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This paper investigates the formation keeping problem of heterogeneous ships with underactuated inputs,
uncertain dynamics, and environmental disturbances. The control objective is to make the heterogeneous
followers keep the desired formation while tracking a leader. To solve the problem effectively, a novel virtual
leader—follower formation scheme considering the ship heterogeneity is proposed by utilizing the backstepping
method, adaptive neural network, and adaptive control law. The stability of the formation control system is

proved based on Lyapunov’s direct method where all tracking errors are guaranteed to be uniformly ultimately
bounded. Finally, simulations and comparisons are conducted to verify the effectiveness of the proposed control

law.

1. Introduction
1.1. Motivation

In recent years, the formation control of multiple autonomous ma-
rine surface vessels has attracted huge attention due to its advantages
in widespread applications in water space (Zereik et al., 2018). By
selecting appropriate control strategies, formation controller can ensure
a group of ships keeps the desired relative posture, maintains the
coordinated movement, and finally completes a specific task (Ren and
Cao, 2011; Chen and Wang, 2005). Compared to individual applica-
tions, formation applications can improve the efficiency of repetitive
or continuous tasks. Relevant applications can be roughly summarized
from military to civil missions, such as unmanned patrolling, surveil-
lance, unmanned convoying, marine survey, environment monitoring,
rescue, and cargo delivering. The existing applications and research
mainly prefer to use small unmanned surface vessels (USVs) to carry
out theoretical verification due to their good control performance and
accessibility. Nevertheless, huge demands on the economy and carbon
emissions attract research on large ships, especially on cargo delivery
ships.

In 2017, to solve the problem of cargo transportation in the inland
river and short sea, Novimar (2017) has put forward the concept of

Vessel Train and done some research on ship design, logistics trans-
portation strategy, formation controller design, and so on (Munim,
2019; Haseltalab et al., 2019; Chen et al., 2019). Virtual simulation ex-
periments of Vessel Train are carried out in MARIN to test the proposed
formation controller. Moreover, full-scale demonstrations are executed
to show their effectiveness on real ships. Additionally, this project has
put forward a lot of effective suggestions from logistics, control, policy,
emissions, and other aspects (Colling and Hekkenberg, 2019; Colling
etal., 2021; Meersman et al., 2020a,b). However, the NOVIMAR project
aims at exploring the accessibility of isomorphic formation control con-
sidering the existing European navigation environment and the current
technological development, where heterogeneous ships are considered
a huge challenge and are neglected because of the technical difficulties
among different ships. Thus, formation control of heterogeneous ships
is changeable and is worthy of study.

A vessel can be taken as an agent in development of the forma-
tion control algorithm. Isomorphic agents are widely considered in
formation control on robots, planes, vehicles, and ships, where the
research objects are defined with the same maneuverability and types.
Specifically on previous research, isomorphic agents are regarded to
have the same dynamic model and even the same parameters. However,
the research objects in real world are not the same. It is of great
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challenge to figure out the performance of heterogeneous controlled
objects. In previous studies, heterogeneous agents can be summarized
into two aspects. One is the different dynamic model, usually, the
control objects are divided into first-order, second-order, or high-order
multi-agent systems (Zheng et al.,, 2011; Shimin et al., 2020), for
example, the formation between unmanned aerial vehicles (UAVs) and
unmanned ground vehicles (UGVs) (Rahimi et al., 2014). The other
aspect is the different heterogeneity dynamics in the same dynamic
model, where, for example, (Liu et al., 2021) stresses the heterogeneity
dynamics in AUVs. Similar to these heterogeneous agents, heteroge-
neous ships are assumed to equip with different maneuverability and
control characteristics. The heterogeneous features may come from
different ship types, ship parameters, propulsion systems, and those
properties that have effects on control performance. Some studies have
noticed the heterogeneity of hydrodynamics caused by currents and
waves (Yuan et al., 2017). However, these studies do not consider
other heterogeneous characteristics. Compared with isomorphic ship
formation, research on heterogeneous ship formation need to focus
on the more important issue: universality of formations. From the
perspective of control, the factors on heterogeneous formation can be
concluded as follows:

1. The static differences of ships including ship coefficients, scale,
propulsion, and other fixed features that will not change during
the navigation;

2. The dynamic differences of ships including ship draft, load,
speed, and other changeable motion parameters;

3. The disturbances differences including internal ship motion
model uncertainties, external environment disturbances, com-
munication errors, control delay, system response time, and
other unknown factors.

Motivated by previous research, this study concerns how to apply
formation control technology to heterogeneous ships with different
maneuverability and types. In this study, the differences are described
by using different ship parameters considering the same ship motion
model. Ship unknown dynamics and uncertain disturbances are both
considered during the formation control process.

1.2. Related works

Usually, the establishment of the formation control algorithm needs
to consider the kinematic model of the research object first. Then, the
matrix form is used to describe the formation structure and the control
methods are determined by choosing different targets and objects. The
Lyapunov method is also demonstrated to guarantee the stability of
the proposed controller (Oh et al., 2015; Das et al., 2016). Peng et al.
(2020) has concluded some core issues on formation control problems,
where the preliminary issues could be summarized as non-linearity,
uncertainty, under-actuation, constrained variables, unmeasured states,
scare communication bandwidth, and collision avoidance. From the
classification of formation structure, three common formation modes
are summarized including: leader—follower approach (Wang et al.,
2020b; Peng et al., 2020), virtual-structure approach (Liu et al., 2017;
Gu et al., 2019; Fu et al., 2017), and behavior-based approach (Ar-
richiello et al., 2006). All these methods have their advantages and
shortcomings (Ghommem et al., 2007). Moreover, other approaches
like graph theory (Li and Zheng, 2018), and the artificial potential
function (Li and Zheng, 2018) are receiving more and more attention
due to the systematic research on their information flow and formation
structure.

The most common and efficient method is the leader-follower ap-
proach. After Breivik et al. (2008) proposed the initial leader—follower
formation control scheme on ships by using three degrees of freedom
(DOF) on the full actuated ship model. 4 DOFs underactuated ship
models are considered in (Chen et al., 2020) to guarantee the formation
error limiting in finite time. However, high-order DOFs need more
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input degrees, which are not common in real ships due to the under-
actuation. Thus, 3 DOFs is appropriate to describe the characteristics
of the formation control.

Since the sliding mode control (SMC) has been successfully em-
ployed in the area of formation control problems owing to its strong
robustness and simplicity. Many research have modified SMC algo-
rithms to solve formation problems. Sun et al. (2018) proposed the SMC
controller with estimation on ship unknown parameters and the envi-
ronment disturbances. Wang et al. (2020b) improved the SMC structure
with PI sliding surface and introduced the command filter based on
the dynamic surface control technique (DSC). Wang et al. (2020a)
has simplified the design process of the backing stepping design and
reduced the influence of high-frequency measurement noise. The input
constraints of formation control on ships are considered in (Riahifard
et al., 2020), where neurodynamic optimization and fuzzy approxima-
tion are presented as well to solve the uncertainties of disturbances and
unknown dynamics. Lu et al. (2018) proposed a novel robust adaptive
formation control scheme based on the minimal learning parameter
(MLP) algorithm and the disturbance observer (DOB), which reduces
the computational effort and increases the ability to compensate the
external disturbances. Nevertheless, most researchers have used same
ship dynamic models to verify the effectiveness of their proposed
formation controller. They lack discussions on the performance of
heterogeneous dynamics between different ships.

1.3. Study organization

In this study, we emphasize the ship formation performance with
heterogeneous parameters according to the summarized reasons for
the heterogeneity features. To solve the problem of controlled objects
on under-actuated heterogeneous cargo ships, the static differences
of heterogeneity parameters are first considered. Furthermore, the
formation control problems are extended from isomorphic ships to
heterogeneous ships with the consideration of uncertain dynamics and
unknown disturbances.

The main contributions of this work can be summarized as follows:

1. The ship formation controller with heterogeneity ship dynamics,
time-varying disturbances, and uncertainties is investigated. Es-
pecially, the heterogeneous features of ship control aspects are
summarized.

2. The static ship heterogeneity dynamics are considered during the
formation controller design, and the results show that the pro-
posed controller has high compatibility and adaptability in both
isomorphic and heterogeneous formation keeping problems.

3. Considering the factors on formation control, including the in-
ternal errors caused by ship model uncertainty and external
errors caused by the environmental disturbances, the proposed
controller can achieve effective control performance. To make
the formation scheme smoother and less complex, methods of
limiting virtual control speed, using offline rolling RBF networks
are introduced to improve the computing performance of the
control law.

This research is organized as follows: the kinematic and kinetics
model of an underactuated ship with heterogeneity dynamics, model
uncertainties, and unknown disturbances are introduced in Section 2,
where the virtual leader—follower formation structure is demonstrated
as well. In Section 3, a preliminary controller with improved virtual
speed selection is established for the structure of the formation con-
troller. Furthermore, consideration on ships’ uncertain dynamics and
external disturbances are well approached by adaptive estimation and
approximation approaches in Section 4. Additionally, the stability and
robustness are verified by the Lyapunov direct method. Simulation
results and analysis on isomorphic and heterogeneous ship models are
given out in Section 5. Finally, Section 6 concludes the paper.
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2. Problem formulation
2.1. Dynamic model of a ship

As ship control is very complicated due to the complexity of the
ship motion model, unknown hydrodynamics estimation, and so on.
To simplify this process and ensure the control accuracy, a three
DOFs underactuated ship model including surge, sway, and yaw is
considered. According to (Fossen, 2011), it can be described as:

X =ucos(y) — vsin(y)
y = usin(y) + vcos(y)
y=r
< .
i = ((myvr —dyu— f,) + 7, + 1) /miy
0= ((=myur — dypv = f,) + 7)) /M2
F= ((mll _m22)uu_d33r_fr+fr+7wr) /m33;

@

where (x, y, ) denote the gravity displacements and heading angle in
the earth-fixed frame. (u,v,r) are surge, sway, and yaw velocity, re-
spectively. (m,, my,, m33) denote the ship inertia coefficients including
added mass effects. (d;, d,,, d33) represent the hydrodynamic damping
coefficients. (z,,,7,,,7,-) denote the time-varying external environ-
ment disturbance including waves, currents, winds, and other distur-
bances. (f,, f,. f,) are the ship uncertain dynamics. (7,,0,7,) are the
underactuated inputs.

Remark 2.1.
satisfy

Suppose that the external disturbances (z,,,7,,, 7,,)

|7l < I70] [l < |70l |7ur| < 70l @)

where the 7 > 0,7 > 0,7 > 0 present that the upper bounded of
external disturbances.

Here are some basic lemmas that can be referred to in the context.

Lemma 1. According to literature (Polycarpou, 2001), For Ve;, w; € RT,
we have

0 < |w;| — w; tanh w; = |w;| — w; tanh (w; /¢;) < 0.2785¢,,

where i =1,2.

Lemma 2. The radial basis function neural network (RBFNN) has been
confirmed to have a great performance on approximating the unknown
function. It can be described as:

(2 =W TH(Z) +¢,

where Z € R* is the input data, H(Z) = [h(z), hy(2), ..., h,(2)]T is the
basis function vector, where it can be chosen as:

Hx - CJHZ

H _ (x) = exp(—
4 (%) = exp( o

),j=12,....n
¢ is the error of the approximation function.
2.2. Virtual leader—follower model

The formation model based on the leader—follower has been pro-
posed in research (Wang and Li, 2020; Wang et al., 2020b). In this pa-
per, to simplify the leader-follower structure, a virtual leader—follower
structure is defined in Fig. 1 referred to (Chen et al.,, 2020). This
figure presents the basic geometric structure of the two ships based
on the virtual leader—follower approach, where X, — Y, denotes the
earth-fixed frame, x — y stands for the body-fixed frame. (x;,y;,y;),
(X4, Y4 Wgq), and (x, y, w) represent the position and heading angle of the
leadership, virtual ship, and the follower ship, separately. (u;,v;,r;),
(ug,vq,rq), and (u,v,r) are their surge, sway, and yaw velocities. The
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YE
+ 1,00
Follower
(xz55,)
Virtual vessel x,,0,) X,
L)L .
Leader
o, X

Fig. 1. The formation structure of the leader—follower approach.

formation structure can be constrained by distance p and relative angle
A. Thus, we have

p= \/("L_X)z"'(YL_y)2 3)

A = arctan (yL -V, X —x).

Suppose the virtual vessel can keep the formation structure strictly
in real-time. If the follower can track the virtual vessel, the desired for-
mation can be completed. Thus, the follower position can be calculated
by:

X4 Xz cos(wy) —sin(yy) 0)(p,cos(4y)
Ya |=|yr [ +]sinlwr)  costwp)  Off pysin(y) |, (€]
Va VL 0 0 1 B

where f is the heading angle error between the follower and the virtual
vessel.

Remark 2.2. The leadership’s position and heading angle (x;,y;,y;)
and formation structure parameters (p,, A;) and g are known.

Assumption 2.1. The variables of following ship including (x, y,y),
(u, v, r) and their first derivative and second derivative are all smooth
bounded.

Thus, the error of the virtual follower’s position in the earth-fixed
system is given by:

X, =X— X4
Ye=Y—Ya ()
Ve =V —Yy.

If the x = x4,y = y;,¥ = wy, which means p = p;,4 = 4,4, and
the desired formation structure is achieved. Thus, the formation control
problem can be transformed into a trajectory tracking problem.

2.3. Controller objectives

Under the assumptions, the formation control target can be divided
into two parts.

Kinematics goal. In earth-fixed coordination, given the desired
formation structure p,; and A,, choose suitable virtual ship speed con-
trol law «, and «, to ensure p - p, and A - 4,.

Kinetics goal. For kinetics goal, choose suitable input torques 7,
and 7, to ensure the follower can achieve u — «, and v — a,.
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3. Preliminary controller design and stability analysis

In this section, a preliminary formation controller based on the
virtual leader—follower approach is introduced. Based on the analysis
in Section 2.3, the kinematics and kinetics of the formation system are
designed respectively. Moreover, considering the underactuated char-
acteristics and calculation complexity, some innovations are proposed
to improve control effectiveness. The preliminary formation controller
in this section is proposed under the following assumptions.

Assumption 3.1. Firstly, the preliminary formation controller ignores
the uncertainties of ship dynamics, which means

(fyu» [y f) are neglected. Secondly, the upper bounded disturbances
¢, > 0,75 >0,7F >0in Remark 2.1 are known.

wr
3.1. Kinematics control

To design a suitable controller of the kinematics control in earth-
fixed system. Define the Lyapunov function candidate of x, and y, as
the following:

1 1
Vi=3xc+sv (6)

where V; > 0, if and only if e, = ¢, = 0, V| = 0. By using backstep-
ping method, to make sure the V] is negative definite. Comparing to
traditional Lyapunov function x, = —kx,, y, = —ky,, we choose a more
reliable structure as

X —kx,//x2+)y2+C
[xe] _ e T Ve )

. b
Ye —ky /A[x2+y2+C

where k and C are constant parameters. Differentiating Eq. (7), we have

Vi =X + Yebe = =k (x2 +2) /4/x2+ 2+ C 0. (8)

Therefore, the error (x,, y,) are asymptotically stable. Thus, the time
deviation of the Eq. (7) along with Eq. (1) is

X, cos(y) —sin)] [ Xy
= -1.91- (C)]

e sin(y)  cos(y) Ya
Suppose u — «a, and v — q,, thus, the virtual control law «, and «,
are given as:

SIS

[au _ [ cos(y) Sil’l(l]l)] Xq —kx,/ xf, + yﬁ +C 10)
a, =sin(y)  cosWf |y, — ky,/ x2+32+C
Define w = y/x2 + y? + C, Eq. (10) can be rewritten as:
@ _ [cos(u/) sin(q/)] [)'cd - kxew_l] an
a, —sin(w) cos(w)| |y — ky,w'|’
and the derivative of Eq. (11) is
du] _ [—rsin(w) rcos(u/)] %g — kwlx, +
a, —rcos(y) —rsin(y) yg — kwly, 12)
cos(y) sin(y/)] [jéd —k(w —w3x2) x, + kw‘3xeyeye]
—sin(y) cos@)| |Fg — k (w! = w™y2) ¥ + kwSx,p,%, |
Let
£ = (g =k (W™ = wy2) 3, + kw3x,y,%, ) cos(y) 13
= (g =k (' = wx?) x, + kw™x,¥,7,) sin(y).
Thus, we have
&, = —ra, —ri, + f. a9
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3.2. Kinetics control

As the virtual control law of (x,, y,) has been established, the next
step is to design the control law of (r,, 7,) to realize the tracking of vir-
tual speed control. By using the sliding model control and backstepping
method, the lateral motion control 7, and the surge motion control z,
are developed.

3.2.1. Surge control law
Define the error of surge motion:

U, =u-—a,. (15)

Since the virtual speed can guarantee the stability of the tracking
error of body-fixed coordinate, the error of surge error is used to
represent the position variables. Hence, define the PI sliding surface
as follows

t
Si=u, + A / u,(r)dr, 16)
0
where 4, is a positive constant. The time derivative along Eq. (16) is
presented
S| =t—da,+Au,
_Mp dll Tyt Ty a7)
=— — U+ —

vr — — &, + A,
my myy my

choose S, = 0, we have
Tueq = —MpUr + dyju + my &, — Aymyu,. (18)

By choosing a suitable Lyapunov function candidate, the control
law can reach the sliding surface in a finite time. Thus, choosing a
reaching-law as:

Tusw = —Kysgn (S)), 19)

where the sign function is presented as:

1, a>0
sgn(a) =4 0, a=0 (20)
-1, a<O.

Thus, the total surge input is 7, = 7yeq + Tysw-
Defining the Lyapunov function

1
V, = 5musf, (21)
and the time derivative of Eq. (21) along with the solution Eq. (17)
satisfies

I./2=’"11515'1

my dy
=mS <—Ur— —u+
my myy myy

T, + Tyu

—du+/11ue> (22)
< Twu |Sl| - Kl |SI | >

where if choosing K| =, + 7} , and #, is a positive parameter. Thus,
we have

Va <= |8y 23
3.2.2. Sway motion control

Similar to the surge motion control, the error of lateral tracking is
defined as

U, =V—a, 24)

and the sliding surface is selected as:

Sy =0, + Ahv,. (25)
Differentiating Eq. (25) with Egs. (1), (10)-(14), we have

Sy=i—d,+4(0-4q,)

(26)
= <(m22au - mllu) (Tr + 7'—wr)

— h) [myyms3,
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where

h =—my mgzur — myu ((m“ - m22) uv — d33r)
— my3dy 0+ myyt,, + mpa, ((m” - m22) uv — d33r) 27)
+ my,ms3 (rdu —f+4 (U’ - du)) .
Suppose the S, = 0, we have

Treqg = 1/ b, (28)

where b = m,,a, — m u, a suitable switch control law is selected as:

Trsw = _kZSgn(SZ)' (29)
Thus, the lateral motion control law is proposed
Ty = Tpeq + Trg = (h — K;5g0(S,))/b. (30)

For most surface vessels, my, > 120%m;, referred to (Gao, 2006).
Thus, we suppose b > 0. To ensure the stability of v,, a Lyapunov
candidate is defined as:

1
V; = zm22m33S§. (31
Differentiating Eq. (31), we have
V3 = mymy38,S,
= myymy3S, ((b7, + b7y, — h) /myyms3) (32
=5, (K, sgn (S;) + bz,,,.) -

To ensure V; < 0, Control parameter K, is designed as

K, =n, + Bt} , (33)

where 5, > 0, B is the upper bound of b, B is positive parameter. Thus,
we have

V3 <=y | Sy (34
Choosing a whole Lyapunov candidate as:

Vo=V, +V;. (35)
Differentiating V, with Egs. (23) and (34), we have

V,=V,+V;3 50, (36)

which shows all tracking errors in formation systems are uniformly
ultimately bounded.

Moreover, besides tracking the virtual speed of surge and sway
direction by using backstepping and sliding mode algorithms, the speed
of yaw motion is also analyzed. Define the following Lyapunov candi-
date function

Vs = %mas"z- (37)

Differentiating Eq. (37) along with Eq. (1)

Vs = r((my; — myp)uv — dszr + 7, + 7). (38)

From Eq. (38), if |ds3r| > |r((my; — myp)uv —
Vs < 0, Vs is a decreasing function. As 7, 7,4, v are all bounded,
when r satisfies |ds3r| > |r((m — mp)uv — dyzr + 7, + 7,,,)|, r is a de-
creasing function because of Vs. Therefore, the yaw motion speed is
proven to be Bounded-Input Bounded-Output (BIBO).

dsy3r + 7, + 7,,)| satisfies

4. Advanced controller design and stability analysis

Since the preliminary formation controller in Section 3 has no
consideration of uncertain dynamics and unknown disturbances, we
utilize two novel methods to estimate the unknown disturbances and
dynamic uncertainties. Firstly, we design an adaptive sliding mode
control law to estimate all unknown environment interference under
Assumption 4.1. Secondly, the RBFNNSs are introduced to approach the
high-order unknowns in the ship model.
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4.1. Unknown disturbance
4.1.1. Control law design

Assumption 4.1. Based on Assumption 3.1, considering the unknown
disturbances that are not easy to be got, assuming that the upper bound
o, > 0,70 > 0,70 > 0in Remark 2.1 is unknown for this formation
controller
Thus, a new adaptive law with a correction item is designed to
estimate the unknown upper bound of unknown disturbance. By using
the same controller design in Egs. (16) and (18), a new switch control
law is choosing as:

Tusior = =M Sy — 5.0 (S1) (39)

where #* is the estimation of z* . And ¢ (S,) = tanh(s, /€|). n,, €, are

positive parameters. By using the arc-tangent function to replace the

symbolic function, the chattering effect can be eliminated effectively.
Thus, the total input 7, equals:

Tl = Tueq + Tuswl
= —myvr + dyju+my &, — Aymyu, (40)
-mS - o (S)).
An adaptive law to estimate the unknown disturbance is proposed

as:
th, =11 (S190(81) =01 (85, —70,)); (41
where 70 is the prior estimate of #* , y|, 0, are positive design param-
eters.

By using the same controller design in Eq. (39), another adaptive
switch control law for yaw motion is selected as:

- $(S,). (42)

Thus, the total input of yaw motion is selected as:

Trswl = ~M SZ

T = Treq + Trswl

=h/b—mS, ¢ (S,).

By using the same adaptive estimation law as z*
disturbance is estimated as

TAL =7 (Szd’ (Sz) -0 ({';;r

where, 7 is the estimation of 7}, .
are positive parameters.

(43)

o the unknown

-70))> (44)
¢ (S,) = tanh(S,/e,). my,€2.75. 05

4.1.2. Stability analysis
Define the total Lyapunov function as follows

1 2, 1 2, 1 w2, 1 o0
V= Emlls' + §m22m3352 + Z(Twu) + —(T;r) , (45)
where 7% = &% - ¢ 7 * — * are errors of estimations.

wu’ “wr wr wr

leferentlatmg Ve along with Eq (39) to Eq. (44), we have Eq. (46)

1 5 2 | P
Vo = my;S|S) + myms3 S, S, + — 75 £+ —5* 2
4

M/u wu yz wr wr
=5 (_Twu¢ (Sl) -msS +Twu)

N 1 .. 2 1 .. 2
+5 (_T;vr¢ (SZ) —mS; + TWf) + eru‘r;}u +— ¥ Twr Twr
< —711S HZSZ + Twu |S1| + T |S2 qu1¢( )
- 22,8500 (82) + 75, (19 (S1) =01 (2, = 7))
T, (S20 (52) —oy (£, —71)) (46)
=—m S} —mS; + 7, |S1| + 7, [S2] - 8,510 ()

2,820 (S2) + (85, = 70,) (510 (1) =01 (25, = 70,))

(£, = Ti) (S20(82) =03 (25, = 70,))

- S? —mS;

o ([S1] = S100(81)) + 2,

* A% Ax 0 )
o1 (Twu Twu) (Twu Twu

+

n +

+

, (1821 = S, (1))

_ * oAk Ak 0)
02 (Twr Twr) (Twr Twr)
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From Lemma 1, we have
|S1] = S1 (S)) < 0.2785¢,

(47)
[S2] — S26 (S,) < 0.2785¢,.

Considering — (2% -7 ) -0 ) satisfies

Ak 5 A
(Twu Twu ) (Twu

(e
1 21 2
Tg)u) < _E ( Tuu ~ T:;u) +3 (T* - TO ) ° (48)

2 wu wu

. . A% ® A% 0 iofi .
The similar structure — (% — ¢ ) (£ — 79 ) satisfies:

wr wr

Ak * s | R % \2 1 * 2
- (Twr - TMW) (Twr - Tl(:}r) < Y (TM)I‘ - Twr) + 5 (TMYI‘ - TB)V) N (49)
Thus, we can obtain

Ak

; 2 2_ 01 * )2 0 \2
Vﬁ < —I11S1 - ”ZSZ - ? (Twu - Twu) + 7 (T:Ju - Twu)

- % (Foe = 7o)+ % (T = Tg;r)z (50)
+ 0.2785¢,7),,, +0.2785¢, 7,
sV +C,

where

= min(2n,,2n,,04,05,)

c 2
Cr =5 (T = 7o) (51)
+ 2 (e, - 70 )2 +0.2785¢, 7], ,

2 wt wr

From Eq. (50), one concludes that

+0.2785¢,77

wr’

0< V() < il + [Vs(O) - ﬂ] e7hl, (52)
H H

where, V' is converged in the sphere whose center is at the origin

and radius is C;/u;. As all the signals including S, S,,%; ,%. are

uniformly ultimately bounded. Thus, u,, v, are bounded, and the esti-

» - are bounded, which proves that all tracking errors are

uniformly ultimately bounded (UUB).

. kA
mation Tow T,

4.2. Uncertain dynamics

4.2.1. Control law design

Besides the consideration of unknown disturbances, the approach
to high-order ship dynamics are conducted by using RBFNNs. f =
[ fufs f,] T represents the uncertainty of ship dynamics, which are totally
unknown. By using the same sliding surface in Eq. (16), and the
derivation is

S| =i —d, + Au,
m d 1,
22, A, ey
myy myy myy my

(53)

TM + Tll.’ll

—a, + Au,,

where f, is the unknown dynamics of the ship model that is not easy
to be got. From Lemma 2, we have

fu=WTh() + ¢, (54)

where z = [u,0,r]7 is the input vector of the network. ¢, is the
approximation error which has an upper bound ¢z > 0.
Thus, the control law of surge motion is selected as

T2 = Tueql T Tuswl

—myvr+dyu+ f,+mya, — Aymyu,

mS; —t,,$ (Sl) (55)
—myvr +dyu+ VVu*Th(z) +myq,
— 0 (S1),

and the adaptive weight design law of RBF neural networks is derived

in the sense of the Lyapunov stability theorem by the backstepping
method.

— Aymyyu,

- S

W, = =T, (S1h(z) +9,W,) . (56)
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For sway speed control, the sliding surface is chosen as Eq. (25) the
derivation can is given by:

Sy =d+ra, +ra, — f+ 4 (0-a,)
I’ au
:U+m—“((m”—mzz)uu—d33r—f,+r,+rw,) (57)
+ra, - f+ A (0-a,),
where f, is approached by RBFNNs as the following:
fr=WTh(2) + ¢ (58)
Thus, the yaw input is chosen as:
Ty =—my (D+ra, —f+ 4 (0-4,)) /e,
= (my = myy) uv + dyzr + W,Th(z) (59)
—mS, -t ¢ (S,).
Similar to Eq. (56), we have

W, = =T (S,h(2) + 9, W) . (60)

4.2.2. Stability analysis

In this section, a total Lyapunov function is selected to prove the
effectiveness of the whole tracking error. Considering the external
disturbances and internal unknowns, parameters adaptation formulas
Egs. (41) and (44), and RBFNNs formulas Egs. (54) and (58) are
proposed respectively.

1

1
V= im“Sl2 + — (TW)2 + FWTW
(61)
+ Lmas2a —(~* T
2m33 2 27, Twr r, r
Estimation of disturbances bound error and weight error are defined
as
%E:Ju = T;)u - f;)u’ %lj)r = T:)r - {-;r (62)

W, =W, =W W, =W, -W}.

Differentiating Eq. (61) along with Egs. (53), (57), (56), and (60),
we have (see Box I).

Considering the following reasons: Firstly, from Lemma 1 in Eq.
(47), we have
[S1] = S19 (1)

Secondly, the inequality shows that

2 2 2
st st g s
—S <+ + =<

< 0.2785¢, 64)

272 2T
1. 2 1 2
(€ = ) (B = 7)< 5 (=707 4 2 (=) (63)
. N O o 9
= O WW, = =0 W (W, + W) < =S WIW, + S W

Meanwhile, the structure of sway motion can be derived according

to the same form. Thus, Eq. (63) is rewritten as:
Vy < =y S2 = nyS2 +0.2785¢, 77, + 0.2785¢,77, + 22

2 2 2
R ]

ot ot = (Fm ) 5 (T, ~0,)
- 5 (- r:;.,>2 +3 <r::, - >2
R A || Wt 2w
S P
- "2_2 (22 -7t )+ % + ; +0.2785¢, 77,
+0.2785¢,7" + 71 (er, =70 + 672 (5, - 72,

9 ro Oy g i %
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. . . 1. 1~, A 1 - A 1 .+ A
Vi = muSi8y+ms$p8y = s Tt = Tt FIWJWM + EWSWr
=8 (WIh(z)— ¢y —m Sy + 5, — 25,0 (81)) + Sy (WTh(z) = 3 —my Sy + 7, — 25,6 (S,))
= 70, (S190(81) =01 (£5, —70,)) = Th, (5200 (S2) =02 (£, — 70,)) 63)

- WIh()S, - 9, W)W, - WTh(z)S, — 9, WTW,
<-mST=mS; + 75, (151 = S19(S1)) + 75, (S2] = $20 (52)) = €151 = 625,

+ 01 (T;}M - f:;u) (f;u - Tg)u) + 02 (r;r - f::/r) (f;)r - Tgvr) - 191 WMTWM - 1‘92 l;[‘/r’rl;l\/l'
Box I.
Table 1
Parameters of isomorphic formation simulation. (These isomorphic ship parameters are referred to in Do et al., 2004; Shen, 2019.)
Ship Ship parameters (m,;,my,,ms3,d,|,dy,, ds3) Initial status (x,y,y,u,v,r) Formation structure (p,, 4,)
Leader (12X 105, 1.779 X 10°,6.36 X 107,2.15 x 10*, 1.47 x 10,8.02 x 105) (0,0,0,-10,300,0) -
Followerl (12X 10, 1.779 x 10,6.36 x 107,2.15 x 10*, 1.47 x 10%,8.02 x 10%) (0,0,0,—30,320,0) (20,7/2)
Follower2 (1.2 % 103, 1.179 x 10%,6.36 x 107,2.15 x 10*, 1.17 x 10%,8.02 x 10%) (0,0,0,—40,270,0) (20,-7/2)
Table 2
The environmental disturbances and ship uncertainties of isomorphic formation simulation.
Ty = 10% [sin(0.27) + cos(0.51)] Ty = 10 [sin(0.1¢) + cos(0.41)] 7, = 10° [sin(0.5¢) + cos(0.31)]
f.=02d,1?> +0.1d,,u? £, =02dy,0* +0.1dp0° £, =02dyr? +0.1dyr°
As a result, Eq. (66) can be rewritten as Table 3
Control parameters of proposed SMC algorithms.
0<V, < 94_(1/(0)_2)9*#21, 67) k=18 C=1 A =1
Ha Ha A =1 g =0.1 &, =0.1
where et it Aitré
uy =minQ2yy — 1,2n, — 1,064,065, 9,,9,) n=8x10* 1 =8x10° 0, =08x107
é,é g}% . ) 6, =15x10"% 0 =0.1 0 =01
C, = 5 + 5 +0.2785¢ 7, +0.2785¢,7), . ©®)
+ 6—2] (v, — rfi,u)z + % (v, - ngr)z = = Designed trajectory|
EI N, = = Leader el ]
+ TWU-‘-?WR' Follower 1 > RIS
) ) ] o Follower 2 Se e ==l

Thus, V is converged in the sphere whose center is at the origin and 2001 c_ e -~ S ™ |
radius is C,/u,. As all the signals including S,5,, %} .7} . W,. W, are o Pid © AN \\
uniformly ultimately bounded, which proves that u,,v, are bounded, ,@0 ,’% Q\\Q \
and the error of position x,,y, are bounded, which proves that all 100 + I/ it \ QQ{Q J
tracking errors are uniformly ultimately bounded (UUB). R / 0’00 \\ \

N E o ¢ i obb 1y |
5. Results and discussion > i :“D ; I
‘\ i \ 1108 I}

In this section, related experiments are executed in MATLAB -100 - \ \\ 0@/ // 1
R2020b on a PC that has an 17-9750H CPU and 16 GB memory. Q\Q S gid £,
Numerical simulations are carried out to demonstrate the efficiency A N o 7 //
and effectiveness of the proposed formation controller for multiple -200 1 \\\ - \“g— - ’ao' ﬁ@; 1
vessels. Firstly, we compare the controller performance with other Q&\\ o ’,//
existing controllers on leader tracking control, which shows that the 300 - e ]
proposed method has a better performance. Meanwhile, for formation | | | | | | |
control verification, isomorphic simulations are demonstrated by using 300 -200  -100 0 100 200 300
the same ship parameters and target trajectory. Furthermore, to extend z (m)
the scope of application on multiple ship formation navigation in cargo
delivery, heterogeneous ships are introduced to show that the proposed Fig. 2. The performance of the tracking and formation control.
method is highly adaptable for different characteristics.

To verify the effectiveness of the proposed method, larger ships
rather than small USVs are considered as a suitable simulation object. 5.1. Controller comparison and isomorphic formation simulations
Detailed information of these ships are given in Tables 1 and 5. The
environmental disturbances and ship uncertainties are assumed un-
known but bounded, where the time-varying disturbances are defined In this part, three isomorphic ships in a virtual leader—follower
in Table 2. formation structure are considered by using the same parameters. The
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Table 4
Controller performance comparison of position tracking error 7,.
Switch control law MSE RMSE MAE MAPE SMAPE R2
The propose controller 0.8830 0.9397 0.1901 6.3535e—4 0.0638 0.9993
Tusw = — 25,520 (S)) 15,17 1.55474 1.2449 0.3097 0.0010 0.1040 0.9987
Tr = =25 5gn (S,) 15,1° 1.2575 1.1214 0.2825 9.5321e—4 0.0954 0.9990
Both switch control laws changed 1.0732 1.0359 0.2607 8.8174e-4 0.0882 0.9991
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Fig. 3. The kinematics errors of the follower and leadership.
. = = Leader
& S ————————— : : :
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5 0 v, Fig. 6. The estimation of the upper bound on external disturbances.
| e e e e e e e e e e e e e e e e
o 1 . . .
h 0 100 200 300 400

t(s)

Fig. 5. The approximation values of the ship uncertain dynamics between leader and

followers.

formation configuration is set in Table 1. And the control parameters
are given in Table 3.

Compare to another fixed-time terminal sliding mode controller
referred in (Bhat and Bernstein, 2000; Polyakov, 2011), that is the
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Fig. 7. The performance of the tracking and formation control in Route 1.

switch control law is chosen as 7, = —p*sgn( ) |S;|*. According to
the equation mentioned before, we choose p =i ori a=1/3
Table 4 shows the results of the tracking errors. In this comparison,
the fixed-time terminal sliding mode controller is verified to be more
effective in either or both control inputs (z, or 7,).

MAE (Mean Absolute Error), RMSE (Root Mean Square Error), MAE
(Mean Absolute Error), MAPE (Mean Absolute Percentage Error), and
SMAPE (Symmetric Mean Absolute Percentage Error) are used to eval-
uate the average of the errors in different aspects, while R2 (R-squared)
indicates the proportion of the variation in the dependent variable
that is predictable from the independent variables. From Table 4, the
R2 of the proposed controller is the law closest to 1, meanwhile,
other measurements are closest to zero, which shows that the proposed
controller has a better performance on the tracking problem.

To further verify the feasibility of the trajectory of the whole
formation structure, we used the trajectory tacking control method for
the leadership to follow instead of changing inputs (z,,0,7,) directly,
which is neglected in previous research. By using the leader’s tracking
routes, the followers can have a more real and feasible tracking paths.
The desired trajectory for leadership is given as xd = 300(1 — 0.001(z —
15.7))sin(0.03t); yd = 300(1 — 0.001(+ — 15.7))cos(0.03¢); referred in (Jin
et al.,, 2021), and the tracking control method is the same as the
proposed formation tracking control method. Thus, as the leadership is
tracking the desired routes, the virtual followers’ position is determined
by the formation scheme, and the followers start maintaining the
formation structure.

Formation results are shown in Figs. 2-6. The reference trajectories
and formation trajectories are presented in Fig. 2, indicates that desired
trajectory and formation trajectories could be tracked by a leader
and followers despite the existence of the model uncertainties and
external disturbances. Figs. 3 and 4 proves that both position errors
and velocity errors ultimately smoothly converged to a small neigh-
borhood of zero, which demonstrates the effectiveness of the proposed
formation scheme. Figs. 5 and 6 illustrates the learning ability and
the estimation ability for external disturbances and model uncertainties
respectively. Both leader and followers can have effective performance
on approximation and estimation for surge and yaw motion.

5.2. Heterogeneous formation simulations

In this section, more heterogeneous ships and simulations are added
to verify the effectiveness of the proposed formation scheme. As almost
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Fig. 9. The kinetics errors of the follower and leadership in Route 1.
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Fig. 10. The approximation values errors of the ship uncertain dynamics between
leader and followers in Route 1.

every ship has its own maneuverability, thus, several heterogeneous
ship models are introduced in Table 5, and their initial status and
formation structures are proposed as well. Other parameters are listed
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Table 5
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Parameters of heterogeneous formation simulation. (The Leader, Followerl and Follower2 are referred to in Do et al., 2004; Shen, 2019, and the rest followers are designed by

reducing the order of magnitude of parameters.)

Ship Ship parameters (m,, my, my3,d,,,dy,, ds3) Initial status (x,y,w,u,v,r) Formation structure (p,, 4,)
Leader (12x10%,1.779 x 10°,6.36 x 107,2.15 x 10*,1.47 x 10°,8.02 x 10°) (0,0,0,0,300,0) -

Followerl (12x10°,1.779 x 10°,6.36 X 107,2.15 x 10*,1.47 x 10°, 8.02 x 10°) (0,0,0,-30,300,0) (20, 7/2)

Follower2 (1.2x10°,2.179 X 10°,6.36 X 107,2.15 x 10%,1.17 x 10°,8.02 x 106) (0,0,0,—40,—280,0) (20,-7/2)

Follower3 (1.2 % 10%,1.779 x 10*,6.36 x 10°,2.15 x 103, 1.47 x 10*,8.02 x 10%) (0,0,0,—50,350,0) (40,37 /4)

Follower4 (12x10%,1.779 x 10*,6.36 x 10°,2.15 x 103, 1.47 x 10*,8.02 x 10%) (0,0,0,-70,250,0) (40,37 /4)
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2 :‘f" ¥ "a' W ‘.' ,‘: i ‘,’ l‘ll W Follower 4
ROpy ° ‘ ‘ ‘ ‘ j
<0 50 100 150 200 250 300

t/s

Fig. 11. The estimation of the upper bound error on external disturbances in Route 1.

in Section 5.1. To verify the adaptability of the proposed formation
controller on heterogeneous ships, besides the previously mentioned
trajectory as the Route 1, a new figure-8 curve, x,; = 300sin(0.03); y, =
200 sin(0.06(¢ + pi/2)) as Route 2, is introduced as the leader trajectory
reference.

For comparison purposes, the first heterogeneous formation exper-
iment results based on Route 1 are shown in Figs. 7-11 where the
last two heterogeneous ships (Follower 3 and Follower 4) can keep the
formation tracking as well as the two isomorphic ships (Follower 1 and
Follower 2).

Remark 5.1. With the decrease in radius of the designed trajectory,
it is normal for the leader ship and the follower ships to have some
fluctuations in the kinetics tracking errors. The kinematics errors are
very small compared to the magnitude of the target routes after these
errors become stable. The approximation value errors of the ship uncer-
tain dynamics converge to a neighborhood of zero, which shows that
the adaptive law is suitable for this formation scheme. The estimation
values are greater than the actual values, and this helps to eliminate
the influences of all external disturbances.

Remark 5.2. During the controller simulations, the calculation com-
plexity is mainly due to the online RBFNNs. To ensure the control
accuracy as much as possible under the premise of decreasing the
complexity, an offline rolling RBFNNs is introduced. The performance
of the RBFNNs does not continue to improve as the neurons are added.
Thus, the mean squared error goal of RBFNNSs is selected by the distance
between the initial ship position and desired trajectory. Then, the max-
imum number of neurons is determined. Secondly, Updating RBFNNs
with the data group of the previous period also helps to improve the
accuracy. By these methods, the simulation time is decreased.

Compared to the isomorphic ships, the two heterogeneous followers
can track the leader by using the same controller structure and param-
eters. This shows that the proposed controller has a good adaptability
for different ships with heterogeneous dynamics.

To better verify the effectiveness and efficiency of the proposed
controller, Route 2 is introduced and related results are shown in

10

Figs. 12-16, where we can have some similar results. The reference
trajectories and formation trajectories are presented in Fig. 12, which
demonstrates that the desired trajectories could be tracked under the
time-varying external interface and unknown internal uncertainties.
These five ships start from different starting points and can finally
maintain a certain formation scheme through continuous control as
shown in Circle 1, 2, 3, 4, and 5. The posture control performance and
formation performance can be observed by the comparison between
the curve part and straight section referred to in Figs. 13 and 14. The
kinetics errors of the surge, sway, and yaw motion speed are guaranteed
within a small neighborhood of zero as shown in Fig. 14. y, and 7,
are proven to be stable as shown in Fig. 13, which shows that x,
is stable as well. By using RBFNNs and adaptive estimation law, the
uncertain dynamics and unknown disturbances are well approximated
and estimated in Figs. 15 and 16.

Remark 5.3. Compared to Route 1, the kinetics errors perform well
due to the concentration on virtual speed controller design. However,
the kinematics errors fluctuate a little violently, we think this is caused
by the drastic change in the desired trajectory and formation structure.
Compare with Route 1, due to a large number of curves, Route 2 ampli-
fies the kinematic and kinetic errors caused by the formation structure
itself. The speeds and accelerations between leader and followers begin
to increase, while the proposed controller certainly has some control
effects on complex routes.

6. Conclusion

In this research, to extend the application scope of the ship for-
mation controller, the characteristics of heterogeneous ships are sum-
marized. Based on that, isomorphic and heterogeneous ships are se-
lected to verify the effectiveness of the proposed controller. Besides
the heterogeneous features, the problems of unknown disturbance and
unknown dynamics are solved by the proposed formation controller.
Both the ship kinematics control and kinetics control are proven to
be uniformly bounded through the stability analysis, and the results
verify the effectiveness of the theory. The proposed formation structure
is capable of switching the formation problem into a trajectory tracking
problem, which may contribute to the actual formation application
of large cargo ships. Also, the formation results on isomorphic and
heterogeneous ships demonstrate the adaptability and effectiveness of
the proposed controller on general ships.

For future work, the formation error analysis on formation structure
and routes need to be further investigated. Besides that, the consid-
eration of heterogeneous formation needs to be studied on dynamic
differences mentioned in Section 1, which can be considered by using
extended state observer (ESO) with sliding mode control method due to
its advantage on unknown ship dynamics and disturbances. However,
it can only solve the problem partly because of the dynamic changes
in ship parameters. Moreover, ship collision avoidance problems need
to be further handled before the formation becomes steady. Also,
reinforcement learning and other advanced technologies are attractive
to put into use for real ship formation applications.
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Fig. 14. The kinetics errors of the follower and leadership for heterogeneous formation

in Route 2.
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Fig. 15. The approximation values of the ship uncertain dynamics between leader and

followers for heterogeneous formation in Route 2.
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