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ABSTRACT This paper develops a novel adaptive trajectory tracking control strategy to enhance the
tracking performance for surface vessels with unmodeled dynamics and unknown time-varying disturbances.
A high robustness and precision trajectory tracking controller is presented by using trajectory linearization
control (TLC) technology, neural network, extended state observer (ESO), nonlinear tracking differentiator,
and auxiliary dynamic system. First, the greatest advantage of this paper is that the TLC technology
is first introduced into the field of surface vessels motion control, which provides a new direction for
TLC technology research. Then, to further enhance the control performance and robustness of the system,
the neural network with minimum learning parameter is used to replace the classical radial basis function
neural network to approximate unmodeled dynamics, which can reduce the burden of computing. A novel
reduced-order ESO is constructed to estimate unknown time-varying disturbances to achieve real-time
compensation. Meanwhile, nonlinear tracking differentiator is employed to realize the derivative of virtual
control command, as well as to provide command filtering. In addition, an auxiliary dynamic system is
designed to reduce the risk of actuator saturation. The stability of the closed-loop system is guaranteed
based on the Lyapunov criteria. Lastly, the comparison results demonstrate the superior performance of the
proposed approach.

INDEX TERMS Trajectory linearization control, surface vessels, neural network, auxiliary dynamic system,

extended state observer, nonlinear tracking differentiator.

I. INTRODUCTION
With the rapid development of ocean techniques, marine
vessels have been widely utilized in the sea for several major
tasks, such as marine transportation, the oil and gas explo-
ration, rescue operations [1]—[3]. In the practical engineering,
trajectory tracking control is not only the basis of all tasks but
also the key to ensure navigation safety. However, the track-
ing performance is significantly decreased due to the effects
of the environment. Therefore, enhancing the tracking control
of surface vessels, has been significant and attracted a lot of
attention from both industrial and academia.

Focusing on the surface ships motion control, many effec-
tive control algorithms have arose in the control system.

Initially, based on model-free control methods, a proportional
integral derivative (PID) controller is designed in [4], and
an intelligent control method based on the fuzzy logic is
developed in [5]. However, both methods have low precision
of tracking performance because model-free control methods
are easily affected by environmental factors. To improve
tracking performance, model-based control methods have
been developed. Some control methods such as backstep-
ping control [6] and model predictive control [7] have been
developed to design trajectory tracking controller. However,
these methods have large offset errors with the increase of
the model uncertainty and disturbance. To further improve
tracking performance, some of adaptive robust control
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algorithms have been developed in [8]-[11], which can sup-
press all random uncertainties in the drive and response
system. Combining the average dwell-time scheme and the
adaptive backstepping technology, the paper [12] proposes an
adaptive neural state-feedback controller for a class of non-
linear switched systems, in which radial basis function (RBF)
neural network is adopted to approximate uncertainty factors.
Based on the dynamic surface control method, an adaptive
neural-network control method is developed in [13], where
an appropriate state observer is designed to estimate the
unmeasured state. In [14], an adaptive robust coupling control
approach is presented for offshore crane system, which can
handle unknown disturbances and uncertain parameters. The
paper [15] develops a practical adaptive robust controller
based on extended state observer subject to the unstructured
and structured uncertainties, in which a feedforward can-
cellation technique is used to compensate for unmodeled
dynamics and external disturbances. The advantage of the
above work is that the adaptive control methods have good
control performance and robustness. In addition, trajectory
linearization control (TLC) technology is a nonlinear tracking
and decoupling control method, which consists of nonlinear
dynamic inversion and a linear time-varying (LTV) feedback
stabilization. Compared with the other methods, it has not
only a simple structure but also enough anti-interference and
robustness. Therefore, TLC technology has been successfully
applied to the controlling of missiles [16], X-33 flight [17],
helicopter [18] and aircraft [19]. However, TLC technology
can only achieve local exponential stability, and it has never
been applied in the field of surface ships motion control.

To cope with model uncertainty and disturbance, con-
siderable researches have been conducted to investigate
and address the above in [20]-[28]. The first methodology
for eliminating system uncertainties is robust control tech-
nique and learning technique. First, sliding mode control
(SMCO) [20] is a well-known robust control technique, but
the chattering problem affects the control performance of the
control system. In [21], integral sliding mode control has
been developed, where the matched unmodeled dynamics
and unknown time-varying disturbances can be compensated
online, while the unmatched disturbances will not be ampli-
fied. Learning techniques based on neural network or fuzzy
logic have been widely used to handle uncertainties of sys-
tem [22], [23]. However, the fuzzy logic requires experi-
ence or prior knowledge to provide system design, for simple
fuzzy processing of information, which will lead to the reduc-
tion of control accuracy and dynamic quality deterioration
of the system. Therefore, in the actual controller design,
the application of neural network is more extensive than fuzzy
logic for solving unmodeled dynamics and unknown time-
varying disturbances. The second methodology is to estimate
and compensate the disturbances by using observers includ-
ing extended state observer (ESO) [24]-[26], sliding-mode
disturbance observer (SMDO) [27] and extended disturbance
observer (EDO) [28]. The main design idea is to estimate the
uncertainty of the unknown first. Then, the estimated system
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uncertainty is fed back to the controller to compensate for the
uncertainty. In addition, to get closer to practical engineering,
input saturation [3], [29], [30] is considered in the design of
the controller, which is an unavoidable problem due to the
physical limitations of the propulsion system. In other words,
the commanded control inputs calculated by the trajectory
tracking controller may exceed the limitation of the maxi-
mum force and moment, which will lead to instability of the
system. The existence of input saturation not only affects the
performance of the controller but also relates to the security
of the trajectory tracking. Hence, it is very important to solve
the problem of input saturation for the design of trajectory
tracking controller.

In this paper, motivated by the existing results, taking
into account actuator saturation, unmodeled dynamics and
unknown time-varying disturbances, a novel robust adaptive
control controller is performed according to TLC technology,
neural network, reduced-order ESO and auxiliary dynamic
system, which makes surface vessels track a specific trajec-
tory accurately. The following summarizes the main contri-
butions of this paper:

(1) TLC technology has been proven to be an effective
control technique, which is further developed by introduc-
ing TLC into the field of ship motion control. Through the
author’s view, it is used for the first time in the design of
trajectory tracking controller for surface vessels.

(2) Taking full account of practical engineering, an aux-
iliary dynamic system is introduced into tracking controller
design to handle the risk of actuator saturation. In addition,
both unmodeled dynamics and unknown time-varying distur-
bances can be estimated by constructing neural network with
minimum learning parameter (MLP) and reduced-order ESO,
respectively. The main advantage is that neural network MLP
replaces RBF neural network to reduce the computational
burdens, leading to improved optimizing efficiency.

(3) A practical robust trajectory tracking control law in
forms of PI is proposed, and suggestions for adjusting control
parameters are given in this paper. In two cases, the simula-
tion results confirm the superior performance of the proposed
strategy.

The paper is organized as follows. In Section 2, sys-
tem model and preliminaries are introduced. In Section 3,
a novel trajectory tracking control scheme for surface
vessels is designed. Section 4 gives the stability of the
system. Simulation results and comparisons are considered
in Section 5. Section 6 concludes this article and introduces
future research.

Il. SYSTEM MODEL AND PRELIMINARIES

A. MODELING OF SURFACE VEHICLE

In this section, the earth-fixed frame and the body-fixed
frame are employed to study the model of surface vessel.
In Fig. 1, O — XoYoZy is the earth-fixed inertial frame {i} and
0 — xpY020 is the body-fixed frame {b}. In actual navigation,
surface vessel consists of 6 DOFs: the surge velocity u, sway
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FIGURE 1. The earth-fixed inertial and the body-fixed frame.

velocity v, heave velocity w, yaw rate r, rolling rate p and
pitching angle g, respectively. However, only the horizontal
movement of surface vessel is considered in this paper. There-
fore, the heave velocity, rolling rate and pitching angle are
ignored. The position and orientation in {i} are expressed as
n = [x,y, 1" and surge speed, sway speed and yaw rate in
{b} are expressed as v = [u, v, r]”.

From the above analysis, the nonlinear mathematical
model of 3DOFs ship motion can be expressed as [31]

n=J@)v (H
MO+ CWyv+Duv=t+EW)+b(t) 2)
where
cos(y) —sin(y) O
J@)=|sin(y) cos(y) O
0 0 1
is the rotation matrix from {b} to {i}. M = diag(my,

mo2, m33) is the inertial matrix including added mass,
C (v) € R¥*3 is the Coriolis and Centripetal matrix that can
be derived from M ;

dn 0 0
D=| 0 dn dxy
0 dp ds
is the hydrodynamic damping matrix; t = [11, 12, 317

denotes the control forces and moment; E (v) € R> and
b(t) € R3 are unmodeled dynamics and unknown time-
varying disturbances, respectively.

Control objective: Under the influence of the unmod-
eled dynamics and unknown time-varying disturbances,
the surface vessel can track the reference path (x4, y4, ¥a)
accurately by the design of the controller t.

Remark 1: In general, b (¢) is much lower in frequency
than ship dynamics. In addition, due to nonlinear track-
ing differentiator, the high-frequency interference has been
removed before entering the kinematics and kinetic control
loop. Therefore, unknown disturbance b (¢) can be regarded
as slow time-varying [32].

VOLUME 7, 2019

Assumption 1: The reference path or trajectory of the target
is regular and smooth enough, x4, X4, Y4, Ya, ¥4 and Vg are
all bound.

Assumption 2: The unmodeled dynamics and external dis-
turbances accord with the following assumption: ||E| <
Emaxs 1Pl < bmax, Where Emax and bpax are unknown
positive constants.

B. TLC TECHNOLOGY
In order to facilitate the design of TLC controller, the kinetic

equation (2) can be written as a form of nonlinear
feedback

V=FW+GWT+GWEW+G I 3

where F; (v) = —M~'(C (w)v+Dv), G; (v) = M7,
Gr (v) = G3(v) = diag(1,1,1), E(v) = OM~'F| (v),
0 = diag(8,,6,,0,) is an unmodeled degree coefficient,
and d(t) = M~ 'b@) represents unknown time-varying
disturbances. In addition, there exist three nonlinear matrixs
Gy (v), G4 (v) and G5 (v), which satisfy

G1 (v) Go (v) = G2 (v)

G1 (v) G4 (v) = G3 (v)

G2 (v) Gs (v) = G3 (v) 4)
First, without consideration of d (¢) and E (v), v*and T

are the nominal state and nominal input, respectively. Then
the nominal trajectory satisfies

v =F (V") + G (V)T ®)

Define the kinetic loop tracking error E;, = v — v*,
without considering input saturation, the control law of TLC
technology is proposed as

W=T+T7 (6)

where T represents the LTV feedback control law.

_| Dynamic
inverse

LTV
controller

Object

v

FIGURE 2. TLC scheme diagram.

Obviously, the original TLC controller consists of two
components, as shown in Fig. 2.

(1) A dynamic inverse controller that generates the nominal
control input 7.

(2) The LTV feedback control law 7 is designed to handle
unknown model dynamics and time-varying disturbances,
which can stabilize the LTV system and have a certain
response characteristics.
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The differential of E5 can be written as

Ey =0 —0F
=F1(v)+Gi (V)T —F (V) =G (v¥)T
=F (V' +E)+G (V' +E)([T+1)
—F (U*) — Gy (U*) T
=f (V" T,E, 7) (7)

where v* and T can be regarded as two time-varying param-
eters, (7) can be rewritten as

S (v T, B T) =2 (1, En) (®)
By linearizing (8) along (v*, T), we have
Ey=A W) Ex+By ()T 9

where A (1) = (4L + %%07) |« z, By (1) = Gily+z. The
system (8) and (9) satisfy the following Assumptions:

Assumption 3: Let E; = 0 be an isolated equilibrium point
for (8), and F : [0,00) x D — R”" can be continuously
differentiable, among which D = {E; € R" ||[E2|| < R.}.
The Jacobian matrix [dF /9E;] is a bounded and Lipschitz
on Dg, uniformly in ¢ [33]-[35].

Assumption 4: (A (t), Bz (¢)) is uniformly completely
controllable for the system (9).

The LTV feedback control law can be designed by the
differential algebraic spectrum theory [36], [37], which can
be expressed as

T=K)(1)E> (10)

From [33], the system (8) maintains exponential stability
at E» = 0. Hence, we have

Ac (1) = A2 (1) + B2 (1) K2 (1) Y

where A is Hurwitz, it makes the system (11) asymptotically
stable.

However, in the actual tracking process, d (¢) and E (v)
always exist. Hence, when d (t) and E (v) are taken into
account in design controller, (8) can be redefined as

Ex=pH,E)+GWEW+Gd@) (12)

From the above structure, the state error stabilization
for the system (12) has been transformed into the prob-
lem of unmodeled dynamics and external disturbance rejec-
tion. However, the original TLC technology can only
achieve local exponential stability, with the increase of
1G3 (v) E (v) + G2 (v) d (1)]|, the performance of TLC tech-
nology is reduced or invalid.

C. NEURAL NETWORK MINIMUM LEARNING
PARAMETER METHOD

Neural network has a powerful approximation ability, espe-
cially RBF neural network has been widely used to solve the
problems of unknown model dynamics [38]. In this paper,
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neural network MLP replaces RBF neural network to com-
pensate for unmodeled dynamics, which can reduce the com-
plexity of the calculation.

RBF neural network is three-layer forward, consisting of
input layer, hidden layer, output layer. The output of RBF
neural network can be written as

FZ)=WI'eZ)+e¢ (13)

where Z and F (Z) are the input and output of the RBF neural
network, respectively. W € R™ is the weight matrix of
the hidden nodes, and ® (Z) is the Gaussian function of the
hidden nodes. ¢ € R" is an approximation error vector with
bound. From [39], ||¢|| < &, & is an unknown positive number.

However, from the parameter adaptation law of RBF neural
network in [40]-[42], all weight vectors require real-time
online learning, which undoubtedly increases the complexity
of the calculation. On the other hand, it is also not easy to
practice in ship control engineering. Therefore, in order to
reduce the computational complexity, RBF neural network is
replaced by neural network MLP to approximate unmodeled
dynamics [43]. The principle is that adaptive neural network
is employed, in which the weight’s updating law is simpli-
fied by using the Young’s inequality. More exactly, ® =
W12, and ® is the estimate of ®. The estimation error is
d=0- 0.

D. IN SATURATION
Input saturation is a common and difficult problem in tra-
jectory tracking controller design, and its existence strongly
affects the control performance of the system. If the output
of the designed controller exceeds the maximum value of the
propulsion system, it may cause system instability or crash.
Therefore, in order to improve the design performance of the
controller, an auxiliary dynamic system is constructed to deal
with input saturation in this paper.

First, in practice, due to physical limitations of the propul-
sion system, the control force and moment are limited, which
is represented as

Timax> U Toi > Timax
Ti = 3 Toi» if Timin < Toi < Timax (14)
Timin, If Toi < Timin

where T; max and Timin (i = 1, 2, 3) are the maximum and min-
imum output, T, = [To1, To2, 17,3]7 is the command calculated
by the tracking controller.

In order to handle input saturation (14), an auxiliary
dynamic system [44] is designed as

3
3 AT +0.5ATtT AT
1

{=1—K; -5 w2 AT, ¢l>o
03%1, ¢l <o
(15)

where ¢ = [¢1, ¢2, ¢3]7 is the state vector of the system, K; =
K ;T € R¥3 is a positive definite design matrix. u; is an error
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FIGURE 3. The structure of the proposed trajectory tracking control scheme for surface vessels.

variable, and A; = T — 1,. In addition, o > 0 is a small
parameter, and { = 034 can avoid the singularity problem
when ||¢] < o.

IIl. CONTROL DESIGN

A. STRUCTURE OF THE PROPOSED CONTROL SCHEME
Fig. 3 demonstrates the structure of the proposed novel
trajectory tracking control scheme for surface vessels with
unmodeled dynamics and unknown time-varying distur-
bances. It mainly consists of two parts: the kinematic loop
and kinetic loop. The kinematic loop controller can track the
given command filtered by NTD. The kinetic loop controller
can track the virtual command produced by the pseudo dif-
ferentiator. The designed TLC controller consists of pseudo-
dynamic inverse controller (open-loop control) and a LTV
controller (close-loop control). In addition, the problem of the
input saturation is solved by designing an auxiliary dynamic
system. Meanwhile, to improve the robustness and control
performance of the system, the neural network MLP and
reduced-order are applied to achieve online estimation and
compensation for unmodeled dynamics and unknown time-
varying disturbances, respectively. Finally, in order to further
improve the tracking performance of the system, adaptive
robust control term is designed to overcome the influence of
approximation error of the system.

B. NONLINEAR COMPOSITE CONTROLLER DESIGN

1) KINEMATICS CONTROL LOOP

First, the main task of this section is to design a control law
to track the reference 7n,. According to the structure of TLC,
the nominal input (without uncertainties) can be obtained by
inverting (1) as

o =J (i) (16)

where the symbol v denotes nominal kinematics controller,
1 is obtained by the ny through the second-order linear
differentiator (SOLD).

In the traditional TLC design, SOLD is used to produce 1
and 17} by the nominal input 14, which has been used in many
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controller designs [17]-[19]. SOLD is expressed as follows

=2
Tnz2 = — (21 — na) — 2Tpz2 a7
y=22

where T}, is the time constant.

It is obvious that lim z; = ng = 1}, Tlig0 2 =g =1
When the initial COI;&IUOIIS of z1 (0) and ngq (0) have large
errors, due to the high gain influence of the differentiator,
the derivative of n4 (0) will produce a peak phenomenon near
the initial time. Even nominal differential signal 77’ and input
v also have signal hopping, which will lead to the satura-
tion of the control input instantaneously. In the traditional
TLC technology, it can be seen that the peak phenomenon
is unavoidable. To solve the above problems, a nonlinear
tracking differentiator (NTD) is introduced into this paper to
replace SOLD. In [45], the specific form of NTD is expressed
as

fh= fhan (0 (k) = na (k) , 775 (k) , 1, hy)
ny (k+ 1) =ng (k) + hi - ny (k) (18)
g (k+1) =3 (k) + hy - fh
where i and r1 denote the sampling period and acceleration
factor, respectively. In NTD, the peak of the differential signal
is regulated by acceleration factor rq. Therefore, it can avoid
the peak phenomenon in linear differentiator.
Define the kinematic loop tracking error E; =
[X e * 17 _ T . ..
*y—yi ¥ —vys] = [exe ey ] . by linearizing
(1) along the nominal (n};, U), we have

éx ex Ijt
ey | =A1(t)| ey | +B1(t)| V (19)
ey ey F
=5
where
0 0 —sin (I/Jd)u—cos (1//;)\7
Af)y=10 0 cos(yh)u—sin(yi)v |,
0 0 0
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cos (1,0;) — sin (w;) 0
Bi(t) = | sin (1//21") cos (w;) 0
0 0 1

To increase the control quality of the kinematics loop,
a PI feedback control law is designed as

7 ey [ exdt
v |=—Kpi| e | —Kn f eydt (20)
7 ey f€¢dt

R/—/

=0

Define the augmented the kinematics loop error as
T
Eo1 = [fEldt El]
=[[edt [eydr [eydt e, ey el/,]T (1)

From (20) and (21), the tracking error can be rewritten as

Eqi = A1cEq
03 Iz
= E 22
[_BIKII Al _BlKP1:| = @2)

where 03 and I3 represent 3 x 3 zero matrix and identity
matrix, respectively.
The desired tracking error dynamics can be constructed as

03 Iz
Ale = - 23
t [Hna) le(o} 2
where Hyy (t) = diag (—ai1, —an1, —aiz), Hip (1) =

diag (—ay12, —ai22, —a132), in which aj;; > 0, ajp > 0
(G =1,2,3) can be gained from the second-order LTV dif-
ferential equation [17], [18]. If the PD-eigenvalues satisfy

p1 (1) =— <$1j + /1 — Si) wi; (1), which can be chosen as

ajj = w%j (1)

wy; (1)
wi; (1)
where &;; represents constant damping, wy; (¢) represents the
closed-loop bandwidth. At this point, we can obtain

ajp = &jjwij (1) — (24)

Kn = =B, (1) Hi1 (1)
Kp1 = By (1) (A (1) — Hy2 (1)) (25)

Therefore, the control command of kinematic loop can be
expressed as

vV =047 (26)

2) KINETIC CONTROL LOOP

In this subsection, the main task is to design a control law
to track the control command of kinematics loop. When
unmodeled dynamics and time-varying external disturbances
are not considered, the pseudo inverse of (5) can be written as

' (o* = Fi (v%)) 27)

where T denotes nominal kinetic controller, U* is obtained by

the v* through pseudo-differentiator Gy (s) = S‘_L—i.

=G (v~
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For the kinetic loop tracking error E, = [eu ey, e, ]T,
from (9), we have

ey €y Ty
ey | =A@ | e [+B(D)| Ty (28)
ér er T
——
=T
where
di moor* mpv*
mi mjl mj 1+ J
myr 22 miu 23
Ay (1) = — - |,
my) my) my)
my—my d3
Y ol _0
m33 m33

. _ (mpu*—mpu*—ds;) o5 1 1 1
with a1 = s , By (t) = diag T me e )

Similarly, the PI control law is designed as

%y eu [ eydt
T, | =—Kp| e, | —Kpp / eydt 29)
z, e, [ erdt

—_——

Define the augmented kinetic loop error as
T

Eqr = [szdt Ez]
=[[edt [eds

Combining (29) and (30), the differential of the kinetic
loop error can be summed up as

[edi e e o] (0

Eqy = AyEqn
03 Iz
= E 31
[ —B2K;2 Az — BoKp ] @ ©1)
The desired Ay, can be selected as
03 Iz
Ale = 32
Ie [Hzl 1) Ha (r)} 32)
where Hpy (1) = diag(—az11, —ax1, —ax31), Hn (1) =

diag (—az12, —az, —az3). Similarly, azj; and azpp (j = 1,

2.3) still meet pyp (1) = —(gzji [1 =€) ().

we obtain
2
a1 = wy; (f)
w2 (1)
wy; (1)

azpp = &zjewnj (1) — (33)

Then we have
K =B, (1) Hai (1)
Kpr = By (1) (A2 (1) — Haa (1)) (34)

Hence, the time-varying linear feedback law 7; of the
kinetic loop is
1
T =T — KppEr — Kpp / E>d: (35)
0
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3) ADAPTIVE COMPENSATION CONTROLLER

In this subsection, a reduced-order ESO is constructed to
estimate and compensate for unknown time-varying distur-
bances. From [24], the novel reduced-order ESO is pro-
posed as (36)

{51 =—Bip1 — Bjv — P19 (36)
d = p1 + Biv

where ¢ = F; (v) + G (v) T + G3 (V) E (v), d denotes
the estimate of d, and its estimation error is d =d—d.
In addition, p; and B > 0 are the observe aux-
iliary state and the observer gain, respectively. Define
vg = d, then the output of disturbance compensation is
ug = Go (v) vg.

Due to the augmented kinetic loop error, (3) can be written
as follows

X =F11 (X2) + G (X2) T
+G33X2) EW)+ G X2)d @) (37)

where X; = [fudiv]", FuX)) = [vFi],

GnX) =[0G W], Gnx) = [5G W],
Gi3(X2) = [03 G3 (v)]T. From (4), nonlinear matrix
Go (v), G4 (v) and G5 (v) also meet the following condi-
tions: G11 (v) Go (V) = G2 (V), Gi1 (V) G4 (v) = G33 (v),
G22 (v) Gs (v) = G33 (V).

To improve the stability of the system, neural network
MLP is hired to eliminate the effect of unmodeled dynam-
ics. Define Wy = El Py (1), ¥2 = EL Py (1) G (X2),
U3 = E;;PZ (1) G33 (X»), where P (t) is a positive sym-
metric matrix. The compensation controller u, is selected as
follows

up = G4 (V) vy (38)

where v, = %‘-IJ?)T &@T(O, in order to avoid parameter drift,
the adaptive law with “k-correction” is designed as

A F] T ~T A
d>=7\113\113® ®—xI'd 39
where I'1 and « are two design parameters.

Meanwhile, to further improve the performance of the
control system, the adaptive robust control term is designed
to eliminate the estimation errors of neural network and
reduced-order ESO.

Then robust control term controller u, is selected as

ur = Go (V) vy (40)

where v, = @sgn(V¥y), in which the adaptive law is

proposed as
=T —Toyd 1)
where I'; and y are two design parameters.
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From the section D, an auxiliary system is constructed to
solve input saturation, which is rewritten as

3
Z |[Eqa; Ati| + 0.5AtT At

i=1

(= ]
+Art, I > o
03x1, ¢l <o
(42)
The control law 7, can be modified by
To = Tk + Uy — Uy — Uy — Uy 43)

where u;, = K¢, Ky = KYT € RP3isa positive design
matrix, and we define V4 = P> (1) G11 (X3) K.
Hence, the total control law is designed as

if To > Tmax
if Tmin < To < Tmax 44)

Tmin, if To < Tmin

Tmax

T =3 To,

IV. STABILITY ANALYSIS
By the above control law, the differential of Eq; and Eq, can
be rewritten as

Eqi = fi1 (t, Eq1)
= Ajc (1) Eq1 + 01 (o)
Egy = fn (1, E2) + G33 (X2) (BF1 () — vy)
+ G2 (X2) (d — vg — vr) + G111 (X2) K¢
= A (1) Eqz + 02 (o) + G33 (X2) (OF] (V) — vp)
+ G (X2) (d —va — vr) + Gi1 (X2) K (45)

where o1 (¢) and 0; (e) denote the high order term of
the Taylor expansion, From [23], o1 (e) and o> (e) satisfy
oy Il < &llEail* YIEall < a and [z (e)] <
£2||Em||2, VI|Eq2|l < o, respectively. £1 and £, are normal
numbers.

Theorem 1 [33]: Ape (m =1, 2) satisfies the following
Lyapunov function candidate

AL @) Py (8) + Py (1) Ape (1) + P (1) + O (1) =0 (46)

where P, (t) is a positive symmetric matrix, Q, () is a
continuous, bounded, positive definite, symmetric matrix.
P, (t) and Qy, (¢) satisfy the following property: 0 < c1,,] <
P, () < coml,Vt 2 tyg, c1yy > 0and ¢ > 0; 0 < 3,0 <
Om (t) < caml, ¥Vt > 1o, 3, > 0 and cgyy, > 0.

Theorem 2: Consider kinematics and kinetic dynamics
equation presented as (1) and (2) under the control law (44),
together with the reduced-order ESO (36), the adaptive laws
(39) and (41). If the selected parameters satisfy the following
conditions: 1) when ||¢|| > o, we choose ¢y > 1, ¢31 >
2811001, €32 > 20ra0027 + 15 2) when ||| < o, ¢31 >
201a1¢21, c32 > 2800022 + 1. The error signals of the whole
system are uniformly ultimately bounded (UUB), and the
tracking errors can be driven into a small neighborhood of
origin.
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Proof of Theorem 2: The Lyapunov function is constructed
as following

1 1
V=3 (E&P ) Ear) + 5 (EdoP2 () Ean)

1o yao b ype Lare 1
+ 51"]—1c1>2 + Erz‘lw% + szd + E;T; (47)

Differentiating (47) and substituting (45) into (47) yields

1
V= SEL (AL O PL @+ P 0+ PO AL () Ea
I v /.1 .
+ 5Eby (AL 0 P2 (1) + P2 (1) + P2 (0 A2 (1)) Eeo
1 A
+ W3 (WT® +e— E\ygcb@T@) +EL P (1) 01 (o)

+ W1 (02 (8) + AT) + EgpWal + W2 (d — v — vr)
+T] <1>c1>+r oTdt+adld+cTé (48)

With the Theorem 1, 14 yields

) 1, 1
V= _EEQIQI (1) Eqi — EEQZQQ (1) Eqo
1 s
+ W3 <WT® — 5\113T¢®T®) +ELP1 (1) 01 (o)
+ W (02 (o) + AT) + EL W4
W, <G5 (V)e+d — dsen (\1:2))
T+ 15 ad +dTd + ¢ T¢
1 1
= —EEglel () Eq1 — 5E92Q2 () Eqn
- 1 T T 1A 1
+&(—ywwvse’e+T1d )+
+EL Py (1) 01 (8) + Wy (02 () + AT) + EL, Wy
+u, <G5 (V) e+d — dsen (\1/2))
+T5 oTéd+dld+eTé (49)
If H Gs(v)e + 3” < w, we have
) 1 1,
V< _EEQIQI () Eq1 — EEngz () Eqn
- 1 T T 14 1
+& (-390 +Ty1e )+
+ELP1 (1) 01 (o) + Wy (02 (9) + AT) + ES,Wag
— )l @+ Ty oTd+adTd+cT¢ (50)

Submitting the adaptive laws (39) and (41), reduced-order
ESO (36), we obtain

) 1 1 % 2
V< _EEélQl (1) Eq1 — 5552Q2 @) Eqy — k@D
1
+ 5 + Eélpl (t) o1 (o) + W1 (02 (o) + AT)
+EL Wi —yo w——HdH +¢'¢ (61
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From Young’s inequality, we have P > % (&)2 - <I>2)

and o > 4 (1617 - lol?)
analysis, (51) can be written as

. According to the above

. I 1 K =5
V< —EEle (1) Eq — EEngz (1) Eqo — 543

~ Bi~12
- 216l - 5a| + ELp 0o @)
1 T 2 1 T, T
£, (0 (o) + AT) + EHEQZH + 5"
K 1 .
+5¢2+§nwn2+5+c% (52)

(1) when ||¢]|| > o, from (43) and Young’s inequality,
we have

3
("¢ = —tTKer =) |ExAT|
i=1

1
— EAtTAr + {TAI

IA

3
1
—¢TKe ¢ - le |Exiftl +2tTc (53)
1=
Substituting (53) into (52) yields

. I 7 I _r K ~»
V< —EEngl (t) Eqi — 5E92Q2 (1) Eqz — ECD
Lol — 2+ 2 @ on o
K
TV (0 (o)+Ar)+§HEmH + EZT\I"‘ Wit + 50
> 1
¢TKee = ) IExdnil+ 5T

Yol + 1 -
+ 5 llel”+ 2
i=

2
1 2
< —3 (c31 —281a1c21) 1 Equl
L _ _ 2_ Kz ¥
> (c32 — 2800c00 — 1) [[Eqal| <1> || |12

_%‘EJHZ—[XM(IQ \y4\1/4> ]

3
+ (2= DY IExAul+ 507 + Tlol? 16w

2
i=1
Set A = %(C31—2Z10¢162]) > 0, A =
Tl —2bmen—1), A3 = 5 a = 4 a5 =
Bode = xmn(Ke—30iwy) -1 > 0 A =

3
(c2— 1) Y |EsiATi| + 507 +

i=1

V < —allEqil?

Lllwl*> + 1, (54) becomes

— MllEgal? — 23®% — rsll@)?
N2
—xSHdH T+ AL (55)

Define A1; = min{Ay, Ay, A3, A4, A5, Ag}, then it follows
form (55) that

V < =2AnV + A (56)
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Solving inequality (56) gives

. Aq T A
vV<(vo--—L nty 21
N ( © 2)»11>e * 2A11

A
<V©Oe P L yisg (57)
211

(2) when ||¢|| < o, from (43) and Young’s inequality,
we have

¢'c=0 (58)

1 1
SC WG Wag = =S W+ T g

IA

1
—3T W v o wiw| 59
Lool 1 Ljacp (60)
= —|lAT

2 1T

Substituting (58), (59) and (60) into (52) yields

VAT

IA

. I I _r K ~o
V < _EEngl () Eq1 — EEngZ @) Eq — E‘b
~ 112
Lyl = ZLa) 4 Ly 01 0+ wio (0

1 2 1
raleal g we ot wlw]

1 1 K % 1
—w ! 4 AT+ 207+ Dl + =
HWY +SIATI + 507+ S el + 5

1
—5 (e31 = 26enien) IEq1|?

IA

1 c -
— 5 (en = 20men — 1) [Eaa|* ~ 5 &7

v Bipgf?_ ]
= 21612 = 21| = 5 s (WF ) £

1 1
y el |+ iaci + 02 el w

K. .2 VY 2, 1

ot 4+ = - 61
+ 50+ Zlol® + 3 (61)

Set A7 = 5 xmin (W1 Wa), Az = 3 |@19] || + 5llAzl +
o | W w,| + 5% + Lowl* + %, (61) becomes
V < —rllEqil? — MllEqll® — 238 — Asll@)

2
—As HdH —ameTe+ A (62)

Define Ay = min{Aiy, Ay, A3, A4, A5, A7}, then it follows
form (62) that

V< —2anV + Ay (63)

Solving inequality (63) gives

. Ao Dot A

V < (V(O)—Tzz>e 2 +E

<V (0)e P2l 4 ﬂ,

- 2A22

Through the above inference, it can be seen that V is

eventually bounded by 21;—]11 or A

vVt >0 (64)

2 Aj Ao
P Therefore, 3 O 2
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can be made arbitrarily small with the appropriately chosen
parameters, and the whole error signals are UUB.

V. NUMERICAL SIMULATIONS

A. CONTROL PARAMETERS ADJUSTMENT SUGGESTIONS
In order to adjust the trajectory tracking control parameters
faster and more accurately, many adjustment strategies are
given for control parameters: élj, 1), $2j, wyj, Kr, Ky, hy,
r1, I'1, k, B1, ['2, y. The purpose of properly adjusting the
parameters is to improve the control performance of the sys-
tem by reducing tracking error or reasonable tracking speed.
However, it is difficult to reduce tracking error or reasonable
tracking speed at the same time. Therefore, all parameters
need to be considered as a whole to enhance the control
performance of the system.

(1) For TLC control parameters, first, the feedback gains
§1; and &2; should satisfy condition of the eigenvalue. Then the
closed-loop bandwidth w;; and wy; should satisfy the surface
vessels tracking requirement, and the kinetic loop bandwidth
should be at least three times higher than the kinematic loop
to satisfy the singular perturbation assumption. In addition,
the closed-loop bandwidth should be as low as possible. This
is because the lower bandwidth can reduce power consump-
tion and noise in the control process.

(2) hy and ry are the control parameters of NTD. The size of
acceleration factor r determines the tracking speed of NTD.
As r1 becomes larger, the tracking speed is faster. The small
sampling period s can reduce noise. Therefore, the proper
adjustment /; and ry can accurately track a given signal.

(3) Large values of adaptive gain I'1 and I'; can improve
the learning speed of neural network MLP and the ability of
robust term to compensate error, respectively. Here, x and
y of the selection are too small, which makes the value of
A1 and A, smaller. However, the value of A and Ap will
directly affect the robustness of (39) and (41).

(4) B1, K; and K need to be adjusted within a range. If all
are too large or too small, which will affect the performance
of reduced-order ESO and auxiliary design system. There-
fore, in the process of adjusting parameters, it needs to be
optimized and adjusted together with 51,-, w1}, $2j, wyj, i, 11,
', k, T, y.

B. SIMULATION RESULTS AND COMPARISON

In order to demonstrate the effectiveness of the proposed
scheme, we compare it with three control methods: backstep-
ping with integrator control strategy [46], adaptive dynamic
surface SMC [47] and PID control strategy. For this purpose,
CyberShip 11 [48], [49] is taken as the control object. Relevant
parameters of the dynamics for CyberShip II are described in
the Table 1. In addition, the tuned controller parameters and
initial parameters are listed in the Table 2.

In the simulation, the reference path:

X4 2.55in (0.02¢)
na = | ya | =1 251 —cos(0.02t))
Va 0.02¢
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TABLE 1. Parameters of the model ship.

Parameter | Value
mi1 25.8
mo2 33.8
mass3 2.76
c13 -33.8v-1.0115r
co3 25.8u
€31 -C13
c32 -Cc23
di1 0.72
do2 0.8896
dos 7.25
d3a 0.0313
dss 1.9

TABLE 2. Initial conditions and controller parameters.

Parameter Value
Initial conditions for [ (0) = [0.1m;0.2m; 0.1rad],
surface vehicle v (0) =
[0m/s;0m/s; Orad/s]
backstepping with inte- | C1 = diag (40, 40, 40), C2
grator method diag (150,150, 150), K

diag (5,5,5)
adaptive SMC Ko = diag (3,3, 3),
diag (0.8,0.8,0.8),

K =

Ko diag (100, 100, 100),
' = diag (10, 10, 10)
PID method Ky =
diag (5000, 3500, 3500),
K; = diag(200,200,200),
K4 = diag (1000, 600, 200)
NTD h1 = 0.02s, 71 = 0.06rad/s?

the kinematics loop £1; =0.7(3 =1,2,3), w15 =
2.5, Q1 (t) = 0.51g

& = 09(j=123),
waj = 10, Q2 (t) = 0.91g,
I't = 100, k = 0.5, 1 = 10,

the kinetic loop

I's = 0.001, v = 0.01,
K¢ = diag (2,2,2),

s = diag (1,1,1),
¢ = 0.1, Timax = 240N,
T1 min = —240N,
T2 max = 250N,
T2 min = —250N,
T3 max 150 (Nm),

T3 min — —150 (Nm)

Finally, in order to show the results of comparison more
clearly, ITAE index is hired to quantify the tracking
error [50].

t

ITAE = /t|nd —n|dt (65)
0

In order to demonstrate the effectiveness and robustness of
the proposed scheme, without changing any control param-
eters, we consider the system in two cases. The first case
is that a small uncertainty and disturbance are employed.
The second case is that a large uncertainty and disturbance
are considered.

Case I: The unmodeled degree coefficient 6 = diag
(0.6, 0.6, 0.6), according to [6], the multiple disturbances are
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FIGURE 4. Tracking trajectory performance under case 1.
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FIGURE 5. Tracking trajectory results under case 1.

given as

0.5+ 0.15sin (0.2¢) + 0.3 cos(0.11)N
0.5+ 0.2sin (0.2¢) + 0.2 cos(0.4¢)N (66)
0.5+ 0.1s8in (0.1¢) + 0.1 cos(0.21)Nm

d(t) =

The circular path simulation results are shown in Figs. 4-8.
In addition, the ITAE index of the tracking error is reported
in Table 3.

Fig. 4 demonstrates the comparison performance of track-
ing trajectory under a small unmodeled dynamics and
unknown time-varying disturbances. From Fig. 4, it is obvi-
ously observed that all the four controllers provide very good
tracking performance for the system. However, as the results
shown in Fig. 4, the proposed scheme converges faster than
that of backstepping with integrator, adaptive SMC and PID.
In addition, the tracking trajectory results of the controllers
are further shown in Fig. 5. We can see that the tracking
results of the proposed scheme is the the best in the four
control methods. Fig. 6 shows the control efforts of these
four control strategies. It can be clearly observed that the
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FIGURE 6. Control efforts of the controllers under case 1.
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FIGURE 7. Disturbance estimation error under case 1.
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FIGURE 8. Unmodeled dynamics estimation error under case 1.

control inputs of backstepping with integrator controller and
PID controller exceed the maximum value of the propul-
sion system. But only 1, of the proposed scheme has input
saturation. This is because NTD and pseudo-differentiators
are used in the proposed scheme, input saturation phe-
nomenon is directly avoided within a certain range, and much
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TABLE 3. ITAE index under case 1.

ITAE Value

The proposed | ITAE, = 2.991

scheme ITAE, = 2.643
ITAE,, = 0.102

backstepping | ITAE, = 44.77

with ITAE, = 53.32

integrator ITAE,, = 2.427
Adaptive SM- | ITAE,, = 44.6

C ITAE, = 76.49
ITAE,, = 4.369
PID ITAE, = 59.92
ITAE, = 81.02
ITAE, = 3.574
= Reference path
6 T T T T ==The propoesd scheme
=== Backstepping integrator
""" Adaptive SMC
51 =:=PID
4 4
3+ i
h 2+ i
1 4
or i
1 ' L . L L L
3 2 -1 0 1 2 3 4

z (m)

FIGURE 9. Tracking trajectory performance under case 2.

smaller forces are generated. Fig. 7 and 8 clearly demonstrate
that disturbance estimation errors and unmodeled dynam-
ics estimation errors are almost zero. From the ITAE value
in Table 3, we can see that the error values of the four con-
trollers are [2.991,2.643,0.102]", [44.77,53.32,2.427]",
[44.6,76.49,4.369]7 and [59.92,81.02,3.574]7, respec-
tively. The responses of the proposed scheme is better than
the backstepping with integrator, adaptive SMC and PID,
and it is only [6.68% , 4.96% , 4.2% ] of backstepping with
integrator, [6.7% , 3.46% ,2.33% ]T of adaptive SMC and
[4.99% ,3.26% ,2.85% ]! of PID. Through the above anal-
ysis, we can conclude that the proposed scheme is the best
among controllers in faster convergence speed, tracking per-
formance and lower tracking error.

Case 2: The unmodeled degree coefficient 6 = diag
(6, 6, 6), the multiple disturbances are given as

10 (0.5 4+ 0.1sin (0.2¢) + 0.3 cos(0.17)) N
10 (0.5 4+ 0.2 sin (0.27) + 0.2 cos(0.41)) N (67)
10 (0.5 4+ 0.1sin (0.1¢) 4+ 0.1 cos(0.2¢)) Nm

d@)=

Simulation results are demonstrated in Figs. 9-13.
Similarly, the ITAE index of the tracking error is reported
in Table 4.
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FIGURE 10. Tracking trajectory results under case 2.
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FIGURE 11. Control efforts of the controllers under case 2.
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FIGURE 12. Disturbance estimation error under case 2.

The tracking performance and results of four control
methods are demonstrated in Figs. 9-10. From Figs. 9-10,
we can see that the backstepping with integrator, adaptive

5068

1 (rad)

=4

=3

3
=T
1

Model error

 (rad)

=4

o

T
=
1

Model error

o
-
I
I
[}
[}
]
1
I
1
1
1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
[}
[}

[}

1

1

1

)

)

1

|

L .
0 50 100 150 200 250 300 350
Time(s)

3 (rad)

=4

=3

S
T
L

——— ——
- - - ~—od
- ~

Model error

4
=3
S

L L L L
0 50 100 150 200 250 300 350
Time(s)

FIGURE 13. Unmodeled dynamics estimation error under case 2.

TABLE 4. ITAE Index under case 2.

ITAE Value
The proposed | ITAE, = 3.428
scheme ITAE, = 7.493
ITAE,; = 1.141
backstepping | ITAE, = 451.4
with ITAE, = 533.6
integrator ITAE,, = 24.62
Adaptive SM- | ITAE, = 88.36
C ITAE, = 162
ITAE,, = 16.87
PID ITAE; = 600.4
ITAE, = 812.6
ITAE,, = 34.93

SMC and PID provide worst tracking response and precision
in a large uncertainty and disturbance. On the other hand,
as shown in Fig. 9, the proposed scheme converges faster
and provides better tracking performance than the backstep-
ping with integrator, adaptive SMC and PID. Fig. 11 depicts
control efforts of four control methods. From Fig. 11, it is
clearly noticed that the controllers have reached saturation
at the beginning. Due to a large disturbance and control
gain, the controllers produce initial values greater than the
actuator output capability. Hence, it is necessary to take
into account input saturation. Fig. 12 and 13 show that
disturbance estimation errors and unmodeled dynamics esti-
mation errors can still converge to zero quickly, and eventu-
ally maintains stable near zero. In addition, Table 4 shows
the greatest advantage of the proposed scheme. From the
ITAE value in Table 4, we can see that the error value
of the proposed scheme is [3.428, 7.493, 1.141]T, and it is
only [0.76% , 1.40% ,4.63% 17 of backstepping with inte-
grator, [3.88% ,4.63% ,6.76% ]T of adaptive SMC and
[0.57% ,0.92% ,3.27% 1" of PID. Despite a large uncer-
tainty and disturbance, the value of ITAE increased from
[2.991,2.643,0.102]7 to [3.428,7.493, 1.141]7, increasing
by only [0.437, 4.850, 1.039]7 . Obviously, in terms of track-
ing error, the proposed scheme provides much lower tracking
error and stronger robustness compared to the backstepping
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with integrator, adaptive SMC and PID. Therefore, based on
the above analysis and results, when considering the perfor-
mance of the controllers in all aspects of a control system such
as tracking precision, convergence speed, control efforts and
the robustness, the proposed scheme is the best among the
compared four control strategies.

VI. CONCLUSION

In this paper, on the basis of considering the saturation of
the actuator, a novel robust compound control scheme has
been developed for tracking control of fully actuated surface
vessels with unmodeled dynamics and unknown time-varying
disturbances. The key to this article is that TLC technology is
first applied to the design of trajectory tracking controller for
surface vessel. Combining TLC technology, neural network,
reduced-order ESO, NTD and auxiliary dynamic system,
an adaptive trajectory tracking controller is design, which not
only can eliminate the influence of the system uncertainties
but also can improve tracking accuracy. More importantly,
in contrast to traditional control algorithm, the proposed
scheme has a strong robustness. All signals in the the whole
system are guaranteed by Lyapunov stability theory. The
proposed scheme has been tested in the simulated surface
vessel and compared with other control methods. The results
demonstrated the superior performance of the developed con-
trol strategy.

Many effective techniques including TLC, MLP and ESO,
aims to handle a series of problems in trajectory tracking
control rather than a specific unmodeled dynamics and time-
varying external disturbances problems. Therefore, further
work will also include problems of underactuated nonlinear
uncertain system, the finite time trajectory tracking and their
relationship.
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