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Abstract: The Autonomous Underwater Vehicle’s body attitude has a great influence on some specific
underwater tasks, such as topographic prospecting, target detection, etc. Therefore, this paper
investigates an improved integral sliding mode control (IISMC)-based attitude controller for AUV
with model uncertainties and external disturbances to improve the ability of attitude tracking for AUV.
To reduce the influence of strong interference on the integral term, the Gaussian function is introduced
in integral sliding mode controller. Moreover, the Lyapunov function is used to prove the stability
of [ISMC-based attitude control law. Finally, the numerical simulations on MATLAB/Simulink are
provided to demonstrate the proposed IISMC has smaller tracking error and converges faster than
Sliding Mode Control (SMC) and Integral Sliding Mode Control (ISMC)-based attitude-control laws
under different disturbances. Better yet, the effectiveness of the proposed IISMC-based attitude
control law is tested in field experiments.

Keywords: autonomous underwater vehicle; attitude control; integral sliding mode controller

1. Introduction

Although the vast ocean, as an indispensable part of nature, provides a lot of pro-
duction resources to humans, we have only a limited understanding of it. A complete
geomorphic mapping of the seafloor is helpful for seafloor structure research, marine envi-
ronment monitoring, marine archaeology, oil drilling, channel dredging, and submarine
pipeline detection [1-3]. Side-scan sonar is widely assembled on various pieces of explo-
ration equipment to explore unknown areas, with the advantages of strong penetrating
ability, high resolution, and intuitive images [4].

The transducer of Side Scan Sonar (SSS) emits a low incident-angle fan-sharp acoustic
beam to seafloor along the shipping tracks, and the echo signal received from the seabed
acoustic image chart [5]. The transducer’s acoustic beam-emission angle affects the image-
chart quality. Furthermore, the angle depends on the attitude of the equipment equipped
with SSS, and an unstable attitude may distort the images [6-8], as shown in Figure 1.
Generally, the SSS is equipped on a towfish working underwater to avoid the interference
of wind and waves, which is taken a rope by a scientific ship. A servo-actuated tail fin and
an internal moving mass actuator are used to stable the longitudinal motion of a stream-
lined sensor platform [9]. Using large ships to survey and map is a time-consuming and
laborious task. Autonomous Underwater Vehicle, the most popular intelligent equipment
at present, plays an important role in seabed surveying and mapping, resource exploration,
environmental monitoring, and national defense [10]. Therefore, it is a very common
practice to use autonomous underwater vehicles to scan the ocean bottom.

J. Mar. Sci. Eng. 2022, 10, 795. https:/ /doi.org/10.3390/jmse10060795

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10060795
https://doi.org/10.3390/jmse10060795
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-7281-0289
https://orcid.org/0000-0002-8858-9221
https://orcid.org/0000-0002-9822-9959
https://doi.org/10.3390/jmse10060795
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10060795?type=check_update&version=2

J. Mar. Sci. Eng. 2022, 10, 795

2 of 20

Ideal Coverage

—

Pitch motion

Real Duplicate Coverage

Roll motion
“_

Ideal motion

Real Coverage

(a) (b)

_ Ideal motion

Ideal Coverage

(© (d)

Figure 1. The abnormal sonar image caused by unstable attitude. (a) The ideal roll angle is zero
degrees, and the left and right swept areas of the side scan sonar are the same. When the roll angle
oscillates around zero degrees, the area covered by the left and right scans is asymmetrical, such as
the blue-shaded part, which causes the image to be distorted, as shown in (b). (c) The ideal pitch
angle is also zero degrees. Continuous oscillation will cause multiple scans of the same area, resulting
in streak-like abnormal images in (d).

According to the method of connection, underwater robots can be divided into cabled
and cableless categories. A cabled underwater robot such as a Remote Operated Vehicle
(ROV) can upload sensory data and video data to researchers in real time, but the detectable
area is limited by the cable. In contrast, the endurance of a cableless underwater robot
is related to the battery it carries. Furthermore, it automatically runs the predesigned
workflow and can handle unexpected situations autonomously. A typical cable-free robot
such as an underactuated AUV is generally composed of a forward propeller, a rudder,
and an oil bladder [11]. It is difficult to maintain yaw and pitch angle only using the
rudder for this kind of underwater robot when the forward speed is low. A quadrotor-like
autonomous underwater vehicle is a new type of cableless underwater robot developed in
recent years. The quadrotor-like autonomous underwater vehicle is similar to a quadrotor
drone with thrusters as the actuator, so the AUV has the same flexible characteristics as an
unmanned aerial vehicle. Therefore, due to the quadrotor-like AUV’s inherent advantages
derived from its unique structure, it is a more suitable mobile platform for underwater
topographic scanning.

Many scholars have conducted research on how to control AUV [12-15] in different
ways. The most classic PID (Proportion-Integral-Differential) control algorithm has also
been used in the attitude control of AUV [12]. To stabilize the attitude in both media,
Chen et al. [13] developed a FUZZY P + ID controller that contains a FUZZY P (Proportion)
item and normal ID (Integral-Differential) items for an aerial and underwater vehicle that
can work both underwater and in the sky. The numerical simulations and experiments
prove that the FUZZY P + ID controller has a better performance than the conventional
PID controller in the complex nonlinear system. Due to the small and light quality of AUV,
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external interference has a great influence on its control strategy. The wave disturbance
is estimated using unscented Kalman filter and a backstepping controller is established
for an underwater vehicle [14]. To track the yaw angle under uncertainties and external
disturbances, Kou et al. [15] designed a global fast terminal sliding mode control for AUV,
which has a fast convergence rate compared to the linear sliding mode. Existing methods
can effectively overcome external interference but are not sensitive to the performance of
steady-state errors in control. Steady-state errors are mainly caused by thrust, such as a
constant and unknown reaction torque generated by the forward propeller at a fixed speed,
the change in thrust caused by the change of battery voltage under the condition of the
same control signal, and so on. An effective method is to consider the dynamic model of
the thruster [16,17].

As we know, Sliding Mode Control (SMC) is a robust, nonlinear control method that
alters the dynamics of a nonlinear system by applying a discontinuous control signal.
The effectiveness of SMC has been proven in tracking control problems in multiple do-
mains [18,19]. Although it has the advantages of finite time-convergence and insensitivity
to interference, its chattering phenomena and sensitivity to steady-state errors still exist.
To improve the robustness of sliding mode control, we propose a novel attitude control
method based on improved integral sliding mode, which can deal with steady state errors
effectively [20].

This paper mainly solves the problem of maintaining AUV’s attitude stability for
the usage of side scan sonar under steady-state error caused by model uncertainty and
time-varying external interference. Firstly, based on the previous design of AUV [21], a high
maneuverable version AUV with seven propellers is designed to complete several actions
such as fixed-point lifting, pivot steering, lateral movement, etc. Secondly, due to the side
scan sonar needs to maintain the posture level during operation, the dynamic model for
attitude control of AUV is given in detail. Furthermore, the sliding surface for motion
control and the attitude control law are developed, which can reduce the static attitude
bias caused by mechanical structure and overcome the external disturbances. Finally, the
proposed control strategy is validated with simulations as well as engineering applications,
and the results show that the proposed IISMC-based attitude-control method is robust
for external interference and uncertainty. Compared with the previous research, the main
contributions of this work are summarized as follows:

(1) A Gaussian function is introduced into the integral sliding-mode control to reduce the
over-reaction of the integral term caused by strong disturbances, while eliminating
the steady-state error caused by system uncertainty and external disturbance and
enhance the system robustness.

(2) The attitude-control laws are designed based on the improved integral sliding mode
and its convergence is proved by employing Lyapunov theory. Moreover, the practical
experiments confirm the simulation results.

The remainder of this paper is organized as follows: in Section 2, the mechatronic
design and dynamic modeling of quadrotor-like AUV are provided. The attitude-control
method based on sliding mode is designed and its stability is proved in Section 3. The
numerical simulations and engineering validation results of the proposed attitude-control
method are exhibited in Section 4, and finally the conclusion is given in Section 5.

2. Autonomous Underwater Vehicle Design and System Modeling

In this section, the mechanical structure of AUV is introduced. Then, based on the
mechanical system, the electronic system is conducted. Finally, the dynamic modeling of
high maneuverable AUV is established.

2.1. Mechatronic Design

Since it is difficult for traditional AUV to complete operations in complex environ-
ments, such as narrow spaces, sharp bends, strong current interference, etc., a highly
maneuverable AUV with seven propellers is designed which can complete full-freedom
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actions such as fixed-point lifting, pivot steering, lateral movement, etc. The mechanical
structure of AUV is described in Figure 2, which consists of four heave thrusters, two lateral
thrusters, one rear propeller, and a side-scan sonar equipment bracket. A propeller at the
rear of AUV provides forward force. The front and rear thrusters are steering modules
that apply force on the vehicle to change the heading angle. The movement, attitude,
and heading are controlled by the assembled seven thrusters in different directions and
positions. It is worth noting that the attitude and depth-control module are composed
of four heave thrusters distributed in the robotic body. By adjusting the rotation speed
of the four propellers to generate different forces, the designed AUV can be floated and
submerged as well as its attitude control. These thrusters and propeller are brushless
DC motors, driven by Electronic Speed Controls. In addition, the designed AUV is also
equipped with inertial navigation, GPS, DVL, and water-pressure sensors to measure its
own motion performance. To summarize, the proposed highly maneuverable AUV can
finish different kinds of task actions in Figure 3.

" Heave thrusters T, Heave thnmQ

T
|
|

Heave thrusters 7}

Lateral thruster

(b)

Figure 2. AUV mechanical structure: (a)Vertical view and (b) lateral view.

The notations in the dynamic model are summarized in Table 1.

Table 1. Notations used in this paper.

Notation Meanings
XY,z Coordinates in the body-fixed frame
u,v, w Coordinates in the inertial frame
¢o, 0o Initial roll and pitch angle in inertial frame
¢, 0 Roll and pitch angle in inertial frame
q'[;, 0 Angular velocities of roll and pitch in the inertial frame
q,p Angular velocities on the u and v axis in the body-fixed frame
M Mass of the designed AUV
G Gravitational acceleration
Iy, Iy Momentum of inertia
dy,d» Linear damping terms
11,1 Distance from the heave thruster to the center of geometric
Zg Distance between the center of gravity and geometric
Tp,Tg Input moments
Tpd Tgd External disturbance
Fi,Fy, F3,Fy Thrusts generated by four heave thrusters

Fmax,Fmin Upper and lower thrusts of the heave thrusters
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Figure 3. Full-freedom motion control: (a) Rotate along the w-axis; (b) lateral movement; (c) depth
control; (d) rotate along the v-axis.

2.2. Dynamic Modeling

Aiming at attitude-control system for the proposed AUV, a kinematic model is estab-
lished. The inertial frame and body-fixed frame are introduced to describe the state of
AUV, as Figure 4. In the body-fixed frame, p and g denote the angular velocities of AUV
on the u-axis and v-axis. ¢ and 6 denote the attitude of AUV in the inertial frame. Since
only the attitude is considered in this paper, the complete kinematic equations [22] can be
simplified as:

¢ = p+ qtan() sin(¢) O
6 = gcos(9)
roll
Inertial frame / >
0 x
0 5 4
Y pitch ’ yaw
\ %
u
v w Body-fixed frame
z

Figure 4. The inertial and body-fixed frames of AUV.
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The attitude dynamics model of AUV in the body-fixed frame is simplified from the
full model in [22] and divided into two subsystems, generically described as:

Lyp +dip +zgmgcosOsing = T, + Tpy o)
Lyq +dag + zgmgsin® = 1, + Tyg

where I and I, are the moments of inertia, d; and d, denote the linear damping efforts, z,
is the distance between the center of gravity and geometric, m is the mass of AUV, and g is
gravitational acceleration. The parameters 7,4 and 7,4 are lumped system uncertainties
including system model estimation error and external disturbances, respectively. Consider-
ing that wind and wave disturbances are bounded in most cases, the following assumptions
are given.

Assumption 1: The system model estimation error and time-varying external disturbances are
bounded, i.e., Max(| | Tpd [, 11 Tgd I'l) < Ty, where Ty, is upper bound of external interference.

Figure 5 illustrates the symmetrical arrangement of heave thrusters around the well-
designed AUV, where [; and I; denote distance from the thrusters to the u-axis and v-axis.
F1, F, F3, and F4 denote the forces of four heave thrusters T1, T, T3, and Ty4. The 7p and 74
denote the moments synthesized by four heave thrusters in the two directions, which can
be described as follows.

®)

Tp:—llXF1+11XF2—11XF3+11XF4
TqI*lzXF1*12XP2+lz><F3+12XF4

Figure 5. Schematic diagram of thrust distribution by four heave thrusters.

Four heave thrusters can control the pitch, roll, and depth of AUV through combined
actions; the depth control is not studied in this work. To ensure that the depth will not be
changed by the movement of four thrusters, it means that the resultant force of four thrusts
on the w-axis is zero. Hence, there is the following assumption.

Assumption 2: The thrust force F; is equal to negative F4 and F; is equal to negative F3.
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Following Assumption 2, the thrust-mapping strategy of each thruster can be expressed
as Equation (4) when the input moments 7, and 7, are given by the attitude controller.

—__ T
Fl—Tzu] T412
I _ T
F2_4l1 4l (4)
Fi=—2 4l
3 T4ll r4lz
. T
By =g+

Considering that the thrust force of the actual thruster is limited, the upper and lower
bounds of the thrust are limited according to the real performance of the thruster model.

Fi:Fmax ifFi>FmaX/i:1/2/3/4 (5)
F; = Fain ifFi < Fnin,1=1,2,3,4

3. Attitude-Control Law Based on IISMC
3.1. Integral Sliding Mode Control

ISMC [20] has been widely employed in many scopes, such as robotic control, electric
drives, etc. Compared with conventional SMC, ISMC has a better ability to start sliding
mode at the initial time and eliminate the steady-state error of the whole system, besides its
fast response and anti-interference ability. The sliding mode surface S can be designed as:

S=3S0(x)+z (6)

where Sq(x) is similar to conventional sliding mode and parameter z is the integral item.
The initial z(0) can be designed as —Sy(x(0)) to ensure S = 0 at initial time. Generally, the
ISMC surface can be designed as follows,

So(x) = x4+ ax @
z = wapx, z(0) = —x(0) — a1x(0)

where x and x are the tracking error and tracking velocity error; sliding mode coefficients
a1 and o are two positive constants.

It can be seen from the equation that the sliding mode surface will be zero only when
x, x, and the integral term converge to zero, i.e., S = 0. The integral term is the accumulation
of error x, and its convergence means that cumulative positive error equals negative error.
Therefore, after a big error occurs, an equal amount of reverse error is required to achieve
convergence. To solve this problem, we introduce a Gaussian function to scale the error
in the integral term to make the integral term converge faster. The designed surface of
improved ISMC (IISMC) is defined as:

S=x+mx+z
2 (8)

Z=ape Tx, z(0) =0

where x, @1 and o are defined the same as Equation (7), and 7 is a positive constant that
represents an integral term attenuation factor. If the y decreases, the integral term z is less
affected by the error x.

Remark 1. The initial integral term z(0) in IISMC is 0, not —S(x(0)). The reason is that the
Gaussian function reduces the component of x in z. The larger the absolute value of x, the closer the
Gaussian function is to zero, so z will also be smaller, resulting in a very slow change of z. Hence, if
the initial value z(0) is —Sy(x(0)), the integral term z cannot reach zero in a finite time.
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3.2. Attitude-Control Algorithm Design

In this section, we propose an IISMC-based attitude-control method to address the
previous problem. The block diagram of the IISMC-based attitude-control scheme is
demonstrated in Figure 6.

|

Ta

l

Pa T
e, |
Thrust L $ép

0, T mapping 3

—m- B

Figure 6. The improved integral sliding mode control-based attitude-control.

996[

According to the Gaussian ISMC surface designed in Equation (8), the attitude-control
sliding mode surface for 6 and ¢ is defined as:

5¢=¢e+g‘1¢e+§

P
¢ = 0‘23_71476

©)

Sp = 0 + az0, +
.9 e_9623 e g (10)
{=uwge 120,

where 71, 72, ®1, x2, &3, and «y are positive constants, and the attitude-tracking error ¢,
and 0, in the inertial frame can be denoted as:

Pe=¢—¢
{96—6—9: (1)

where ¢; and 0, are the desired attitude angles of the well-designed AUV, respectively.
Then, the angular velocity errors are defined as:

9. =9 =94 (12)
b =06,

where ¢, and 6, denote the desired angles velocity.
Consider the attitude-tracking error dynamics with 6 and ¢ sliding-mode surface
function (9) and (10); the control laws are designed as:

Tp = Tp1 + Tp2 + T3 (13)

Tp1 = zgmgcosOsing +dip
T2 = — Ly~ p + g tan(0) sin(¢p) + m(¢, pg)] i~
—Iy[gtanfsin¢ + pgtan 6 cos ¢ + %qz sin2¢(1+ 2 tan2 9)]
Tp3 = —wa171£¢sgn(s¢)

where
_ 29¢?

Mg 9a) = —pa — w19y — wapee (247 1) (15)

T = Tp + T2 + T3 (16)
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T = zgmgsin6 + daq
T2 = —Iy(az cos 47)_1(11(9, 04) + qcos p — azqe sin¢) (17)
T3 = —Iy(txg, cos ) epsgn(Sg)
where
. . _202% 2
nwﬁ@:—%—%@—maen(ﬁf—n (18)

where Tp3 and 7,3 are switching terms; ¢y and ¢y are positive constants, respectively. The
function sgn(S) is defined as:

1,5>0
sgn(S)=4¢ 0,S=0 (19)
-1,5<0

3.3. Stability Analysis

Theorem 1. When this system adopts Equations (13) and (16) control law for attitude control and
satisfies Assumptions 1, the tracking error of quadrotor-like AUV can converge to zero.

Proof of Theorem 1. Select the following Lyapunov function,

1 1
V:§%+§% (20)
Deriving V, (9), (10), (11), (12), and (2) are substituted into S

vV = 34,54, + SgS@
. . _ 22
= Sp(@e + o, +azgee T (G7 1))
. . _20e°
+Sy (93 + w30, + agbe 72 (%962 — 1))

) , ) . _ 292
= Spl¢, +a1p + a1 (q tan 0 sin ¢) — w19, + aopee M (%4732 —1)]

) . o . Sw? 1)
+S9[0c + az(gcosp — qpsing) — azb; + agbee 72 (596 —1)]

= S¢[¢g + a1 L1 + 1y — dip — zgmg cos f sin )
. _ e
+aq (E] tan@singb)/ — a1y +arpee M (%4,62 _ 1)}
+Sp[0 + az(cos pI, 1 (15 + Ty — dog — zgmg sinf) — g sin )
2

. _%?
—304 + as0ce” 2 (36,2 —1)]

Substituting Assumptionl and control law Equation (13), (16) into (21), the Lyapunov
function can be expressed as:
1% Spar Iy 11y — Spepsgn(Sy) + Seasly ! cos ¢y — Sgegsgn(Sp)
’S(p’lxllx_lTM - €¢’S¢’ + |59 COS¢|[X3Iy_1TM — £9|Se| (22)
]S(p](lelx_lTM — €¢) + |59|(‘COS (PlngIy_lTM — 89)

Al

According Lyapunov theory, £y and &y need to meet the following conditions, and the
integral sliding-mode surfaces Sy and S, mentioned in Equations (9) and (10) will converge
to zero.

{€¢ > Dcllx_lTM (23)

g > 0(3Iy_lTM
([

Remark 2. Ix and ly are nonzero moment of inertia of the AUV. The coefficient al and a3 are also
nonzero constant. Therefore, e¢p and €6 exist and are bounded positive constants.
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In order to eliminate the chattering that could damage the actuators of the AUV in
engineering practice, the saturation function sat() is used instead of the function sgn() to
suppress the chattering phenomenon [23], which can be written as:

~ [sgn(S),[S/6] > 1
sat(S)—{ $/6,15/5] <1 (24)

where 4 is a positive constant and represents the thickness of boundary layer.

4. Simulation and Field Experiments
4.1. Simulation Step

The verifications of attitude-control methods based on improved integral sliding mode
are introduced in this section. Numerical validation is carried out using Simulink module
using MATLAB R2020b, as shown in Figure 7. In order to verify the performance of our
proposed algorithm, three different control methods such as SMC-, ISMC-, and PID-based
attitude-control algorithms are given in Table 2 and the controller parameters are given in
Table 3 in detail. Two expected attitudes and two disturbances are used to simulate the
real environment.

tpd

tqd

Disturbance

Dphi [

Dtheta

Expected Attitude

Dphi

Dtheta . pq >
T3 > T3 - D
l—b Tq »
Tq
0 T4 p T4
Thrust mapping AUV attitude dynamics

Tad [«
Tpd 14

T P T1

Tp —I—’ Tp
T2 P T2

Attitude Controller

Figure 7. Simulink model.

Table 2. Controller for three attitude-control algorithms.

Method Control Law

T, =zgmgcosfsing +dip — Ly lepsgn(Sy)
SMC — Ly "M [p + qtan(0)sin(9) — ¢4 — a1h,]
—I[gtanOsin ¢ + pqtan 6 cos ¢ + 347 sin2¢(1 + 2 tan? §)]
T = zgmgsin® +dyq — I (a cos ¢) 'egsgn(Sp)
—I(ap cos ¢) " (—04 — 1204 + 4 cos ¢ — arqpsin )
Ty = zgmgcosfsing +dip— Ixafleq,sgn(s(p)
ISMC —Leay Y p + qtan(0)sin(¢) — ¢, — a1y — a2y
—I[gtanfsing + pgtan 6 cos ¢ + 14%sin2¢(1 + 2 tan? 0)]
T, = zgmgsinf +dog — I (a3 cos ¢) egsgn(Sy)
—Iy (a3 cos @) 1 (—04 — w304 — x40z + g cos p — azgsin P)
Tp = P¢¢g + D(P(:Pe + I(pfot 4)g dT
Ty = Py, + Dyb, + Igfot 0. dt

PID
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Table 3. Controller parameters for attitude-control algorithms.

Method Controller Parameters
SMC a1 =02, a0 =03, ¢y =50, gg =50, 5 =1
ISMC a1 =01, a0 =2, a3 =03, ay =25, ¢y =50, gg = 50,6 =1
PID Py =25,1p=05 Dy =7, Pp=20, Iy =05, Dg =5

N = 0.1, Ky = 2, K3 = 0.3, Ky = 2.5, Eq; = 50, €g = 50,5 = 1,

IsMcC 1 = 0.0001, 7, = 0.0001

The key parameters of the quadrotor-like AUV model obtained by fitting many experi-
ments are listed in Table 4.

Table 4. Dynamics model parameters.

Parameter Value Unit
o 0.5 rad
6o -0.3 rad
m 30 kg

g 9.81 m/s?
ll 0.6 m
lz 0.1 m
I 4 kg-m2
Iy 4 kg-m2
dq 3 m?/s
dy 2 m2/s
Zg 0.05 m
Frax 40 N
Finin —40 N

To verify the performance of controllers in simulation, two kinds of disturbances
are used to simulate the real environment. One is steady-state disturbance caused by the
reaction torque of the forward propeller, and the other is the external disturbance that
simulates the external wind and waves, including sinusoidal function, random disturbance
and steady-state disturbance. In addition, the attitude-tracking performance of the designed
controller is also verified. Four experimental scenarios are listed in Table 5.

Table 5. Parameters of IISMC control algorithm.

Parameters Scene 1 Scene 2 Scene 3 Scene 4
Tpd 0 8 6sin7.5t x rand + 8 0
Tyd 0 6 6sin7.5t x rand + 6 0
P4 0 0 0 mt/4sin7 .5t
04 0 0 0 71/ 4sin7.5¢

In Scene 1, four attitude-control methods are compared in the interference-free en-
vironment. The initial attitude angle ¢ and 0 of the high maneuverable AUV are 0.5 and
—0.3 rad, and the desired attitude angles ¢4 and 64 are 0. In the case of no control—that
is, Ty and 74 are zero—it can be seen from the thick gray dashed line that it takes tens of
seconds to stabilize in Figure 8. In contrast, attitude angles under four control methods can
quickly approach zero. Figure 9 shows the thrust curves of four heave thrusters, and there
are some glitches in the blue thin dashed line under PID control, while other curves are
much more stable. The reason for the glitch lies in the differential term in the PID controller.
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Figure 8. Attitude angles under four control schemes in Scene 1.

I SMC
------------ ISMC |
. ISMC
e Il N
15 20 25 30
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1 L
T []
]
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Figure 9. The thrust curve of four heave thrusters in Scene 1.
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In Scene 2, the steady-state disturbance is added; all four attitude-control methods can
keep the attitude stable in Figure 10, however, and there are still some errors in the orange
dashed/dotted line. This is caused by steady-state errors that cannot be eliminated by SMC.
Figure 11 is the cumulative error curve of absolute ¢, and 6. under different methods. The
cumulative error of SMC and PID are always rising. In contrast, the cumulative error of
ISMC and IISMC will rise rapidly at the beginning of the simulation due to the nonzero
initial attitude, and then gradually stabilize. Compared to the thrusters thrust in Scenario 1,
the thrust glitch of PID method in Figure 12 are much smaller, and the ISMC and IISMXC
are still very stable. This shows that the ISMC and IISMC have better performance to
suppress steady-state errors.

30 T T T T
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0.6 e ISMC
1ISMC
201 o4 — — — 'PID
i | 0.2
s f TFE-------
< 0
15 20 25 30
o0 =5 H: 4
Q N
3 :
= -10 ]
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-20 I 1 1 1 1
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Time/s

Figure 10. Attitude angles under four control methods in Scene 2.
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Figure 11. Cumulative attitude angles error under four control methods in Scene 2.

On the basis of steady-state interference, random noise and sinusoidal interference
are added to simulate the wind and wave environment in Scene 3. All the methods in
Figure 13 have obvious overshooting at 12 s in both attitude angles ¢ and 6. This causes a
sharp increase in error in Figure 14. The reason is the thrusters T and T4 reach the upper
and lower bounds and cannot effectively overcome the interference in Figure 15. However,
after the overshooting, the red dotted ISMC cannot reach the expected attitude immediately
like other methods. The reason is when the sliding surface is at zero, the integral term of
ISMC must be zero, and then the positive error plus the negative error is zero. Hence, to
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compensate for positive error, the negative error occurs at 13 s. In contrast, since SMC-based
attitude-control has no integral term, the attitude angles will quickly stabilize, but there is
also a certain steady-state error that cannot be eliminated. The Gaussian function is added
to attenuate the error of integral term in IISM, and strong disturbances have little effect
on the integral term, so the negative errors are smaller. In Figure 14, the proposed IISMC
algorithm performs well compared to the other three attitude-control algorithms.
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Figure 12. The thrust curve of the four heave thrusters in Scene 2.
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Figure 13. Attitude angles under four control methods in Scene 3.
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Figure 14. Cumulative attitude angles error under four control methods in Scene 3.
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Figure 15. The thrust curve of the four heave thrusters in Scene 3.

30

The attitude-tracking performance is tested with Scene 4. The designed attitude angles
¢q and 04 are 45 x sin7.5t. It can be seen from Figure 16 that the tracking performance of
SMC is slightly worse than other methods, especially for the 6 angle. Figure 17 illustrates
that the blue solid line is the smallest one and has better stability. The thrust force curve of

SMC is significantly different from other methods in Figure 18.
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Figure 16. Attitude angles under four control methods in Scene 4.
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Figure 17. Cumulative attitude angles error under four control methods in Scene 4.

In conclusion, it can be concluded that the IISMC-based attitude-control method can
quickly reach the specified attitude under different interference conditions; moreover, it

has better stability than other three control methods.
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Figure 18. The thrust force curve of four heave thrusters in Scene 4.

4.2. Field Experiments

This filed test is carried out in a static rectangular pool as Figure 19. The previous PID-
and IISMC-based attitude-control methods are compared in the pool.

Figure 19. The AUV attitude-control experimental environment.

The initial attitude angle is adjusted to about 25 degrees and 15 degrees by external
force. The angles of well-designed AUV will gradually approach zero after the external
force stops. It is obvious from Figure 20 that the attitude effect of the IISMC-based method
can converge faster than the original PID-based attitude-control method.
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Figure 20. The attitude angles under PID and IISMC controllers.

5. Conclusions

This paper focuses on IISMC-based attitude-control method for high maneuverable
AUV adjusting its body’s attitude with four heave thrusters. A novel integral sliding mode
is used as the controller to improve the robustness of the control system, and the Gaussian
function is introduced into the controller to reduce the interference of the integral term. The
conditions for the stability of the control system are obtained using the Lyapunov function;
numerical simulation and field experiments verify the effectiveness and better robustness
of the proposed algorithm. Compared with three existing approaches, the proposed IISMC-
based controller has a faster convergence speed than ISMC when subjected to strong
disturbances and can effectively overcome the steady-state tracking error. In the actual
underwater environment, the response of the thruster lags, and the response of the same
thrusters is also different under the same driving signal. For future work, we believe
that deep reinforcement learning can be used to train AUV autonomous-learning-control
strategies to overcome the problems above.
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