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Abstract: An unknown nonlinear disturbance seriously affects the trajectory tracking of autonomous
underwater vehicles (AUVs). Thus, it is critical to eliminate the influence of such disturbances on
AUVs. To address this problem, this paper proposes a double-loop proportional-integral-differential
(PID) neural network sliding mode control (DLNNSMC). First, a double-loop PID sliding mode sur-
face is proposed, which has a faster convergence speed than other PID sliding mode surfaces. Second,
a nonlinear high-order observer and a neural network are combined to observe and compensate for
the nonlinear disturbance of the AUV system. Then, the bounded stability of an AUV closed-loop
system is analyzed and demonstrated using the Lyapunov method, and the time-domain method is
used to verify that the velocity- and position-tracking errors of AUVs converge to zero exponentially.
Finally, the radial basis function (RBF) neural network PID sliding mode control (RBFPIDSMC) and
the RBF neural network PID sliding mode control (RBFPDSMC) are compared with this method in
two trajectory tracking control simulation experiments. In the first experiment, the average Euclidean
distance of the position-tracking error for this method was reduced by approximately 73.6% and
75.3%, respectively, compared to those for RBFPDSMC and RBFPIDSMC. In the second experiment,
the average Euclidean distance of the position tracking error for this method was reduced by ap-
proximately 86.8% and 88.8%, respectively. The two experiments showed that the proposed control
method has a strong anti-jamming ability and tracking effect. The simulation results obtained in the
Gazebo environment validated the superiority of this method.

Keywords: autonomous underwater vehicles (AUVs); PID sliding mode surface; neural network;
observer; sliding mode control

MSC: 70E60

1. Introduction

In the past decades, considerable progress has been made in submarine engineering
technology in fields such as oceanographic observations, undersea oil detection, geologi-
cal sampling, deep-sea archaeology, and minesweeping [1-4]. Autonomous underwater
vehicles (AUVs) have become the most popular solution for many submarine missions. Tra-
jectory tracking control is an important part of the abovementioned applications. However,
due to the complex hydrodynamic characteristics of AUVs, especially the inherent high
nonlinearity, strong coupling, and time-varying and uncertain characteristics of fully actu-
ated AUVs, and the existence of time-varying external disturbances [5,6], which are chaotic
and difficult to measure or estimate in an underwater environment, the AUV trajectory
is difficult to track. Therefore, a control method that can address the inherent nonlinear
dynamics, imprecise model parameters, and time-varying external disturbances of AUVs
is required.
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The problem of inherent nonlinear dynamics has been extensively researched. The
proportional-integral-differential (PID) control consists of proportional, integral, and
differential terms and does not need to establish a nonlinear dynamic model for the control
object. Therefore, PID control can be applied to nonlinear systems and has been widely
used for AUV trajectory tracking control [7-9]. However, for complex underwater trajectory
tracking, PID control cannot provide accurate tracking. Moreover, as Kim et al. [9] indicated,
PID control can only provide set-point regulation if the disturbances are constant. Many
engineers and researchers have significantly contributed to improving the tracking accuracy
of the AUV trajectory and to enhancing the robustness to dynamic uncertainties and time-
varying ocean disturbances. So far, many advanced control methods have been proposed
for AUV trajectory tracking, including backward control [10-12], adaptive control [13,14],
neural network control [15-17], model predictive control [18], boundary control [19-21],
and sliding mode control (SMC) [22-25]. Of these, SMC has attracted much attention due
to its excellent and concise characteristics. Because of its strong robustness in relation to
model uncertainty and the suppression of external interference, SMC is highly suitable for
AUV trajectory tracking control in a complex ocean environment. However, the design of a
traditional SMC uses a linear sliding surface, a discontinuous symbolic function, and an
assumed uncertainty upper-bound value. Thus, the application of the traditional SMC can
easily cause a slow response, and the position tracking error cannot converge in limited
time when applied to AUV trajectory tracking control.

To overcome the shortcomings of SMC, many advanced technologies have been pro-
posed. For example, Guerrero used the high-order sliding mode control (HOSMC) to
address the chattering phenomenon of AUVs in trajectory tracking control [26]; however,
HOSMC cannot facilitate the convergence of the AUV trajectory tracking error to a smaller
bounded area within limited time. Terminal SMC (TSMC) can overcome finite-time track-
ing [27]. However, in this control method, all tracking errors can only be guaranteed to be
bounded and require an upper bound of parameter uncertainty, which is difficult to obtain
in practical engineering. Wang proposed an adaptive non-singular terminal sliding mode
control (ANTSMC) method for the 3D trajectory tracking control of AUVs [28]. Because of
the use of an adaptive algorithm, this method does not require an upper bound of parameter
uncertainty. Compared to TSMC, this method enhances the system robustness and over-
comes the drawbacks of SMC. However, this method does not facilitate the convergence
of the errors to the neighborhood of zero, although it guarantees boundedness between
the position and the speed tracking errors. Although the aforementioned improved SMC
overcomes the shortcomings of the traditional SMC and obtains effective solutions, in the
actual application of AUV trajectory tracking control, the AUV system must solve the
respective problems of HOSMC, TSMC, and ANTSMC simultaneously.

To address the above problems, Chen proposed a PID sliding mode surface [29], which
has the advantages of both PID control and SMC, with a fast convergence speed and
strong robustness. However, the speed and position tracking errors cannot be converged
simultaneously. Based on [29], this paper proposes a double-loop PID sliding mode surface
to compensate for the disadvantage of the PID sliding mode surface and design a new
double-loop neural network PID sliding mode control (DLNNSMC) method based on a
nonlinear high-order observer so that the position and velocity tracking errors of the AUV
trajectory tracking control can converge to zero in limited time. However, this method
has a breakthrough point: the control law requires an accurate dynamic model and its
derivation. An accurate dynamic model is difficult to derive in research and development.
To solve this problem, in this study, a radial basis function (RBF) neural network was
used to approximate the AUV dynamic model. This neural network has been widely
used in trajectory tracking control [30,31] and can fit many functions well. In addition,
we designed a high-order nonlinear observer to compensate for the disturbance of the
AUV dynamic model caused by complex external currents and model uncertainty in the
differential terms of the PID sliding surface. Moreover, since the high-order nonlinear
observer is a supplement to the uncertainties, the control law does not need to assume the
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upper bound of parameter uncertainty. The main contributions of the proposed control
method are as follows:

)

@)

®)

The proposed double-loop PID sliding surface can make the speed and position
tracking errors of the AUV trajectory tracking control converge to the neighborhood
of zero in limited time.

In the control design, a high-order nonlinear observer is presented, which compensates
for the disturbance caused by complex external currents and model uncertainty in the
AUV dynamic model in the differential term of the PID sliding surface. In addition,
there is no need to depend on the dynamic model differentiation caused by the inner-
loop PID sliding mode surface; we only need to use the neural network strategy to
obtain a fast approximation and realize the practicability of the proposed control law.
The convergence of the velocity and position tracking errors to the neighborhood of
zero is proved by the Lyapunov method and time-domain method, respectively.

2. AUV Modeling

Figure 1 shows the markers for the Earth-fixed (EF) frame and underwater vehicle

Body-fixed (BF) frame. The linear and angular velocities of the BF frame can be expressed

as o

= [u,v,w,p,9q, r]T € R*! and those of the EF frame can be expressed as 77, where

n =[xy z901y]" e R

roll -
surge Body - fixed frame

Figure 1. Autonomous underwater vehicles (AUVs) in Body-fixed and Earth-fixed frames.

The body velocity v of an object can be converted to the inertial velocity # by using

the following kinematic equation:

n = J(n) M

where J(1) € R®*® is in the form of a Jacobian matrix:

_ i) 033
Jon) = {3353 fzwz)]' @

Ji(n) : R® — R3<3 and J,(y) : R® — R3*3 are defined as

Ji(1) = | spc®  cpcg +sypsps®  —cpsp + sipcesO 3)

cpc® —spce +sOs@cyp  syPse + cipceps®
—s@ cOsg cOcy
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1 spt®  cot®
L(m2) = |0 ¢  —s¢ |, @
0 s¢/cO® ce/cO
where s (+), ¢ (-), and t () are abbreviations of sin (-), cos (-), and tan (-), respectively.
The AUV dynamics in the BF frame are expressed as
Mo+ C(v)v+D(v)v+g(n) = T+ 74 (5)

where M € R®*® is the inertia matrix; C(v) € R®*® is the Coriolis matrix and centripetal
matrix; D(v) € R®*® is the damping matrix; g(y7) € R is the restoring force and moment
matrix; T € R® represents the virtual forces and moments; and t; € RO represents the
model uncertainty effects.

In many practical applications, an AUV dynamic model cannot be obtained accurately.
Therefore, the coefficient matrix in the AUV dynamic model (5) is divided into a standard
part and an uncertainty part:

_l’_
) D(o) ©)
+8

where M, C(v), D(v), and g(y) are standard terms, and M, C(v), D(v), and g(#) are
interference terms.
Now, the AUV dynamic model can be rewritten as

Mo + C(v)o + D(v)o+§(n) = T+ T4y, )
where T, is expressed as lumped system uncertainty:
wy = ~Mo—C(v)o~ D(v)o — (1) — Tz ®)

3. Controller Design
3.1. Preliminaries

We now provide the related lemmas and assumptions for facilitating the subsequent
analysis and design.

Lemma 1 [19]. Let wy(x,t), wa(x,t) € R, with (x,t) € [0, L] x [0,4+00) ; then, there exists
o > 0 such that

w1 (x, Hwa(x, ) < 1cu%(x,if) + 0wl (x, ). )

S

3.2. DLNNSMC Scheme

Figure 2 shows a schematic of the proposed DLNNSMC scheme for AUVs. Consider-
ing the time-varying reference trajectories #; € R®, we define the position tracking error as
#§ = n — 1, and, after combining with (1), we obtain

7= J(n)o i, (10)
Then, we define the surface of the speed-tracking error as

S; = v—1.. (11)
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To convert S into a PID sliding surface, the virtual speed control command v, € R®is
obtained as follows:

t

v = g =1 o) (Ko K [ ), 12
where Ky = diag[kiq, k12, ..., kig] € R®*®and K, = diag[ka1, ko, . . ., kog] € R®*® are con-
stant positive-definite matrices that need to be designed, and kq;,ky; (i = 1,...,6) satisfies

the discriminant k2, — 4ky; > 0 of the quadratic equation of one variable. Combining (11)
and (12), an outer-loop PID sliding surface is designed:

. t
S; = 17+1<117+1<2/0 fidt. (13)

=!

U
Tdsy

Tl ;

J‘dt N
Figure 2. Structural framework of the double-loop neural network proportional-integral-derivative

(PID) sliding mode control scheme.
Based on (13), an inner-loop PID sliding surface is designed:
t dS;

Spip = KpS; + K; /0 Szdt + Kdﬁ' (14)
where Kp = diag[kpl,kpz,. . .,kpd S R6><6, K; = diag[kn, ey .,k]é] S R6X6, and
Kp = diag[kp1, kpy, ..., kpe) are the diagonal matrices of the proportional, integral, and
differential gain coefficients, respectively.

From (7), the differential of v can be expressed as
do A1 A R N
= B (x4 Ty — C0)o —~ D(o)o - &(n). (15)
Differentiating (11) and combining it with (15), we obtain
ds; do do Nl . N . :
T: = It — 7: =M (T—FTd,’—C(’U)U—D(U)U—g(ﬂ)) — Oc. (16)
Substituting (16) into (14), we obtain
t ~ 1 - . . . \ 1
Seip = KpSy+Ki | Syt + K, [M (rd,? — E(v)v—D(v)v fg(q)> b+ M r] . (17)

Spip can be differentiated as follows:
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N

Spip = KpSs +K;S3 + Ky {M‘l ('Td,? — C(v)v — E(0)p — D(w)yo — D(0)o — 8(n) ) — b + M 't

—{—KPS5 —KiS; + Ky {Ml (*C(v)v +E(v)0 + D(v)o + D()o +§(11)) + v} }+ - (18)

KdM_l’t' + KdM_li'd,?

Letf = —KpS; —K;S; + K [1\7[1 <é(v)v + C(v)o + ﬁ(v)v +D(v)v +§(17)> + i}c} +

Kd]\A/If1 'i'dﬂ be a lumped unknown function, and G = Kd]\A/Ifl. Then, (18) can be simplified as

Spp = —f+ G. (19)

The Gaussian RBFNN [30,32] possesses the function approximation ability and has
been widely utilized in the control of complex nonlinear systems with uncertainties. In this
paper, six identical RBFNNs were designed; Figure 3 shows the schematic of the RBFNN
structure. The unknown function f to be approximated can be described as

f=WTe(Spp)—¢ (20)

where ¢(Spip) € R%, Spip = [Spip1,SpPID2, - - -, SPID6) i a neural network input vector,
W = (W), W;,..., I/Vg]T is an ideal weight vector, W} = [W}, W5, ..., WX ] T(z’ =1---6,5
is the number of hidden nodes), and ¢(Spip) = [¢1(Spip1), P2(Spip2), - -, P6(Spips)]”
is a vector with a basic function ¢;(Spip;) = [¢i1(Spipi), ¢i2(SPIDI), - ..,(/),-5(Sp1Di)]T. In
addition, & = [e1, €2, . .., €] T is a vector of bounded approximation errors. Therefore, we have
e < gand € > 0. The Gaussian RBF considered in this paper is expressed as follows:

ik

=12,...,6k = 1,2,...,5,

5;—Cj T 5;—Cj
¢lk( ) = eXP[ : k)bz( k):| (21)

where cjx and bj; represent the center and the width of the Gaussian function, respectively.

Hidden nodes

Figure 3. Structural diagram of the radial basis function with one hidden layer.
The vector of the estimated weight is expressed as
W= W'+W, (22)

where W represents the error vector of the estimated weight.
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Setting the unknown function f € R® as the RBF output, the approximate value of f
can be expressed as

5 o T
f = W ¢(Spip). (23)
The design method of the proposed SMC law can be expressed as follows:

. 1.
T = E(f_KSPID)r (24)
where K = diag[Ky,Kj, ..., Kg] is a constant diagonal matrix; (24) is substituted into (19)
to obtain ' N
Spip = f—KSpip, (25)
where f = f—f.
Let us consider the following Lyapunov function candidate:
V=WV+Wni; (26)
where
1 & (oo, 15
Vi=:). (Wi Vi Wi) (27)
2 i=1
1 T
V2 = 5Spip Spip (28)
1«6 =74
Vi =3), ,0/6; (29)

Lemma 2 [19]. The time derivative of (26) has the following upper bound:
V< —pV 4 (30)
where p, u > 0.

Proof. We differentiate (27) as follows:
. 6 ~ _ ~
vi =Y.  Wh'w, (31)
As W* is a constant, and W = W, (31) becomes

. 6 ~ _ A
vy =Y. Wiy WL (32)

The update law can now be proposed as

W; = —7i(Spipi¢i(Spipi) + aiW;),i = 1,2, ..., 6, (33)

where «; is a small constant used to represent an amendment that helps improve the
robustness of the control system.

By substituting the update law (33) into (32), V becomes
Vi = =3, 1SemiW; ¢i(Spipi) =), _ aiWi' W, (34)

where

~ ~ ~ ~ ~

-W,TW;, = —W,"wr — w,"w.. (35)

1



Mathematics 2022, 10, 3332 8 of 24

From (35), we obtain

1/~ 7~ ~ 1/~ 7+~
— 5 (WTW+ W TW)) < —WTW < o (WTW W), (36)
Combining (36) with (35), we obtain
U Tvr o« Yoo Tog | LusT o Tx Tty | lonr
Wi Wi < SWi Wik S W W] = Wi Wis —S Wi W+ SWE W (37)

From (37), the following inequality holds:

: 6 . 6 Moo T 6
Vi<=Y_  SeipiW $i(Spipi) — Y. _, EIWiTWi +Y EZWTTWT (38)

We take the derivative of (28) to derive

Vo =Spip’S
2 PIDT PID ‘ (39)
= Spip (f* KSPID)
Then, we invoke (20) and (23) to obtain
) T .
Vo =Y Spii (Wi ¢i(Spip) — W; Tfl’i(SPID)) + Sprp” (e — KSpip) @0)
~ T :
=Y%_ 1 SpipiW; ¢i(Spip) + SpinTe — SpipTKSpip
Here, W= WIT -wiT,
From (40), the PID sliding surface error can be obtained as follows:
T 1 T 1r
Spip"e < 55pip Spip + 5 €e: (41)
From (41), (40) yields the following inequality:
V2 <Y _SpipiW ¢i(Spipi) + ESPIDTSPID + §€T€ — Spip"KSpip. (42)

The differential term of the PID sliding mode surface corresponds to the dynamic
equation of AUVs (7), which can be divided into a standard term and an uncertainty
term. Because AUVs exhibit high nonlinearity, high coupling, and strong interference, the
dynamic equation of the standard term is inaccurate, and the PID sliding mode surface
requires a high model accuracy; thus, an observer needs to be designed to compensate for
the uncertainty term. From (14), we obtain

.

v = T+ 1 — C(v)v —D(v)v—g(y), (43)

where ¥ = M 'z, Cv) = Mﬁlé(v), D(v) = ]\A/le(v), () = Mﬁlg(n), Tay = ]\A/Ifl'rdﬂ.
As Tigy of v; in (43) is an unknown term, a high-order nonlinear observer 71; was
designed, and the observer is referenced from [25]:

g = i1 — Ci(vi)vi — Di(v;)o; — &i(n:) + Bio (v — 1)
i = T + 031 (0 — i)
Ttip = 703 + O (vi — 7o) (44)

Tim = Oim(vi — o),
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where 7o, 71, T, ..., Tm is the estimated value of v;, T4y, Tidysr- - » T(m)idﬂ, and

B0, ---, Ui > 0. We obtain O;(t) = v; — 9, O (f) = %Z‘d}’] — i1, .-
Ty, and by combining it with (44), we obtain

O = O — 8:yOj

On = Op —0nBj

On = O — 0,05

Oim = fi%) — 3imOio

éz = 4’1'@1' + E"LV'IE;;),
where

0"

—%9 1 0 0

-9 1 1 0

gi=| i i L=

—%u1 0 0 -+ 1 :
8%, 00 --- 0 1

Then, we select a positive definite function (29):
1 ~p ~
Vai = 5@? o;.
Differentiating V3; and combining it with (46), we have

V31' = élTé, = @ZT(%@Z%-Eﬁ%))

Combining (49) and the result of lemma 1, we obtain

. ~ ~ 1
Vsi < @iT(q)i + (Sil)@,' + *Uiz,

g

whered; >0,i = 1,2, ..., 6, Uiz is the quadratic square of %l,(d';”y).

Now, we can differentiate V3 as follows:

Vs =Y__,0/6,

Substituting (50) into (51), we obtain

. 6~ 1
Vs < Zi =1 @iT((Pi +6,1)0; + chiz.

Differentiating (26) and combining (38), (42), and (52), we obtain

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)
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vV = V1 + Vz + V3
< =Y 1 SpipiW;Ti(Spipi) —Xf— 1 FWITW + X0 S W TWr +
T ~ ~
Y _ 1 SpipiW ¢i(Spip) + 2SpipTSpip + 2eTe — SpipTKSpip + Y-8 _ 1 OF (@i + 6:1)O;+ (53)
o4 5%-”1‘2
< _SPIDT(K_ %1> Spip — X0 _ 1 FWITW, — Y0 0 (—@; —61)0; + T _ 4 5%.(71-24-
Y 3 WITW + geTe
Then, citing lemma 2, we obtain
V< —o(Vh+VatV3)+u, (54)
where 1
p = min < min - (a;), 2Amin (K - 21>, =2 in (@i + M)) (55)
i=1, 2.,
6 1 6 o; 1
1

The variable A, (-) represents the minimum eigenvalue of the matrix. We assume
Asmin (K - %I) > 0 and Ay, (@; + 0iI) < 0 to ensure that p > 0. The variable y is a scalar

and pu > 0.
Thus, the proof is complete.

Theorem 1. For the AUV system described in (7), under the control law (24) and the update law
(33), as long as the initial conditions are bounded, the sliding surface errors and their derivatives are

semi-globally uniformly bounded.

Proof. Multiplying (54) with e”!, we obtain

%(Vem) < et

Integrating (57), we obtain

V< % +e Pt (V(O) - ”) <E v

P P
Substituting (27), (28), and (29) separately into (58), we obtain

6

: o _
no= s .El(WiT% W) <v < %+V(O)e '
=
1
V, = ESPIDTSPID SV< %+ V(0)e
1 & 5T 5 K
=3 L 66V Ve
i=1
;4 7t
E 4+ V(0)er
N _ - P
QW; := { W, e RS | | W, ||< V2 ( min (7»12
i=1, 2,..6 !

QSpip 1= {SPID € R® ‘ | Spip 1< V2 %+ V(O)e_pt} vt € [0, +0)

(57)

(58)

(59)

(60)

(61)

,i=1,...,6 Vte[0,+o0)

(62)
(63)
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Q@i = {é, € R®

16, 1< @/W} 1.6 e [0,40). (6d)

Thus, the proof is complete.
Based on Theorem 2, we can verify that Sp;p can reach the neighborhood of zero in a
finite time t,,,.,; thus, we obtain

KpS; + K [y Szdt +Kp%Be = 0

t dSs; . (65)
KpiSsi + Kij [y Sgidt + Kpi=5 = 0, i = 1, ... ,6.

As long as K%i —4K;;Kp; >0,i = 1, ..., 6,is satisfied; the second-order differential
equation for (65) can be expressed as

t —Kpi+y/Kp —4K1iKpi “Koi/Kp KK
[ Ssdt = Cre 2Kp; + Cye 2Kp; ) (66)

From (66), fot Sgidt can have a time limit of t.; exponent converging to the neighbor-
hood of zero, which proves that S3; can also be a finite-time t,; exponent, converging to the
neighborhood of zero.

From the above analysis, we have a speed-tracking error that converges to the neigh-
borhood of zero in limited time, and the total time spent to converge to the neighborhood
of zero is initially S3(0); thus, the total time can be expressed as

toum = t”“ch+i:7’%f§f,,6(tc)' (67)

At t > ts,;, we obtain the following from (13):
0 = .. (68)

We can obtain the region where S; can converge to the neighborhood of zero from (68)
and, by substituting it into (13), we obtain

i+ Kidj+ Ky [y fjdt = 0 ()
ﬁi+Kliﬁi+K2i fgﬁidt =0i=1,...,6
As long as K%i —4K5; > 0, fot yidt (i = 1, ..., 6) is satisfied, 7 can converge to the
neighborhood of zero in limited time. Therefore, similar to the speed-tracking error of (66),
the position-tracking error will also converge to the neighborhood of zero exponentially
after tq,.

Remark 1. Equation (69) can be regarded as a second-order system with zero input, and its natural
frequency and damping ratio can be expressed as w, = 1/ % and { = 2\/% , respectively.

By using the time-domain method, we assume K3, —4Ky; > 0,1 = 1, ..., 6. The system can
converge exponentially. When the damping ratio { is closer to 0.707, the convergence speed of the
second-order system is relatively fast, while the overshoot is relatively small, which is the state with
the best comprehensive performance of the second-order system.
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4. Simulation Results

Because the AUV dynamic model is complex and unstable under uncertain condi-
tions and ocean current disturbances, the simulation control of AUV motion behavior is
challenging. This paper verified the effectiveness of this method by using the new AUV
model, presented in Figure 4, to conduct a Gazebo visual real-time simulation. This is a
fully actuated AUV, which is driven with six degrees of freedom through the configuration
of eight propeller groups, as shown in Figure 4. This is a universal model and thus can
be used to verify the superiority of various control methods. Its parameters are listed in
Table 1.

Figure 4. Structure and thruster distribution of an AUV.

Gazebo comprises an AUV simulator, which is a functional package developed under
the robot operating system (ROS) and has the function of simulating a real underwater
environment. We added ocean current interference to the underwater environment to
make it more realistic. Dave is a derivative plug-in developed based on the AUV simulator,
which can simulate the effects of underwater ocean currents.

As shown in Figure 5, the 3D model of an AUV was imported into the Gazebo
underwater simulation environment. In this environment, the trajectory-tracking control
simulation could easily verify whether the control system operated as expected. The
proposed control method was compared with the methods of RBF neural network PID
sliding mode control (RBFPIDSMC) and RBF neural network PD sliding mode control
(RBFPDSMC) proposed in [29] and [32], respectively. The three control methods operated in
the same initial conditions and the same external disturbance in the two trajectory-tracking
control simulations. Moreover, all three methods selected a group of well-performing
parameters through Lyapunov stability theory and multiple simulations. The controller
parameters used in this paper are shown in Table 2.
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Table 1. Control parameters used in the simulation.

Parameters Units Value Description
X, kg —55 Added mass
Xy kg/s —4.03 Linear damping
Xotful kg/m —18.18 Axial drag
Y, kg —-12.7 Added mass
Y, kg m 1.93 Added mass
Yy kg/s —6.22 Linear damping
Yool kg/m —21.66 Axial drag
Z, kg —14.57 Added mass
Z kg m -17 Added mass
Zy kg/s —5.18 Linear damping
Z | kg/m —36.99 Axial drag
K, kgm —0.12 Added mass
Ky kgm/s —0.07 Linear damping
Kypp| kg m —1.55 Crossflow drag
M, kg m —0.12 Added mass
M, Kg —0.04 Added mass
M, kgm/s —0.07 Linear damping
Mgq1 kg m —1.55 Crossflow drag
N, kg m —0.12 Added mass
N, kg 0.04 Added mass
N; kgm/s —0.07 Linear damping
Ny kg m —1.55 Crossflow drag
m kg 115 Center of gravity
Ly kg m? 0.099 Inertia tensor on the x-axis
Ly kg m? 0.129 Inertia tensor on the y-axis
I, kg m? 0.16 Inertia tensor on the z-axis

Figure 5. AUV in a simulated underwater environment. (a) Hover; (b) motion trail.
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Table 2. Control parameters used in the simulations.

Controller Parameters
K, = diag[0.0035, 0.0014, 0.0016, 0.004, 0.0048, 0.0025],
RBFPDSMC Kp = diag[0.3, 0.15, 0.15, 0.07, 0.07, 0.08]
K = diag 0.1, 0.1, 0.1, 0.1, 0.1, 0.1]
K, = diag[0.0045, 0.0017, 0.002, 0.005, 0.0068, 0.0015],
K; = diag[0.00012, 0.00012, 0.00012, 0.0001, 0.0001, 0.00012]
RBFPIDSMC Kp = diag[0.2, 0.13, 0.218, 0.07, 0.06, 0.1]
x = diag[0.1, 0.1, 0.1, 0.1, 0.1, 0.1],
n = diag[0.2, 0.2, 0.2, 0.05, 0.05, 0.05]
v = [0.37, 0.35,0.45, 25, 25, 32],
« = [0.005, 0.005,0.005, 0.005, 0.005, 0.0035],
K = diag0.3, 0.3, 0.3, 0.3, 0.3, 0.3],
K; = diag[1.05, 1, 0.5, 1, 1, 2.1],
K, = diag[0.01, 0.01, 0.01, 0.01, 0.01, 0.01],
DLNNSMC K, = diag[0.05, 0.05, 0.07, 0.05, 0.03, 0.084],

K; = diag[0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001],
Kp = diag[4.4, 44, 44, 0.5, 0.5, 0.3],
# = [0.00038, 0.0008, 0.0008, 1, 1, 1],
8, = [0.21, 0.5, 0.6, 0.3,0.4, 0.08],
#, = [0.00021, 0.0004, 0.0006]

The RBFNN parameters of the three control methods were the same:
cx =[—02-0.100.10.2] and bz = 5.

4.1. Helix Track Tracking Control

First, the effectiveness and superiority of the control law were verified by tracking a
spatial helical reference track. The tracked spirals are expressed as

x4(t) = sin(0.025t) +25.1 m
y4(t) = c0s(0.025t) — 1.05 m. (70)
zy(t) = 0.0184f —93.7 m

The initial motion state of AUVs can be expressed as ug = 0(m/s), vg = 0(m/s),
wo = 0(m/s), po = 0(rad/s), and qo = 0(rad/s), where r( is a random variable, and the
initial position and angle are x = 25(m), y = 0(m), z = —94.8(m)and ¢ = 0(rad),
© = O0(rad),y = 2.4(rad), respectively. Because the Dave plug-in can simulate the
effect of ocean currents, the current in this experiment was considered a high-frequency
random current in all directions: V; = rand(0 ~ 0.1 m/s), B = rand(—1.57 ~ 1.57rad),
ac = rand(—1.57 ~ 1.57rad), where V. is the current velocity, B, is the sideslip angle, and
«. is the angle of attack. Thus, the linear velocity of the ocean current on the three axes of
the EF frame can be defined as

vy = V.cosacosf
vy = Vesin . (71)
v, = Vesinacosp

Figure 6 shows a 3D view of AUV position tracking using these three control methods.
All three methods could successfully make the underwater robot track the target trajectory.
DLNNSMC vyielded the best result. According to Section 3, §f € R is the position error
vector, where 771, 7, and 73 are the position errors of the x-axis, y-axis, and z-axis of the EF
frame, respectively. Now, we define the Euclidean distance of the position tracking error

Dg = \/7j? + 73 + 773; the average values of D for the three methods are listed in Table 3.
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Figure 6. Three—dimensional view of the trajectory.
Table 3. Average values of D .
RBFPDSMC RBFPIDSMC DLNNSMC
0.442594 0.472352 0.116747

Table 3 shows that the average value of Dy for DLNNSMC was approximately 73.6%
and 75.3% lower than that of RBFPDSMC and RBFPIDSMC, respectively.

Figure 7 shows the position tracking errors of six degrees of freedom: x,, y., Ze, ¢e, O,,
and ¢.. We analyzed the position tracking error and found that (1) The results obtained for
all three methods indicated that the six degrees of freedom converged in a bounded region,
while DLNNSMC could maintain a smaller range and a more stable bounded region; (2) In
the degree of freedom with a large position tracking error (z-axis direction motion and yaw
angle), the convergence time for the position tracking error on the z-axis was 150 s, while
those for RBFPDSMC and RBFPIDSMC were both beyond 250 s. The convergence time for
the yaw angle was 50 s, while RBFPDSMC and RBFPIDSMC could not achieve a complete
convergence within 300 s. This showed that DLNNSMC had a faster convergence speed of
position-tracking error.

Figure 8 shows the speed-tracking errors of six degrees of freedom: u,, v, We, pe, e,
and r,. We analyzed the velocity tracking error and found that (1) The velocity tracking
errors of the three methods could converge to a certain range of bounded regions. Although
the velocity tracking errors of the three Euler angles of DLNNSMC fluctuated considerably
in the beginning, they could converge to a stable range in 100 s, and the velocity tracking
errors in the three directions of motion evidently converged to a smaller range of bounded
regions than with RBFPDSMC and RBFPIDSMC. (2) The convergence time of the velocity
tracking error for DLNNSMC in the x-and z-axis directions was 50 s; RBFPDSMC and
RBFPIDSMC could not achieve convergence on the x-axis, while the convergence time on
the z-axis was 100 s. This indicated that DLNNSMC converged faster and more stably as
regards the speed-tracking error.
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Figure 9 shows the change in the inner-loop PID sliding mode surface Sp;p of DLNNSMC.
Sprp continued to converge within a limited area. When the inner loop approached zero,
the outer-loop PID sliding mode surface S; converged to the neighborhood of zero as an
exponential function, as shown in Figure 10.
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Figure 9. Inner—loop PID sliding surface Sp;p. (a) Sx; (b) Sy; (c) Sy; (d) Se; (e) Sz; (f) Sy.
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In the initial state of AUVs, the position error of the z-axis was 1 m, and the error
of the yaw angle 1 was 0.24 rad. Figure 10 shows that S; gradually converged to the
neighborhood of zero. From (69), we concluded that the position- and velocity-tracking
errors of AUVs can converge to the neighborhood of zero.

4.2. Sinusoidal Trajectory Tracking Control

Second, the effectiveness and superiority of the control law were tested by tracking a
spatial sinusoidal reference trajectory. The tracked sine line can be expressed as follows:

x4(t) = 0.0184t + 26 m
ya(t) = sin(0.025t) — 0.3 m
z4(t) = 0.0167t —93.7 m
Pq(t) = 0.1xsin(0.025¢t) rad

(72)

Figure 11 shows a 3D view of AUV position tracking using the three control methods.
Figures 12 and 13 show the tracking effect of the corresponding position- and speed-
tracking errors, respectively. According to the tracking results shown in these figures, even
if the yaw angle ¢ also had angle tracking, the proposed DLNNSMC could still effectively
track the required trajectory, had a faster convergence speed and higher tracking accuracy,
and was stable in a smaller limited area. For DLNNSMC, the convergence times of position
and velocity tracking errors were, approximately, 100 and 50 s, respectively. However,
RBFPDSMC and RBFPIDSMC could not achieve an accurate convergence in six degrees
of freedom at the same time. The average values of Df, for the three methods are listed in
Table 4.
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N
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1 AUV start point ——
0\\)\ //{//f/‘ 30 32
-1 0 28
?/ 26
Y[m] = H X[m]

Figure 11. Three—dimensional view of the trajectory.
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—Our=Desired

Table 4. Average values of D .

RBFPDSMC RBFPIDSMC DLNNSMC
0.804427 0.949559 0.105999

The initial motion state of AUVs can be expressed as ug = 0 (m/s),vg = 0 (m/s),
wo = 0 (m/s) and pg = 0 (rad/s),q0 = 0 (rad/s); ry is a random variable, and the
initial position and angle are x = 25 (m),y = 0 (m),z = —94.8 (m) and ¢ = 0 (rad),
© = 0 (rad),p = 2.4 (rad), respectively. The current in this experiment was a high-
frequency random current in all directions: Vi = rand(0-0.1 m/s), B = rand(—1.57-1.57rad),
ac = rand(—1.57-1.57rad).

Table 4 shows that the average value of D for DLNNSMC was approximately 86.8%
and 88.8% lower than that for RBFPDSMC and RBFPIDSMC, respectively.

Figure 14 shows the change in the inner-loop PID sliding mode surface Sp;p of
DLNNSMC. Sprp continued to converge in a limited region. Figure 15 shows the outer-loop
PID sliding surface Sz, which could gradually converge exponentially to the neighbor-
hood of zero even if it had a larger error. From (69), we concluded that the position-and
speed-tracking errors of AUVs can converge to the neighborhood of zero.
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Figure 14. Inner—loop PID sliding surface Spp. (a) Sx; (b) S¢; (¢) Sy; (d) Sg; (e) Sz; (f) Sy-

To further verify the controller’s performance, the disturbance of the ocean current

was further increased on the basis of (72). The attack angle and sideslip angle of the
current were &, = rand(—1.57 ~ 1.57rad) and B, = rand(—3.14 ~ 3.14rad), respectively.
Equation (71) shows that such random changes in the angle of attack and sideslip angle
could make the linear velocity components of the ocean current on the three axes of the
EF frame have positive and negative directions. The EF frame is shown in Figure 1. Then,



Mathematics 2022, 10, 3332 21 of 24

the current velocity was V, = rand(0-0.1 m/s) from 0 to 100 s, V, = rand(0-0.12m/s)
from 100 to 200 s, V. = rand(0-0.13 m/s) from 200 to 250 s, V., = rand(0-0.14 m/s) from
250 to0 300 s, and V. = rand(0-0.15 m/s) from 300 s.
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Figure 15. Outer—loop PID sliding surface Sz. (a) Sux; (b) Sup; (€) Soy; (d) Sue; (€) Svz; (£) Suyp-

Figure 16 shows a 3D view of the underwater robot position tracking using the three
control methods. The average values of Dg for the three methods are shown in Table 5.
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Figure 16. Three—dimensional view of the trajectory.
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—Desired —RBFPDSMC—RBFPIDSMC —Our 0.4

Table 5. Average values of D .

RBFPDSMC RBFPIDSMC DLNNSMC
0.54099 0.620367 0.285587

Table 5 shows that the average value of Dy for DLNNSMC was approximately 47.2%
and 54.0% lower than that for RBFPDSMC and RBFPIDSMC, respectively. Figure 17 shows
the position-tracking error. From the tracking results shown in these diagrams and tables,
DLNNSMC exhibited a better tracking performance than the other two controllers under
stronger interference. In addition, it exhibited a faster convergence rate and converged to a
smaller range.
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Figure 17. AUV position—tracking errors. (a) x¢; (b)) ye; (¢ ) ze; (d) e

5. Discussion

This paper proposes a double-loop PID sliding mode surface, based on which DLNNSMC
was designed by combining a nonlinear high-order observer with the RBF neural network.
A trajectory-tracking control simulation experiment was carried out in an underwater
simulation environment of Gazebo. Although the experimental results proved the effec-
tiveness and superiority of DLNNSMC for trajectory tracking control under the influence
of complex ocean currents, there are two aspects worth discussing. First, although our
control method achieved good results in position-tracking error, there was some jitter in
speed-tracking error. This is attributable to the design parameters and is worth studying
in the future. Second, the control method could achieve a good convergence effect in the
presence of strong ocean current effects; however, the convergence speed was slower, and
the convergence range was larger. Therefore, this requires further research and discussion.
A possible solution to the current implementation is to improve the nonlinear high-order
observer and add reinforcement learning, adaptive law, and other algorithms. We will
leave this problem of improving the robustness and stability of the controller to future
work. In addition, we will try to apply the proposed control method to underactuated
AUVs.

6. Conclusions

Here, we studied the trajectory tracking control problem of fully actuated AUVs with
nonlinear disturbances. A new double-loop PID sliding surface is proposed to improve
the convergence speed and robustness of the position- and velocity-tracking errors of an
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ordinary PID sliding surface. Then, using this method, an adaptive control method for
DLNNSMC is proposed. This method, combined with a nonlinear high-order observer
and a neural network, could compensate for the uncertainty and unknown external dis-
turbances of the model without an upper bound. Finally, DLNNSMC was compared with
RBFPDSMC and RBFPIDSMC in two simulation experiments. Because DLNNSMC has two
PID sliding surfaces that simultaneously tend to zero and compensate for the higher-order
observer, the average value of Dr for DLNNSMC in the first experiment was 73.6% less
than that for RBFPDSMC and 75.3% less than that for RBFPIDSMC. The average value
of Dg for DLNNSMC in the second experiment was 86.8% less than that for RBFPDSMC
and 88.8% less than that for RBFPIDSMC. Thus, the proposed method provides a faster
convergence speed and a stronger robustness of position- and velocity-tracking errors.
The effectiveness and superiority of this control method were verified in a more realistic
simulation environment of Gazebo.
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