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Abstract: In the presence of unmeasurable velocities and system uncertainties, the distributed
formation control problem is investigated in this paper for multiple vessels. A robust formation
controller is proposed by incorporating an extended state observer (ESO) and finite-time prescribed
performance function (FTPPF). Firstly, a nonlinear ESO is designed to estimate the unmeasurable
velocities and system uncertainties. Subsequently, a novel FTPPF is designed to improve the dynamic
performance of multi-vessel formation systems, where the upper bound of the convergence time and
the constraint bounds can be set in advance based on the actual circumstances. Then, the proposed
ESO and FTPPF are applied to the distributed formation controller design for multiple vessels. The
proposed formation control scheme can maintain the multiple vessels in an expected formation with
high tracking accuracy, a faster convergence speed, and smaller fluctuations. Finally, the performance
of the proposed control method is verified by theory analysis and simulations.

Keywords: distributed formation control; multiple vessels; prescribed performance function;
finite-time stability theory; extended state observer

1. Introduction

Distributed formation control of multiple vessels has emerged as an active research
area over the past decade [1-3]. Recently, various control schemes have been proposed for
distributed formation systems of multiple vessels [3-7]. The accurate model parameters of
a vessel are very hard to obtain. In addition, a vessel is unavoidably subject to unknown
environmental disturbances [8]. A number of estimation methods are proposed to eliminate
the influence of environmental disturbances and modeling uncertainties such as neural
networks [9-11], uncertainty and disturbance estimators [12,13], and fuzzy systems [14,15].

Note that the measured velocity, which is hard to accurately obtain in practice, is
necessary for the aforementioned schemes. To obtain the velocity information of vessels,
lots of successful applications of the extended state observer (ESO) technique can be seen
in motion control systems for vessels [16-19]. A finite-time ESO-based control scheme is
developed with high estimation accuracy [20]. For each vessel in [21], a control system is
proposed with an echo state network-based observer. A reduced-order ESO is employed
in the under-actuated marine surface vehicle control system to obtain the vehicle side slip
angle caused by time-varying ocean disturbances [4]. However, the transient performance
of the above control systems cannot be guaranteed, which is still an open issue.

Recently, the prescribed performance function (PPF) [22] has had a number of suc-
cessful applications in nonlinear control systems [23-26]. PPF-based control technology is
able to make the tracking error converge to any desired small residual set with a moderate
convergence rate and smaller overshoot and can improve the transient performance of
multi-vessel formation systems. In [27], an observer-based neuro-adaptive control problem
using a PPF-based idea is investigated to computationally simplify the developed scheme.
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In [28], PPF-based control technology is considered for an adaptive fault-tolerant attitude-
tracking control system. A conventional PPF-based control algorithm is applied to the
cooperative learning formation control problem with guaranteed transient performance
in [29]. It should be noted that the aforementioned PPFs are asymptotically convergent,
which may cause infinite convergence times.

Owing to the fast convergence rate and high precision, the finite-time stability theory
has become a hot topic [30]. Recently, the finite-time prescribed performance function
(FTPPF) has been used in various nonlinear control systems [31-37]. Ref. [31] integrates a
new FTPPF as a transformation of the output error for the position control into a pneumatic
servo system, which is capable of improving the nominal controller. Ref. [32] develops a
control strategy for high-order nonlinear systems by incorporating FTPPF-based technology
and an adaptive fuzzy control scheme. For a stochastic system considering FTPPF [33],
the semiglobal uniform ultimate boundedness can be ensured for the residual error, which is
closely related to the boundary of the FTPPF. For a 6-DOF attitude-orbit synchronous control
system, a time-varying PPF-based control scheme is proposed to make the tracking errors
move to a tiny area containing the equilibrium in finite time [34]. The FTPPF is considered
in strict-feedback nonlinear systems [35]. Ref. [36] investigates a trajectory tracking control
problem with full-state constraints by designing an appointed-time performance function.
In [37], at the kinematic level, a finite-time time-varying guidance law is proposed based on
the FTPPF-based error transformation. The upper bounds of convergence time in [32-37]
are determined by the initial states and designed parameters, resulting in weak practicality.
This limits the application of FTPPF-based control technology in the distributed formation
control field of multiple vessels.

Inspired by the aforementioned discussions, a nonlinear ESO-based distributed for-
mation control scheme is designed with a novel FTPPF for multiple vessels under unmea-
surable velocities and system uncertainties. In the multi-vessel system, a nonlinear ESO is
proposed to estimate the unmeasurable velocities and system uncertainties. Subsequently,
a robust controller is designed by incorporating the proposed FTPPF and dynamic sur-
face control method. To a certain degree, the presented method can improve transient
performance and guarantee finite-time convergence. The main features are as follows:

e  For the aforementioned ESO-based control strategies [4,16-19,21], the convergence
time may be infinite. Our proposed nonlinear ESO-based distributed formation
controller can guarantee finite-time stability with the appropriate parameters of the
designed FTPPF.

*  The convergence time of general PPFs [25-29] is infinite in theory. For the aforemen-
tioned FTPPFs [32-37], the upper bounds of the convergence time are determined
by the initial states and designed parameters. Moreover, the constrained boundaries
are fixed once the initial and steady values are determined for the FTPPFs [33,35].
In contrast, the constrained boundary and convergence time bound of our proposed
FTPPF can be flexibly preset according to the mission requirements, independent of
the initial states and designed parameters. Hence, our proposed FTPPF is more useful
and attainable than other PPFs [25-29] and FTPPFs [32-37].

The remaining sections are organized as follows. Section 2 provides the preliminaries
on the graph theory, vessel model, nonlinear ESO, and prescribed performance. Section 3
presents the proposed control algorithm and stability analysis. Then, the simulations are
conducted and analyzed in Section 4. Finally, the conclusions are stated in Section 5.

2. Preliminaries
2.1. Basic Concepts of Graph Theory

Define an undirected connected weighted graph o = (v, (), where v = {1,2,...,n}
represents the set of vessels, ¢ C v x v is the set of edges, and Zi]' = (i,) represents that node
j can obtain the information of node i. (j,i) € ¢ expresses that node i is a neighbor of node
jand N; = {j € v[(j,i) € £} represents the set of neighbors of node i. A = [a;;] € R"*"
is the weighted adjacency matrix. The Laplacian matrix D = [d;] € ®"*" is defined
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as D(i,j) = Ljen; tij Z:] In the same way, L = [l;j] € R"*" is defined as ;; =
0 oy Y j j

{ _Zij ’ Z - ],. I,, represents the feature vectors of L. Let B = diag{by, by, ..., b, } be
Zj:]lj?éi aj, 1F]

the adjacency matrix, where diag( - ) denotes the diagonal matrix. b; > 0 means that the ith
vessel is accessible to the leader and b; = 0 represents the other case [38].

2.2. System Modeling

The following mathematical model of multi-vessel motion [39] is presented based on
the earth-fixed (O-NED) and body-fixed (B-XYZ) frames, as shown in Figure 1:

i = R(¢i)vi i=1,2...,n 1)
M;9; + Ci(v;)v; 4+ Di(v;)v; + 8(v;) = T + Twi

where 7 is the number of vessels in the formation system and i represents the ith vessel.
M,; represents the system inertia matrix, which can be obtained in practical engineering
applications; C;(v;) and D;(v;) represent the centripetal force matrix and damping coeffi-
cient matrix, respectively; ¢(v;) is the unmodeled dynamics; #; and v; denote the position
and velocity vectors; 7; is the control force vector; 1, is the time-varying environmental
disturbance vector; and R(1;) represents the conversion matrix between the two coordinate
frames shown in Figure 1:

cos(¢;) —sin(y;) O
R(¢p;) = | sin(¢;) cos(y;) O 2)
0 0 1

D
Earth-fixed coordinate frame
Figure 1. Earth-fixed (O-NED) and body-fixed (B-XYZ) frames.

A new vector y; = #; is defined for (1), which yields:

pi=ae i=1,2,...,n 3)
B = RiM; "1 + W;

where W; = R;M; ™ (yi — 8i(v;)) + S(ri) pti — RiM; 1 (C(v;) + D(v;))R;” ji; represents the
0 —7; 0

total system uncertainties, and S(r;)) = | r; 0 0
0 0 1
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Assumption 1 ([1]). The system uncertainties W; satisfy ||W;|| < 1 with a positive boundary 1.

Remark 1 ([40]). Since the energies of vessels and the ocean environment are finite, the system
uncertainties W; should be considered as bounded with a finite rate. There are low- and high-
frequency external disturbances. The high-frequency disturbances do not contribute to the vessel’s
movement. Based on the wave-filtering technique, high-frequency disturbances can be discarded
when designing the formation controller. Thus, the disturbances can be considered low frequency,
which means the disturbances are differentiable. Therefore, Assumption 1 is reasonable.

Assumption 2 ([1]). The desired trajectory of the virtual leader 174(t) = [x4, v4, a)" is bounded
and differentiable with bounded 4 and j.

2.3. Nonlinear Extended State Observer

A nonlinear ESO is given to estimate the system uncertainties and velocities of the
vessels [20]:

zi = Y (1 — i)

i = i+ (B1/7) @i (21, 01)

fi = Wi + Bogin(zi1,02) + RiM; '
Wi = vB39i3(zi3, 03)

4)

where #; and i; are the observed position and velocity vectors in the O-NED frame of
the vessel; W; are the observed system uncertainties; and 6; € (2/3,1), 6, = 26; — 1,
03 =301 —2; B1 > 0, B2 > 0 and B3 > 0 represent the observer gains. The function ¢;;(-) is
given by:

z14, 1211 £ 1

¢ij(z11,0;) = { ji=1,23 (5)

0. .
|z1i| Tsign(z1;), |z1i] > 1

where |-| is the absolute value of a scalar. Then, define two new vectors zp; = y(u; — fi;),
z3; = W; — W;. Therefore, the estimation error system can be given by:

zin = v(zio — P19in (zn, 01))
zip = v(zi3 — B29in(z1, 62)) ©)
zi3 = Y(Wi/ v — B3gia(zi1,63))

Theorem 1. For System (3) with the proposed nonlinear ESO (4), under Assumptions 1 and 2

for any given initial y; and v;, the observation errors xj1 = ¥; — i, Xio = Wi — fi, Xiz = Wi — W
are bounded:

1 (Amaxm)(m+zve||ﬁ||>)“91

il < ‘ @)
‘Xl]’ ,)/n+17] /\min(Pi) 1

where P; is an arbitrary positive-definite symmetric matrix, ||-|| is the Euclidean norm of a vector,
and Amin () and Amax (-) denote the minimum and maximum eigenvalues of a matrix.

Proof of Theorem 1. Define the new vectors as follows:

T
Zi= {ZuT, 27, Z3iT] 8)

2y — B1|zin|M'sign(zi1)
F(Zi)=| zi3— ,32|Zié|925ign(zil) ©)
—PBa|zi1| Psign(zi1)
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zjp — B19i(zi1,01)
G(Z) = | ziz— B2¢i(zi1,02) (10)
—B3¢i(zi1,63)
Based on (6), we obtain:
dz; .
dtl =9G(Z)+[0 0 W; ] (11)

Define the following Lyapunov function for (6):
Vi(Zi) = 2 PZi (12)

Based on the theory of homogeneity, (6) has the homogeneity 8; — 1 under the weight
(1,61 — 1,20, — 1). Similarly, V1(Z;) and LgV;(Z;) have the homogeneities 2 and 6; + 1,
where LrV;(Z;) denotes the L-th-order derivative of V;(Z;) along F(Z;). By using Lemma

4.2 in [41], we can obtain LpVi(Z;) < —caVi(Zi)% cn = — max  LrVi(Z;), ¢ =
{Zivi(Zy)=1}

(14 61)/2. According to (5), if |zy;| > 1, F(Z;) = G(Z;); otherwise, |G(Z;) — F(Z;)|| <
- T

181 max |z1; — [zl sign(zv) | where p = [ 1 Bz s ]

1i

The following formula can be easily obtained:

lim max
9]%1 |Zli<1|

Zj — |Zil|9j5ign(zil)‘ =0 (13)

Design a parameter as follows:

. mi Ns—1/2 )
Yc1i — 2tAmax(P;) e Hzn(Vl (Zi) 2tAmax(Pr))

27| Bl Amax (P;) * 27[|Bll Amax(P:)

v = min (14)

Then we obtain ~ max |z — |z |97 sign(z;1)| < v. Take the derivative of V3 (Z;):
l§i§3,|z,-1 <l|

Vi(Zy)

IN

—=7€1iV1(Zi)* + 2Amax (Po)d| Zi| + 27y0Amax (P) || BI/ [ Z4]l

15
—ye1iVi(Zi)¢ + (204 29| ]| ) Amax(P;) V1 (Z:) 1/ 1

IN

For (15), further analysis is discussed in two cases:

Casel. Vi(Z;) >1
We have ¢ = (14 61) /2 so (15) can be simplified to:

Vi(Z;) < —[yeri — Amax(P:) (2701 BINIVA (Z:)* (16)
Choose the appropriate parameters for vy, Bj, and P;:

7 > max{2:Amax (Pi) / (¢1i — 20Amax (i) || B]| (17)
Then, we obtain V1(Z;) < 0.

Case2. Vi(Z;) <1
Let:
0 <e<1— (204 2yv||Bl])Amax(P;) / (veri) (18)
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We obtain:
VA(Zi) < = [ren(1 = €)Va(Z))° — (20 +270] Bl Amax (P VA.(Z:) ']
—ye1eVi(Z;)*
< — [reu(t = )Vi(Z) 1 = (204290 Bl Amax (P Va (2)2
— yeeVi(Z;)*

(19)

IfVi(Zi) > Amax(P;) (2t = 29v||B]]) / (c1iv(1 — €)), the system is stable and we have:

Vi(Zi) < (Amax(P) (20— 2901 B}/ (criv(1 — €)))> 3~ (20)

According to (20), we have:

, 1 Amax(Pi)(ZHrZ”rvIIﬁ|)>1/91
12 < e (e @

Hence, the proof of Theorem 1 is completed. [

2.4. Prescribed Performance

The following performance specifications are imposed on the formation errors to
improve the performance of the control system.

—01p(t) < Gi(t) < bap(t),Vt >0 (22)

It should be noted that the conventional PPF is asymptotically convergent, which
may result in infinite convergence times. Since finite-time stability can drive the system
states to equilibrium in finite time, an FTPPF is designed to overcome the drawback of the
conventional PPFE. Firstly, a definition for the FTPPF is given as follows:

Definition 1 ([33]). If the following properties are able to be satisfied for a continuous function p(t):

p(t) >0,0(t) <0

fm p(t) =pr; >0 (23)

p(t) = pr.t > Ty
where pr, is an arbitrarily small constant and Ty is the set time, then p(t) can be called the FTPPF.

Subsequently, an FTPPF is designed according to (22) and Definition 1, which is

expressed as:
- r)
p(t) = (po — %f)e f +PTf/ te o, Tf) (24)

prr te [Tf/ +°O)

where py, 0T and k are positive constants.

The curves of p(t) under different Ty are shown in Figure 2. As shown in the figure,
tuning the design parameters T can lead to different forms of the constraint boundary. p(t)
also conforms with Definition 1. The errors can meet the preset transient and steady-state
performance with the proper selection of these parameters.

As can be seen, the designed FTPPF has two benefits: it can achieve the finite-time
convergence of tracking errors in the prescribed stability areas, which is practical; and T can
be set by users in advance, which can be achieved more easily than the conventional PPF.
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50 T T T T T
Tf=605
45 T=50s | 7
Tf=405
40 T=30s | |
Tf=205

0 10 20 30 40 50 60 70 80 90 100
Time(s)

Figure 2. The curves of the FTPPF p(t) under different set times T (0o = 50 and pr, = 10).

3. Design and Analysis

Firstly, a distributed formation error is designed in Section 3.1. Then, an error trans-
formation is proposed for the formation error. Subsequently, the distributed formation
controller is designed using dynamic surface control technology. The stability of the
distributed formation system is proved in Section 3.2.

3.1. Controller Design

A distributed formation controller incorporating the proposed FTPPF and dynamic sur-
face control method is designed for multi-vessel formation control under multiple constraints.
Based on the adjacent rule, the first formation error is defined as follows:

g1 = Z]EN[ aij (i + R(¢:)li — n; — R(¢;)1;) + bi(7: + R(;)]; — 174) (25)

where 7, is the desired position of the vessels.
Take the derivative of {;; as:

Ein = dyifi + dpiR(Pi)li = Y o @il — Y ien, @R — bita (26)
1€N; 1EN;

In (26), dp; = d;; + b;, d;; is the element of the Laplacian matrix.
Based on (22), the following error transformation is constructed to facilitate the con-
troller design:

= o()T(s:
{ Sy @)
1 eSi e Si
where T(s;) is strictly monotonic increasing and s; = % In( %).

Then, choose the following error transformation:

0; =8 — %ln((sl /52) (28)
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Take the derivative of o; as
0j = 07(&n — np/p) (29)

where 0; = (1/2(&1 + 61p) — 1/2(Zin — 2p)) > 0.
The following virtual control law based on the backstepping method is designed:
a4 = g [~ @10; — 03 (dpiR ()]~ 0)
Yien; @iiftj — Lien, 4 R(Wi)l; — bifja) + UiCﬂP/p]

where @; is the parameter to be designed.
To avoid differential expansion, dynamic surface control technology is introduced:

Tabeg; + agi = (31)
2gi(0) = a;(0)
where the time constant Tj is positive and a; is the guidance law for the velocities.
Define a new error ag, = ay; — a;, where we have:
D.C(fi = —g /Td + Ai(gill €i2/ Xz, a‘:j’ Si/ Si/ S]/ S]I ﬂd) (32)

where A;(-) = d%ﬂ(wléil + dpiR()Sili + dyiR(:) Sili — Cjen, aijff; — Ljen, aijR()Sjlj—
Yjen, aiiR(¥;)S;li—bifja). i
Consider that the initial states of the system are bounded and we have ||A;(-)]| < A;
under Assumption 2.
The velocity tracking error is defined as follows:

Gio = fli — g (33)
Based on (31) and (33), we take the derivative of ¢, as:
&n = fi+ Bogi(zin, 02) = RM; 'ty — gy 34

where f is the estimate of the system uncertainties from the nonlinear ESO.
Therefore, design the formation control law as follows:

7 = MR (;) [—(Dzﬁiz — fi — Bogilzin, 02) + adi} (35)

where @, is the designed parameter.

T
Let® = (D+B)® I3, T = (L+B)® I3, E; = [511T,§21T,~--/€n1T} ,0 = [OlT,OzT,-u,

T T T
OnT} , N\ = diagicq1,. 0y (00), A = [A1T,A2T,~-,AnT} , B2 = [GlzT,szT,m,anT} ,

T T .
2 = [z12T, 2007, .. zppT] and ag = [ag, T, 0,7, ..., g, 7] and we obtain the system of the

formation error as follows:

O = AE; — AoE/p (36)
EZ = —Ey
Define the following Lyapunov function:
1
V2 =070+ B Ep +azTag) (37)
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Take the derivative of V; as:

Vo = OTA(Ey — pE1/p) — @2E2"Ey — T (A — 0z / Ty)
< — A@10TE; 4 Amax (©) AOTEy + Amax (©) AOT a2

(38)
— (DzEzTEz + AmaX(F)A‘OTzz ‘ /7y — ngoég/Td + ‘lXérTA’
— pAOTE;
Based on Young's inequality [42], (38) is rewritten as:
y /\max(r) (] P 2 /\max(r)A 2
< —— —)A —_—
Vo <( 2y + Amax(©) > zp) [0]]” + 2y 22|
Amax(@)A 1 [IAC) 2 Amax(©)A 2
4 (208 B g P+ (P2 )l (39)
@1 | pA » 1
(A2 L P E -
(% + S IER + 5
Design the parameter wj > 0,j =1,2,3 as follows:
/\max r )
w1 < *A(% + Amax(©) — % - %)
wp < — 2@ 4 ) (40)
2
ws < fw + T% _ HA(%
Then, (39) can be simplified to:
. Amax(F)A 2 (DlA pA 2
Vo < ———~— —(—+*=)||E
257, [[z2]]" = ( o T 2p>H 1l
YOl Y-S 1
—(1- % )7|\zx¢H +2wVa+ 5 (41)
<2Vht =+ Amax(T)A EAR
2 2

where w = min{wj, wy, w3 }.

3.2. Stability Analysis

Theorem 2. Consider a multiple-vessel system (3) with unmeasurable velocities and system un-
certainties, combined with the nonlinear ESO and proposed FTPPF. Under Assumption 2, for any
given constant Vg > 0 based on the estimation of the nonlinear ESO and (35), if the initial states
of the system have Y | V1(Z;) + Vo < Vi, then all signals of System (3) are bounded and Cjy can
converge to a small-enough FTPPF-based set within the set time Ty, which means that the formation
errors of multiple vessels can approach zero.

Proof of Theorem 2. Construct the following Lyapunov function:

Va=Y " Vi(Z)+ Vs (42)
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Take the derivative of V3 based on (15) and (41) and we have:

i<-3, {'Ycli(l —e)Vi(z;)?
— (2t + 29| BI) Amax (P)] V1 (Z;) /2
— Y reueVa(Zi) + % — 2wV
+ Y Amax(D)/ (27 Amin (P))) Vi (Z1) (43)
<=Y VA(Z)f ['ych-s - 2w+ )tmax(r)/(Z’W\min(Pi)))Vfig}
=Y [ren(l = e)Va(Zi) P = (21 + 29| Bl Amax (P Va ()2

1
—2w) " Vi(Z) + 5

_ 2wV
7 w2

By selecting the appropriate parameters, ycqie — (2w + Amax () / (27 Amin (P;))) Vllfg >
0 can be satisfied. In addition, according to (18), we have ycy;(1 —€)V; (Zi)971/2 — (24 +
290||B||)Amax(P;) > 0. So, (43) can be rewritten as:

. 1
V3 < —2wV3 + 5 (44)

Then, we obtain:

i >e72wt (45)

1
< — —
V3 < + (V3(0) iw

4w

1 : 1 . 1 .
Based on (45), we have V3 < 5. So, tlgg“OH < “E'}LTO”EZ” <\ 55 }EEOH%H <

\/g . Therefore, the errors O, E;, and a; are bounded with the appropriate parameters.
Given (25) and (30)~(32), 7;, &;, agi, g, and §;» are bounded. Since O is bounded, it is
further concluded from (22) and (28) that ¢;; will converge to a small-enough FTPPF-based
set & = {Ci1|—d10(t) < §in < d2p(t) } within the set time Ty, which means the formation
errors of multiple vessels can approach zero.

Hence, the proof of Theorem 2 is completed. [

4. Simulation Results and Comparative Analysis

To show the performance of the designed control method, simulations are conducted
using a computer with Windows 11 and MATLAB 2022a. In the simulations, five vessels
and one virtual leader are considered. The sizes of the five vessels are the same (the length
is 44.79 m and the width is 6.2 m). The unmodeled dynamics and related main particulars
of the vessels are given as follows:

0.3u;0? + 0.40%r;
gi =10% x 0.1u;0;
O.Zuiri2 + 0.3uirl-v§7

M =107 x 0 0.0901 0.2192

0.0484 0 0
0 0.2192 5.3025

D = 10° x 0 0.185 + 0.0385|v| 4+ 0.1275|r| —1.089 + 1.276|0| + 125.96|r|

0.423 + 0.0142|u| 0 0
0 2295 —0.3|0| +3.882|r|  65.838 + 3.882|v| + 6046.2|r|
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0 0 —0.0901v — 0.2192r
C =10 x 0 0 0.0484u
0.0901v + 0.2192r —0.0484u 0

The environmental disturbances are set as in (46), with the first-order Markov process
h = —T1h + A ([43,44]), where I € 13 represents the bias forces and moment, T € R3x3
represents the time constant matrix, @ € R3 is the zero-mean Gaussian white noise,
and A € R3*3 is used to scale the amplitude of @.

Twi = RT (i) (46)

Choose 71(0) = [2 x 10*N,1 x 10°N,2 x 10’Nm]T, T = diag(10%,10,10%), and A =
diag(100,100,100). The initial states are given as 17 = —[14, 114,5°]T, 72 = —[20, 65, 25°]T,
ns = [—28,—5,—15°]", y = [-30,66, —10°]", 55 = [—5,117, —20°]%, u;(0) = ©;(0) =
0(m/s), and r;(0) = 0(rad/s). The structure vectors in formation are I; = [0, 100, O]T,
I, = [0,50,0]", I3 = [0,0,0]", Iy = [0,—50,0]", and I5 = [0,—100,0]". Through trial and
error, the observer gains are setas B = 5, f2 = 0.5, and B3 = 0.1 according to the estimation
effect of the ESO. The control gains are designed as Ty = 150's, p1, = 3, pg = 100, 6; = 0.7,
92 =04, 93 = 0.1, Y = 10, Td = 0.05, @0 =05, @ =1, 51 = 0.8, 52 =1, and k = 2.
The expected trajectory is designed as:

{ x(t) = 2¢(m) )
y(t) = 0(m)

The communication topology of multiple vessels is shown in Figure 3. It can be seen
in Figure 3 that the communication topology of multiple vessels is undirected connected
and only the first vessel can obtain the information of the expected trajectory. Due to confi-
dentiality requirements, more details about the vessels cannot be provided. Nevertheless,
it can be revealed that the communication devices on vessels can meet the requirements of

two-way communication. Therefore, the undirected connected configuration is selected in
this paper.

Figure 3. The communication topology of multiple vessels.

Moreover, the following conventional PPF and error transformation are constructed to
show the superiority of our proposed FTPPF-based method:
t)=(p,—p e
1) =0y e+, 4s)
(t) = (Po — Poo)e™ + o

=l
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T(o;) = (e — %)/ (e% — 91 (1)e ) )
8(1) = p(1)/p(1)

N ity _ 1y g Snn
0= 51 (1+B(t)) 5 In(1 = 2i5) (50)

In order to ensure comparability, the parameters of the conventional PPF and error
transformation are consistent with those of the proposed FTPPF.

Then, to intuitively show the performance of the nonlinear ESO and proposed FTPPFE-
based formation controller, the simulation results for the estimation errors, trajectories of
the vessels, formation errors, and control forces are provided below.

Figure 4 shows that the estimation errors of the nonlinear ESO can get close to zero after
a period of time. This indicates that the observed values can approach the true velocities
and system uncertainties, which can satisfy the design requirements of the subsequent
formation controller. The trajectories of the vessels are shown in Figure 5. It can be seen in
Figure 3 that only the first vessel can obtain the information of the expected trajectory, but
all vessels can follow the desired trajectories with an expected formation. After maintaining
a stable formation, it can be seen in the zoomed-in regions that all the deviations between
the actual and the expected trajectories are less than 0.2 m, which meets the requirements
of tracking accuracy.

T T T T T T T Vessel'] 1
100 Vessel, | |
= Vessel3
= 50} Vessel Ak
Vessel5
0 | 1 1 1 1 L 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
10 T T T T T T T T T —
0 L 1 | 1 | L L L

0 100 200 300 400 500 600 700 800 900 1000

Iyl
N
1

0 ! 1 1 1 1 L L L
100 200 300 400 500 600 700 800 900 1000

Time(s)

o

Figure 4. The estimation errors of the nonlinear ESO.

Figure 6a—c show the formation errors under the proposed FTPPF-based controller,
conventional PPF-based controller, and controller without PPF, respectively. It can be seen
in Figure 6a—c that all the formation errors can finally converge to near zero under the three
different control methods. In addition, it can be seen in Figure 6a that the convergence
time under the proposed FTPPF-based controller is within the preset time T¢ = 150 s.
Furthermore, in the zoomed-in areas in Figure 6a—c, we can see that the convergence time
under the proposed FTPPF-based controller is approximately 100 s, which is smaller than
the convergence times under the other two controllers (almost 110 s and 150 s). Moreover,
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compared with the zoomed-in areas in Figure 6b,c, the fluctuations of the formation errors
are significantly reduced due to the smaller preset constraint bounds of our proposed
FTPPF-based controller. Therefore, the superiority of our proposed FTPPF-based method
is verified in Figure 6a—c. Figure 7 shows the surge, sway forces, and yaw moments for
the vessels. As shown in the zoomed-in area in Figure 7, the control forces and moments
are large at the beginning due to the initial large formation errors, as shown in Figure 6a,

but maintain relatively small values after maintaining a stable formation.

2500 T

Vessel1
2000 Ve:ssel2
Vessel
2000 r 3
1900 Vessel4
Vcssel5
1
1500 - 800 8% 0] |- - -1y
—~ 700
g 600
'é 1000 - b
) 600 600
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ot ! 1 } )/ |
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East(m)

Figure 5. The trajectories of the vessels under the proposed FTPPF-based controller.

50p.___
100 T el T T T
0— —eee T 0.6p,,
B NN T 0‘5/)(1)
= 50 100 150
- (1> =
u\'}: .-
_100 | 1 | 1 1 1 1 1 |
0 100 200 300 400 500 600 700 800 900 1000
S50p.___
100 T IO Tt T T T T T
G sl
= 0 &[ ~ 50 100 150
S = =
- /
o /.-
Vessel
-100 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 Vesse12 1000
S0f. Vessel3
100 T ) T T T Vessel4 ——
@ N _50'_' Vessel,
Z %&} . 50 100 150
—~ 0 =
= (.-
_100 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Time(s)
(a)

Figure 6. Cont.
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Figure 6. (a) The formation errors under the proposed FTPPF-based controller. (b) The forma-
tion errors under a conventional PPF-based controller. (c) The formation errors under a controller
without PPE.
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Figure 7. The surge forces, sway forces, and yaw moments for the vessels under the proposed FTPPF-
based controller.

Therefore, the proposed FTPPF-based formation controller can maintain multiple
vessels in an expected formation with high tracking accuracy. In addition, our proposed
FTPPF-based controller has a faster convergence speed and smaller fluctuations than a
conventional PPF-based controller and a controller without PPFE.

5. Conclusions

This paper presents a nonlinear ESO-based distributed formation control scheme with
an FTPPF for multiple vessels, subject to unmeasurable velocities and system uncertainties.
Initially, a nonlinear ESO is constructed to estimate the unmeasurable velocities and system
uncertainties. Subsequently, a novel FTPPF is designed to improve the system transient
performance, where the upper bound of the convergence time and constraint bounds
can be flexibly preset without depending on the initial states and designed parameters.
Then, a robust formation control scheme is presented based on the designed ESO and
FTPPFE. The boundedness can be guaranteed for all signals of the closed-loop system and
the formation errors can approach zero within the preset time. Finally, simulations and
comparisons show that our proposed FTPPF-based controller can maintain multiple vessels
in an expected formation with high tracking accuracy, a faster convergence speed, and
smaller fluctuations. However, collision avoidance is not considered in our proposed
method, whose application would be limited in practice. Hence, collision avoidance will
be the focus of future research in the design of a distributed formation controller.
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