
trajectory planning methods can be used. These methods take into account factors such as
minimum time or energy consumption while ensuring the trajectory is feasible and smooth.
Although these methods may require more computational resources, they can result in
significant improvements to the overall performance of the system. Therefore, the use of
advanced trajectory planning methods should be considered for systems where time and
energy efficiencies are crucial. In recent years, a number of studies on the time-optimal
trajectory of underwater vehicles have been published. Chyba et al. [14] described the time-
optimal trajectory in terms of a singular extremal of the dynamics of both fully actuated
and under-actuated underwater vehicles. In a later study [15], a numerical solution of
the time-optimal trajectory was applied to a spherical underwater vehicle, and a long
computing time was indicated as a limitation of this algorithm. Moreover, the time-optimal
trajectory was studied in [16] for an underwater glider in the known and time-varying
flow fields. In addition, the explicit solution of the time-optimal trajectory for the depth
control of the underwater vehicle was studied [17]. Vu et al. [18] designed an energy-
efficient trajectory for the depth motion control of an underwater vehicle system with the
uncertainty of bounded parameters and disturbances within limited control input using
the global optimal sliding mode controller. However, the depth dynamics were simplified
by neglecting the linear damping coefficient (only the quadratic term was considered), and
only a positive domain trajectory was formulated.

Ocean engineering researchers find developing controllers for this type of robot to
be an engaging subject. In particular, the heading control is one of the more important
issues, indispensable to any UV. Proportional-Integral-Derivative (PID) controllers are
widely used due to their simplicity and easy implementation, as stated by [19]. However,
controlling unmanned underwater vehicles (UUVs) for various tasks and missions poses
several challenges due to the highly coupled nonlinear models, time-varying dynamic
models, and external disturbances from sea currents and waves, which can lead to unpre-
dictable underwater currents. These challenges have been discussed in detail in [20-22].
Consequently, the limitations of PID techniques in dealing with uncertainties, especially in
the case of model uncertainty, have become apparent. Such limitations can result in the
severe degradation of the controller’s performance, leading to instability or poor tracking.
To overcome these limitations, it is essential to develop alternative control techniques that
can handle model uncertainties and provide better robustness and performance. In recent
years, various advanced control strategies have been proposed to enhance the dynamic
performance of UVs, including linear controllers [23,24], fuzzy logic control [25,26], sliding
mode control (SMC) [27,28], predictive control algorithms [29,30], and neural network
control strategies [31]. These techniques have shown promising results in improving the
robustness and performance of the controller, making them potential alternatives to PID
control strategies.

This study focused on examining the independent movement patterns of underwater
vehicles through the analysis of their decoupled dynamics. To achieve this, we presented
a second-order nonlinear differential equation that incorporated hydrodynamic forces,
specifically linear and quadratic damping. The paper introduces a new analytical solution
for this equation, which involves the heading motion of the underwater vehicle. The
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study formulates a time-optimal trajectory that considers the closed-form solution for the
heading dynamics of the underwater vehicle. The trajectory is designed to achieve the
shortest arrival time form when the maximum force from the thrusters is applied to the
vehicle. In addition, a chattering-free robust controller is also discussed using a sliding
mode controller and super-twisting controller. The proposed trajectory is then evaluated
through a simulation to demonstrate its effectiveness in controlling underwater vehicles.

The rest of this paper is organized as follows. In Section 2, we introduce the dynamics
of an underwater vehicle, with a particular focus on its decoupled yaw dynamic. Section 3
presents a closed-form solution for the time-optimal trajectory of the underwater vehicle’s
yaw motion, followed by the design of robust tracking controls using a sliding mode control
(SMC) and super-twisting SMC in Section 4. Section 5 reports on numerous numerical
simulations and a discussion of the results obtained using the proposed time-optimal
trajectory (TOT) and robust controller. Finally, we conclude by presenting the effectiveness
of the proposed TOT and the benefits of the closed-form solution.

2. Dynamics of an Underwater Vehicle
2.1. Assumptions

This paper investigated the autonomous heading planning of an underwater vehicle
for ocean exploration by designing a time-optimal trajectory and robust control method. We
utilized the dynamic equations of the underwater vehicle in the design process of the time
optimal trajectories and proposed controller. To clarify the research issues, we established
the following assumptions and constraints:

e  The underwater vehicle has neutral buoyancy, and its body-fixed coordinate system is
centered at the center of mass;
The underwater vehicle is a rigid body with no bending or geometrical deformations;
The underwater vehicle is deeply submerged in a homogeneous, unbounded fluid, far
from the free surface and without surface effects;
The underwater vehicle has three planes of symmetry;
The propeller provides constant thrust, and its torque is negligible and ignored;
We mainly study the heading motion of the underwater vehicle in the horizontal plane
and simplify the model to a degree of freedom model by ignoring the roll, pitch, and
heave motions of the underwater vehicle.

2.2. Heading Motion of Underwater Vehicle

The motion of an underwater vehicle is typically described as free movement in
six degrees of freedom (6-DOF). This involves developing both kinematic and kinetic mod-
els. To obtain dynamic equations for an underwater vehicle, two coordinate systems were
utilized, as shown in Figure 1. The Earth-fixed coordinate system (O_NDE) was used to
represent the global reference frame while the body-fixed coordinate system (O_XYZ) was
attached to the center of buoyancy of the underwater vehicle. The body-fixed coordinate
system used the longitudinal axis (x-direction) to represent the direction from the stern to
the bow, the transverse axis (y-direction) for the direction to the starboard, and the normal
axis (z-direction) to represent the direction from top to bottom. The 6-DOF equations of
motion without control inputs of a fully submerged underwater vehicle whose body axes
coincide with the principal axes of inertia can be written as shown in Equations (1)-(3), as
presented by [32].

mi—or +wq — xg(4* + 1) + yg(pg — 7) + 25 (pr +4)] =
m(o—wp +ur —yg(r* + p?) + zg(qr — p) + xg(qp +1)] =Y
m|w —wq +ovp —zg(p* +4°) + x5 (rp — 4) +yg(rg + p)] = Z
Lip+ (I — 1)) gr + m[ye (@ — uq + vp) —zg(v—wp+ur)] =
Lg + (I — L)rp + m|zg (it — vr + wq) — xg (W — ug + vp)]
Li+ (Iy — It) pq 4+ m[xg (0 — wp + ur) — yg (it — vr + wq) |

)

K
M
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Figure 1. Schematic diagram defining the coordinate system of underwater vehicle.

Here, u, v, w are linear velocities of origin O in the body-fixed frame with respect
to the North, East, Down (NDE) coordinates (n, e, d, respectively) shown in Figure 1;
p,q,r are angular velocities of a body-fixed frame with respect to the NDE coordinate
system; ¢, 0, ¢ are Euler angles; X, Y, Z are body-fixed forces; K, M, N are body-fixed mo-
ments; X;,Y;,Z, Kp, M;, N, are added mass coefficients; X;, Yy, Zw, K;, My, Ny are linear
damping coefficients; X |u|us YMU, Z |w|w” K|p|p, M \qlq’ N, 7| are quadratic damping coefficients;
Xg,Yg,Zg are the center coordinates of gravity in the body-fixed frame; and x;, y3, z; are the
center coordinates of buoyancy in the body-fixed frame.
The decoupled yaw dynamics of the underwater vehicle can be written as shown in
Equation (4) [33].
(I, = N,)r = Nrr—l—N,Mr‘r‘%—LH—d 4)

where 7 is the yaw rate; I, is the moment of inertia about the Z-axis; N; is the added mass
coefficient; Ny, N, , are the linear and quadratic damping coefficients, respectively; u is the
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torque of the thrusters; and d is an external disturbance. For simplicity, Equation (4) can be
rewritten as follows:

?:ar|r|+br+z+ﬂ ©)
14 14
where N
rlr| Ny
= M b = M = I — -
a IZ—N-<0' IZ_N_<0,DL :— N, >0 (6)

r r

3. Time-Optimal Solution of the Second-Order Differential Equation

To get the general closed-form solution of the second-order differential equation
representing the underwater heading motion, the disturbance term in Equation (5) was
neglected. The heading dynamics without disturbance is described in Equation (7),
where c = ¢

f:ar|r|+br+c (7)

In order to find the solution for the dynamics in Equation (7), the sign of r should be
specified. The solutions were constructed in the positive and negative velocity domains, as
shown in Appendices A and B, respectively. In order to simplify the time-optimal solution,
only the positive velocity was considered here. The negative domain can be solved in a
similar manner as the positive domain in Appendix B. When r; is given, Equation (7) can
be rewritten as Equation (8) or Equation (9), which is a solvable dynamic, where 7, is the
designed trajectory of heading velocity for the tracking controller.

g = Farg® +brg+c (8)

d?’d
—to+C 9
/iard2+brd+ 0t 4 ©)

The strategy of TOT uses the maximum input to increase the velocity to the critical
value and then uses the minimum torque to decrease the velocity to zero such that all
position and velocity constraints in Figure 2 are satisfied. This concept was first proposed
in [17]. There are three time periods in the TOT trajectory analysis, acceleration, constant
velocity, and deceleration periods where the corresponding control inputs are equal to Tnax,
Timin, and 0, respectively (Figure 2a). Equation (9) has different ¢ values for different periods,
resulting in solutions for the heading dynamic as summarized in Equations (10)-(18). The
solutions for the acceleration, constant velocity, and deceleration period can be solved
following Appendix A.

(a) (b)
Thax 7’1*
0 ,,,,,,,,,,,,,, -
T ninf--------t---- J 0
t, [ A A
©
0= ‘/’1*
Yo
1 1 L [ 1 r2 A

Figure 2. Trajectory profiles. (a) Torque, (b) velocity, (c) acceleration, and (d) position curves.
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3.1. Acceleration Period (tg — t1): ¢ = % >0andryg, >0
The solution in this period can be solved following Appendix A.1.
dl/)dl 1
Ty = ar (1 — xz)eﬂ(xzfxl)(“rcl) +1 X (10)
1. a(m—x)(t+C1)
Yo, = = In(e Q) 1) L4 G (11)
. ( ) et (x2—x1)(t+Cq) 12
rg, = —a(x; —x
& P () 1 1)
where: x| = —1;457;/5 >0, xp = _b_zig/ﬂ < 0.
3.2. Constant Velocity Period (t; — ty): ¢ = % >0andry, =0
The solution in this period can be solved following Appendix A.2.
rg, =up =1y >0 (13)
Yq, = T’i‘t +Cs (14)
i’dz =0 (15)
3.3. Deceleration Period (ty — t3): ¢ = % <0andrg <0
The solution in this period can be solved following Appendix A.3.1.
dl/)dz 1
Ty = at (51— Sz)eﬂ(slfsz)(ﬂcs) -1 TS (16)
Pa, = _% In|1 — e2=s)+G) | o 4 gy (17)
. e (s1—52) (t+C3)
ra; = —a(sy — 1) (18)

(eals1—2)(++Ca) — 1)°
where: s1 = *b%;/ﬂ > 0;5p = 4757;/5 < 0.

3.4. Closed-Form Solution for TOT Trajectory

The initial position and velocity constraints in the TOT trajectories were defined as
shown in Equations (19) and (20), Figure 2b,d.

r(to) = 1o (19)

¥(to) = o (20)

The final position and velocity constraints in the TOT trajectories were defined as
shown in Equations (21) and (22).

r(t3) =13 (21)

¥(t3) = 93 (22)

The following describes how we calculated the critical values 1] and Ay shown in
Figure 2d. If the difference between the final and initial position (i3 — 1p) was greater than
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the summation of ¢} and Ay3, TOT was shown as the closed-form solution. Otherwise,
TOT was found using a numerical method. Here, the closed-form solution of the TOT was
given for the condition 13 — 1pp > ¢ + Ay;.

The maximum positive velocity r] was found using Equation (13), and then, the time
t] for reaching this critical velocity was defined as follows:

* 1 X1 — X2 )
=1t = In -1)-C 23
1 1 a(xy — xp) <r{—x2 1 (23)
where .
X1 — X2
G = In —1)—t 24
P a(n —x) <r0—x2 ) ° 24
The critical value 1] can be calculated using:
* 1 a(xp—x1)(t{+Cq) *
¢1:71n(e )0 4 1) 4 0H + G (25)
where 1
Co =19+ p In (Ea(xzixl)(toJrCl) + 1) — Xptp (26)

Then, the second critical value A5 can be derived from Equations (27)—(30).

A3 = Y4, (t3) — a,(t2)

1 1—¢ (sp—s1)(t3+C3) (27)
= TIH‘W +52(ts — 1)
Sp—S
ra(t) =13 nig g T2 =13 (28)
_ 1 3—51
4 t3 + C3 - 11(51_52) ln ¥3—52
Sy —S
ray(t) =11 & S St T =1
& b+ C3 = b In| A=Y @)
2 37 Ulsi—s2) | T—s2
1-137%2 (r3—s1) (1} —s2)
Ap; = =L In|—51 2 __jn| D12
ll]3 a 1 1‘1752 + 11(51—52) (73—52)(1’T—51) (30)

- rT —s1

Finally, the solutions of the TOT trajectory can be easily derived, as shown in
Equations (31)—(33).

t] = tik (31)
th =1t + —1/«73 — 11)5*_ AIP;: (32)
1
o 1 (7’3 — 51) (I’ik — 52)
=t a(sy —s2) i (r3 —s2) (15 —s1) )

4. Super-Twisting Sliding Mode Control

This section describes the implementation of the super-twisting sliding mode control
(ST-SMC) algorithm for the underwater vehicle depicted in Figure 3, which is utilized for
tracking control purposes.
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Figure 3. Underwater vehicle heading control scheme using super-twisting sliding mode
control algorithm.

The SMC adopts a sliding surface formulation, which is expressed in terms of the
error, as demonstrated in Equation (34).

s=(r—ry) + My — ) (34)

where s represents a scalar value while r; denotes the desired yaw rate; i refers to the
heading angle; ; is the desired heading angle; and finally, A represents the weight factor
for the sliding surface, and it is a positive value.

The fundamental objective of SMC is to maintain s at a zero value, which corresponds
to achieving zero errors in both position and velocity, as described in [34]. As s approaches
zero, it is necessary to keep its value close to zero, which requires the derivative of s to be
zero. This can be mathematically expressed as follows:

S:f—f’d+/\(f—rd) (35)

In order to compute the control input required to bring s to zero, Equation (5) is
substituted into Equation (35), which yields the resulting Equation (36).

. . d
s:ar|r|+br—rd+)\(r—rd)+g+& (36)
The Filippov theory provides an optimal estimation of the equivalent control, which
does not account for external disturbances or uncertainties. This estimation can be obtained
by employing Equation (36). Subsequently, the actual sliding mode control law can be

expressed as follows:
u :&(—fzr|r| —IA?r—Hd—/\(r—rd)) + Usw (37)

The expression for the actual sliding mode control law involves two key parameters,
namely 7 and ;. The parameter 7 represents the estimated value of parameter i € {a;b;a}
while ug,, refers to the discrete control or switching control. Two different types of switching
laws are presented in Equations (38) and (39), which correspond to the conventional sign
function and super-twisting algorithm, respectively. The controller gains are denoted by K,
K1 ’ and KZ‘

Usyy = —Ksign(s) (38)

t
Usw = —Kq \/msign(s) — /Kzsign(s)dt 39)
to

where the function sign(.) represents the signum function, which is defined as:

1ifs >0
sign(s) = 0 ifs =0 (40)
-1 ifs <0
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For reducing the chattering effect, the sign function in Equations (38) and (39) is

EX

¢) as shown in Figure 7.6.b in [34] as follows:

replaced by the saturating function sat(

Sat(i) - s otherwise

s { sign(s) if [s| > ¢ (41)
7

where ¢ is the boundary layer thickness of the saturating function, which can be used to
effectively reduce the chattering in the sliding mode control.

The Lyapunov function (42) is commonly chosen in sliding mode control. The deriva-
tive of V can be calculated by multiplying the sliding surface and its derivative, as demon-

strated in Equation (43).
1

V= 552 (42)
V =ss (43)

In order to ensure the derivative of V is a negative definite, we defined the control
gain K for SMC and the control gains Kj and K for ST-SMC using Equations (44) and (45).

K> Q|Ag|r|r + Ayr + 1| + D (44)
Ky > S |Ag|r|r + Dpr +
1 \/m| a‘ | b 77| (45)
K, > D
where
| < Q;ld| < D;la—a| < A b—B) <A (46)

5. Computer Simulation

Simulating the combination of time-optimal trajectory and ST-SMC for an underwa-
ter vehicle was a challenging task because of the system’s poor damping and the highly
nonlinear and complex dynamics, which were further compounded by model uncer-
tainties and external disturbances. In this section, the numerical simulations based on
MATLAB/Simulink environments are performed to evaluate the effectiveness of combin-
ing the time-optimal trajectory and ST-SMC. The following three simulations have been
performed as:

e  Simulation 1: TOT trajectory with tracking SMC controller without uncertainties.

e  Simulation 2: TOT trajectory with tracking SMC controller under parameter uncer-
tainties and external disturbances (7 = 0.5).

e  Simulation 3: TOT trajectory with tracking ST-SMC controller under higher parameter
uncertainties and external disturbances (y = 3).

The heading dynamic parameters and controller gains used in three simulations were
as follows p = 1031 kg/m?; L = 1.67 m; I, = 4.0548 kgm?; N, = —0.00136(@) kgm?;

N, = —0.00467(922) kgm; N, = —0.00053(@) kgm?; tmax = 30 Nm; thmin = —30 Nm;
n = 0.5 (first and second simulation); # = 3 (third simulation). Therefore, the esti-
mated values 4, b, and & can be calculated using the definition in Equation (5) with the
above parameters.

For the second and third simulations, the uncertainties and disturbance could be
given as follows: |a| < Q = 0.2&; |[d| = |[4sin(5t)] < D = 4; |a—4| < A, = 0.83;
’b - E‘ < Ay = 0.8b.

Assuming that the inertia term can be accurately measured using the pendulum table
and the hydrodynamic term is typically estimated using the CFD method, in our model, it
is appropriate to assign a 20% uncertainty to the inertial term and an 80% uncertainty to the
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other hydrodynamic terms to account for the limitations of measurement and estimation
methods. Thus, the uncertainty values for «, a, and b were 20%, 80%, and 80%, respectively.

5.1. Simulation 1

In this simulation, the perfect knowledge of the parameters and absence of distur-
bances in the heading dynamic were assumed to evaluate the combination of TOT and SMC
control. The first simulation described the SMC of the TOT trajectory without considering
the uncertainties; the results are shown in Figure 4. The tracking control successfully
followed the TOT trajectory, and the designed torque was fully used in the bounded input
range [30; —30] Nm as shown in Figure 4a. Because the control input were the maximum
and minimum values for acceleration and deceleration periods, respectively, the total time
to the final position was the minimum arrival time. Figure 4b—d demonstrate excellent
tracking performance for the position, velocity, and acceleration, respectively, validating
the effectiveness of the SMC and TOT trajectory combination. However, in practical ap-
plications, system parameters were typically estimated with some degree of inaccuracy,
and environmental disturbances were unavoidable. Thus, to fully evaluate the proposed
trajectory and controller, we conducted the second and third simulations under conditions
of parameter uncertainties and external disturbances.

40 0.6
T s T
20 =% S
— 0.4
IS ~
Z 0 3
& o2
-20
-40 0
0 5 10 15 20 0 5 10 15 20
(a) (b)
0.5 3
v
- -1,
- 0 2
= =
g — —
= =S
= -0.5 ===t T
L]
-1 i 0
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]
() (d)

Figure 4. TOT and SMC without uncertainties (a) Torque, (b) Velocity, (c) Acceleration,

and (d) Position curves in simulation 1.

5.2. Simulation 2

In real applications, parameter uncertainties and external disturbances always exist.
This simulation aimed to evaluate the robustness of the proposed TOT trajectory with the
SMC controller against parameter uncertainty and external disturbance. In the second
simulation, an external disturbance was added to the system from 10 s to 15 s, providing a
clear analysis of the impact of parameter uncertainty and disturbance. Figure 5 displays
the tracking performance of the TOT trajectory and SMC controller in this simulation.
The simulation results demonstrated that the acceleration, velocity, and yaw angle of
the underwater vehicle closely followed the designed trajectories. However, since the
uncertainties were sinusoidal, the control force also oscillated sinusoidally to minimize
their impact. Consequently, the acceleration and velocity oscillated around the designed
trajectories. During the disturbance period (10 s to 15 s), the acceleration exhibited a
waveform pattern as a result of the wave-formed disturbance, which can also be observed
in Figure 6. However, the velocity and position error were small, as shown in the sliding
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surface quantity, which was smaller than 0.06 (Figure 6). The disturbance resulted in the
small amplitude oscillation from 10 s to 15 s in Figure 6. Hence, the SMC controller could
overcome parameter uncertainties and environmental disturbances in this case.

40 0.6
| T ”
20 -—-—=T -——y
— — 0.4
= @«
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Z 0 A E
= &
0.2
-20 L
-40 0
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~ ]
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Time [s] Time [s]

(c) (d)
Figure 5. TOT and SMC with uncertainties and n = 0.5 (a) Torque, (b) Velocity, (c) Acceleration,

and (d) Position curves in simulation 2.
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-0.04

-0.06 :
0 2 4 6 8 10 12 14 16 18 20

timel[s]
Sliding surface

Figure 6. Sliding surface in SMC in simulation 2.

5.3. Simulation 3

Chattering is one of the most common issues encountered in sliding mode control
and must be eliminated for the controller to perform effectively. The use of the saturation
function successfully eliminates the chattering effect, leading to an improved controller
performance. Therefore, in this study, this chattering problem could be minimized by using
a saturation function, which had a trade-off related to higher errors. To address this issue, a
high-order switching technique was utilized in this simulation. With this approach, the
performance of the designed controller was improved without sacrificing tracking error
quality, as compared to the SMC case (Figure 7). In the third simulation, using the same
conditions as in the second simulation (i.e., with parameter uncertainty and a wave-formed
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disturbance), ST-SMC was applied to the tracking control using the controller gains shown
in Equation (45). The tracking performance in the velocity and position were similar to
those calculated in the second simulation. Overall, the controller helped the vehicle achieve
a smooth movement towards the desired heading angle with minimal energy consumption,
as depicted in Figure 7. The results indicate that the controller performed well even in
the presence of high uncertainties. In Figure 7, it can be observed that the control input
and acceleration of the ST-SMC controller were much smoother than those of the SMC
controller. The tracking error was shown in terms of the sliding surface, which was smaller
than 0.055 (Figure 8). In addition, the chattering problem was reduced dramatically using
ST-SMC (Figure 7a) compared with using SMC (Figure 5a). These results indicate that the
ST-SMC controller was more effective than the SMC controller in reducing the chattering
phenomenon while maintaining the tracking performance.

0.6
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—-— =y
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Figure 7. TOT and ST-SMC with uncertainties and # = 3 (a) Torque, (b) Velocity, (c) Acceleration,

and (d) Position curves in simulation 3.
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Figure 8. Sliding surface in ST-SMC in simulation 3.
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6. Conclusions

The study investigated the general decoupled dynamics of underwater vehicles; we
described a nonlinear second-order differential equation considering linear and quadratic
damping hydrodynamics. In particular, a new analytical solution for the second-order
nonlinear differential equation was presented that described the heading motion of the
underwater vehicle. The time-optimal trajectory was formulated in a closed-form solution
that was used for the decoupled heading dynamics considering all hydrodynamic coeffi-
cients. In order to control the heading of the underwater vehicle following the time-optimal
trajectory, conventional and second-order SMC were derived based on the Lyapunov theory.
If the controller can track the proposed time-optimal trajectory, the fastest arrival time
can be fulfilled. The combination of the proposed trajectory and the tracking control was
validated using simulations. Two effective tracking controllers were described to track
the time-optimal trajectory, and the chattering phenomenon of the conventional SMC was
significantly reduced by using a super-twisting SMC while maintaining a similar error.

The main limitation of this study is that it lacks verification through corresponding
mode tests. To address this, future research will prioritize the development of model tests
and additional mathematical model verification. Additionally, our study focused on the
time-optimal trajectory and tracking problem of coordinated displacements on the heading
motion of underwater vehicles. To further enhance the capabilities of these vehicles, our
future research will focus on designing a robust controller and time-optimal trajectory
for pitch and depth motions. We believe that this will further enhance the capabilities of
underwater vehicles and make them more effective in a variety of applications.
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Appendix A. Solution of Heading Dynamics in the Positive Domain
Appendix A.1. Acceleration Period: ¢ = % > 0and fdl >0
Becausea < 0and ¢y >0

Ay = b* —4ac; >0 (A1)
t
/ ara, =t+G (A2)
; a(rg, —x1)(rq, — x2)
0

Wherexlz_bgia VA1>0;x2:_b_27a VEL < 0

! 1n<x1_x2—1>:t—0—C1 (A3)
a(x1 —x2)  \rq, — X2
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From (A2) and (A3), we have:

dlpdl 1
T’dl = T, = (xl - xz)eﬂ(XZ_xl)(H'C]) i 1 + X2
From (A3) and 4, (tp) = o, we have:
C = ! I§ <x1_x2—1>—t0
a(xy —x2)  \ro—x2

From (A4), we have:

Vg, = —% In (e”("z—"ﬂ(**‘fl) + 1) + x0t 4+ Gy
From (A6) and ¢, (to) = o, we have:

Ca =t + %ln (e“(xf"l)(fﬁcl) + 1) — xatg

Acceleration solution is as follows:
et (xa—x1) (t+Cq)

(er(ra—x1)(t+C1) 4 1)

rg, = —a(x; — x2)

Appendix A.2. Constant Velocity Period: ¢ = c¢1 > 0 and 14, = 0

(A4)

(A5)

(A6)

(A7)

(A8)

The velocity and position solution in this period can be easily derived as follows:

L 2 _
rg, =0 arg,“ +brg, +c=0
=rg, =u=1; >0

l/)dZ = TTt+C5

where

Cs = I,Uik — T’T t
Two critical values of time and position are defined as below:
1 Uy —u
tT = < : 2 _ 1) -G
a(up —up)  \r] —u

lPik = ¢d1 (tT)

Appendix A.3. Deceleration Period: ¢y = % <0andry, <0

Let us define the value A, as below:

Ay = b? — 4acy
Appendix A.3.1. If A, > 0
t3
d?’d3
=t+C
/ a(rd3 - sl)(rd3 —57) 3

t

(A9)

(A10)

(Al1)

(A12)

(A13)

(Al4)

(A15)
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where 51 = _b%ﬁ > 0;sp = “bvh

2a
dipa, 1
Tdy = dr (52 - Sl)ea(sl—sz)(t+C3) -1 52 (A16)
where 1 " 1
Cs = ln(rl B ) —t (A17)
a(sy —s2) r{ —s2
Yg, = —— ln‘l a(s2=s1)(t+C3) | 4 5ot 4+ Cy (A18)
where

Ca=3+1 ln‘l et(s2— 51)(f3+C3)’ — Sot3

Al
=2+ ln’1 e?(52751) (2 +C3) (A1)

— Safp

_ ( )2 e(51—52) (¢4C3) (A20)
74, = —a(sp —s
o 2 ) () p)?

Appendix A.3.2. If Ay <0

5> =t+GC3 (A21)
; b2 —A,
2 Tzt 25) + 42
—2a —v/=A; b
= - — A22
rd, == tan{ > 2(t+ Cg)] o (A22)
where ( )
VA + L
-2 2\" 2a
= —t A2
G - arctan ( o ) 2 (A23)
V= b
Ya, = —A—z In cos[ (t +GC3)||— ﬂt + Cy (A24)
where

Co=1ps+ 2 ln‘cos{\/i(f3+c3 ” + g5t

5 (A25)
_1P2+4” In‘cos[ (t2+C3 ”4‘2[1
2
. —V-A
P, =a (1 + tan? {22(1‘ + Q)} > (A26)
Appendix B. Solution of Heading Dynamics in the Negative Domain
Appendix B.1. Acceleration Period: ¢ = co < 0 and ry, <0
Becausea < 0and ¢y <0
Az = b? +4ac; >0 (A27)
ty
d
/ o — 4G (A28)
a(rg, —x1)(rq, — x2)

fo

where x; = 4727;/?3 >0, xp = 4’727”‘/5 < 0.
The solutions of 74,, ¢4, 74, are similar to (A4), (A6) and (A8), respectively.
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Appendix B.2. Constant Velocity Period: ¢ = c; < 0and rq, =0
The solutions of r,4,, 4, are similar to (A9) and (A10), respectively.

Appendix B.3. Deceleration Period: ¢ = c; > 0and ryg, >0

Ay = b* 4 dacy (A29)
Appendix B3.1. If Ay > 0
]3 ara, —t4C (A30)
) alray —s1)(ra, —s2) ;
2

where s; = —17457;/& >0;sp = _b;ig/& < 0.
The solutions of 74,, Y4,, 74, are the same as (A16), (A18) and (A20), respectively.

Appendix B.3.2. If Ay <0

t3
d
! / 'd 4Gy (A31)
a) (ras =s1) + (ry = 52)

The solutions of 74,, P4,, 74, are the same as (A22), (A24) and (A26), respectively.
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