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oI 2, AT

. 1
T
Vikresoi € — 5 (1 = Apax (Pxresoi)) €xresoi€resoit

/lmax (P i) % 2
% dKFESOi” (32)
K, A () R I7 I R RRAEAE
2
é’\ﬂKFESOi =1/ Amax (Pxrrsor) — 1, Ckresoi = Hd]*(FESOjH
/lmax (PKFESOi)/2 o
Kfr=(32), i]5
Viresor < €755 Vieppso, (0) + Skresor (1 —e ) (33)
HKFESOi
— 15
lle Il < e ol Vieppeo; (0)  Ckpsor (1 — e7#wsssor)
KEESOr Amin (Presor) Amin (Presoi) UKFESO;
(34)
B BT, expeso— BUR A FL, R AW

ﬁjﬂ \/CKFESOi/ (Amin (Pxresoi) MKFESO?) » /TEIE 2 1Eﬂl—:“
3 EHFHEEHBET

AN F A v X 254, 78 2 0 53 A X )
A4, USV U] 5488 USV #E 7 {5, B JfdE
Jii A USV 507 35 BB S AR 1 S % W .
i v 5 0040 A A A S, BT — B s i
AN 43 A 2R S LI 2 <

by = ki (Z}Nl i (5, = 9,) + bio (v, - 95,.)) (35)

Ny — 5 17 Nx1
BV =v=Dy, Fo=[T,, 0,00, € R, N
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o3 A ORI &5 B A TR 22 3h 05 Fe

Vg = =k (Li+ B) ¥, (36)
J£F KFESO PR ASATHE, X (6) ATk S

X = l.ﬁd[yei +%;cos g+ f’i sinyrg; — Uy, (D — @)
Yei = _!r/./dixei - )AC,' sinyry; +)A’,- COSYy; (37)
ey =(Li+B) P, —w)-B,1,v

T

iﬁ:EF" i\’Ys = [\351,952,...,\751\/]1-; w= [wl;w%uwwN] o
B @iy @iy a5 NI S | R A L SRR
ﬁ i%. E ﬁ j:u T}Ijz %IJ % 5 wei :l/,;i_axﬁi’ &ui :ﬁi_a,uh
— Qs pi = Sin(l,lld,- - CZ,,,,— - atan2(f1,, ﬁl)) - Sin (wdi_
i —atan2 (0, i) o B0 F 38 B2 B R s i 1
@ = —kXe + 208i0° ((lﬁ: —Wdi)/2>+
v; Sin(&i - lﬁdi) + U}V
@y; =Yg +atan2 (—y,;/4;) — atan2 (V;, &) (38)
@i = —kiei + @y — (yef[jipi)/lﬁei

@; = —kg Xe; + koo€p;

A A ETITBE B ks ks ko koo R RF BTG
W

K (16) M AK(3T), 1507 8 P 7]
R2ETTE:
Kei = WaiVer = KuiXei + @i + ke COSYg; (X — ) +

Ky SINWg; (Ve — 91) — kgu U g Xei + koo U se0;

yei = _lpdi-xe[ -
kg SINrg; (X — X;) + Ky cos Yy (v — 1) (39)

l/'/ei = —k,ei— (yeiUiPi)/'r//ei + @&, + kpy (l//fi - l/A/z)

g = (L +B) (koxx, — ¥ — ko.ep)

‘;}si = _kvs (-Ez + BI) is

iﬁ: I:F‘ P Xe = [xel’era“'axeN]T

egN]T c RN><1 .

4 FANFEHIFT

AR @ = (e, ] N lERK
YO A0 47 il f5t S B 2 WO S BT AR, 51 B 2 T
AR, e e DLFAE T e A — R E g AR, AT

Prilt; + @ = a;, a5 (0) = ;(0) (40)

s @ = [, an]" 9 BE L i 8 @ D8 B PR AEL;
pri = diag (0, i) N — o7 PR A8 V0 I s B RS TR] R,
Prai T pri ¥R IE

%X%wzi%%&ﬁ:a'_aﬁ:
] ¢ FEATRF K (400N 1

@, ="

U[yei/ yz,- +A,-2 + Uipi_

NxI _
e RY™; ey =[eg, €05,

[&fui’ d/fri]T 1) X‘_j ETJ‘

g = a’i_Pf_,-ld’fi (41)

%XEE‘L%% qi = [qm’:qri]T, ;H\:ﬁ‘,lex%itj"j

q; = Hi,—ay (42)
ﬁq:,H=[$ ]mﬁwﬁr@
2 (42)%F B ] ¢ 7R, TP (14) 520(40)
fRA, 1%
g, = HR' (@:) (BT + I:i + Koo (15 — 1)~

HS (7)) 0, - @y (43)
BT X (43) Bt an T gl g e il e

= B.[-R(J:) H'Kagi — Li+

R(‘Z’i)s(?‘i)oi +R(‘/A/i)HTdfi] (44)
A, K, € RP2FAFBRETT Y IE 2 XF A 40 B
B (4) A (43), 15 1B R 25 3 8 7 e

g;=—K.q;+ HR" () Ky (i =) (45)

5 WREMEST

TEHT N 8 USV 4 B P T3] Jef A2 R e 42 ol
Girh, K 2 v R U R R Y, R AOE O

V= Z Viresoi + 22 xel+yez+lpet)+ 5o Peq+

_~T TP Z q'q,+ Z @l (46)
é'\ Vl _[Zr l(xez +yez +lpez)+e Pe9+§TPvS] ’[ﬂ‘
FEXFmp ] ¢ HEATRIFRA(39), 1

. N N
Vi= Z-—1 [— (ki + kaU:li)xgi - Uiygi/ Yo +di— kn“!’iﬂr
UjiXei€qi + Xei@yi + Wiy + kpy il (lﬁﬁ - l&z) +
ki COS Wi Xe; (Xg; — X)) + kg SINYr i Xy (Vi — 91) —
kExi Sin lpdiyei (xfi - )?: ) + kE\l cos wdtyel (er 5}1)]+
koye; P(L+B)x, —kee, P(L+B)e,—~
elP(L+B)v —k,FTP(L+B)¥, (47)

MR 3. 513 1 5518 2 #F— 2015
Vi< Z[\;l [— (ki + kg Ul — 1 — kg — ksyi) le.—

U,
(ﬁ i = kE“'i]yzi = (ki = 1 = ki) Yo+
Yai
. ~2 " ~?
@ + & + fm _fr + kExifC? + kEyiS),-z + kEwiﬁ-i-

2 2 2 2 2
k e/lmin
wz] o @1,

kExz-xi, + kEytyn + ksz

ksﬂmln ~T ~ 1
v 5 K i (@) p! +||G||F( e6e8+2xexe)+

|
||M||F( eye,+ 2vTv ) (48)
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K P: G=kyP(L+B)+U;, Uy =diag(Uy,.....Usy)s
M =P(L+38); || * |l- 4 Frobenius L ¥ .

% Ye = [yel’ye2~"syeN]T; Y. = [lﬁel,lﬂez---,weN]T;
Swei = kit kUl =1 =k —keyis Gy = Ui/ A2+ 42—
Kixi —Keyi Syei = Kri— 1 =Ky 3K ve = Amin (diag(Suets - - - Sren)—
IGllg > Kye = Amin(diag(Syers - - - » Syen)) s Kye = Amin(diag(Syer
o Suen)), W (48) W] i 16y

kﬁe /lmin (Q) _

Vl < _Kxexgxe - I(yey—erye - Kll/elp—erwe - [ )

IGlle M|l

2 2

1 N T 1 N o+ N ~T~
E Zi:l qi qi + 5 Zi:l afjafi + /lmax (KEli) Zi:] '],‘ ’Ii+

N
/lmax (KEli) Zizl ﬁ;l;ﬁfi

}egeg [l oin (@) — I M1} ]575,+

(49)
% Vo= 3 SN alat 3 SN B, 15 3R

t HEATR T IR (45)10A, 15
Vy=- Zj\; q;K.q; + Zi] ¢ HR' (J’z) Keoi (i — 1) +
3w~y apa (50)

o SR E R R < @, @ = [a), ],
a5 o ¥R

. N

Vs < ~[ Ao (K = A (Ki2) IHE1 Y gl g+
1 o N 1 N
3l S 3 5
Ao Kes) Hl (Y oo OV
%(Zizlnhﬁzizlnénﬁ) (51)

kge Amin (@) =[Gl || Ml

2
+

*
@;

2> kyy =min{ 2K, 2K, 2K,

Amax (P) |
kvs/lmin (Q)_”M”F .
T(I_)) >kv2 = mln{_z/lmax (KEZi) ”H”F +2&min

(Kci)’ 1 _2/lmin(pf_,'l)}’ éﬁ—fé‘;—[:t(33) N ﬁ(49)5ﬁ(51),
VRS ] £ f
2/1max (KEI[) _ /lmax (KEZI) ||H||F:|
ﬂmax (PKFESOi) ﬂmax (PKFESOi)

N
Zi:l Viresor =k Vi — (k= 1) Vot

1
5 ZZI | |+ ZZI CKFESOi (52)

4> k,; = min {/J L 2/lmax (KEli) _ /lmax (KEZi) ||H||F
Sk KFESOi A (Presor) Amax (Piresoi)
1

=5 S (@) + X exrrsor, MIRHE(52)
H— AL

v <- [#KFESOI' -

*
i

V<-kV+e, (53)

B 3, I N USV AR P R 5% 72 B
BRI R G, TR AR 1 BRI 3. EM L E

TH 2 WIRTHE R, R KFESO(R:(16) ), iz gh2¢
] 4 il #5 (3X(38) ), sh Jr2# 4 il 2% (X (44) ), fifi
AR S 5000 12

2Amax (Ki1i)  Amax (Ke2) [ H g

}-max (PKFESOi) }-max (PKFESOi)
ko >0k, >1 (54)

WA RGP T IR E G —BUR AR

HER: X (53) 550(54), 15
V<e V() +e, fo e 0 ds < eV (0) + Ii— (1-¢")
(55)

% e, € R*™I LR USV P[] i A2 R 72 52 5 47
Pzl RGP T A IR ZE AR T, Ho 2

>0,

MKFESOi —

. 1
V > min {/lmin (Pxresor) » Amin (P) 5} ||ev||2
(56)
V < max {Amax (Presor) s dmax (P) s 5} lle.|I*
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H(55) 5 (56), #E—L 4
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lle. |l < (57)

. 1
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A (56) 520 (57) AT, e, — B 5L, H
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FEHL 3 JERE
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Fig. 3 Communication topology networks

i B R F 9 USV BL 7l Cybership 1115
AT Ay B TR, LR R G bR 2 A
5 2 A B Aed kG, BAROK 3l 01 S 80000 SCEk [25].
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—30°7", 7>(0)=[—33.9 m, —38.9 m, —30°]",75(0)=[~41 m,
46 m, —30°]". ] 4R & FE B h v, (0)=[0 m/s, 0 m/s,
0(°)/s]'s BBESBMSERE v, =05, S8
22 ML =10,-6,-6]". AHIESNENAM, =0.2M,,
AC(v) = 0.2C(v;), AD,(v;) =0.2D,(v). W, .
SRV VR R BE SR Y A B B T A 0 i B R
Teai = (0.18in(0.0057t — t/5) — 0.1u®vr) N, 75, = (0.1
sin(0.0057 +71/6) —0.1wv*r) N, 7, = (0.01 sin(/3+
0.005nz) — 0.01uvr?) Nom, A% 845 ) 4t M 75 by Jr 22
B E AR, = diag[(0.1 m)%, (0.1 m)>,(2.9°)] .
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Pt A 45 il 7 ¥k, 2 B KFESO 2 8 70 51 M Ky, =
diag(2.0,2.0,3.0), Kgy = diag(0.5,0.5,1.8), Kgy =
diag(0.1,0.1,0.4),0; = diag[(107* m/s*)*,(10™* m/s?)?,
(107 rad/s?)*] . MEHLZ B2 PRl EE T 28 28003 0 h
kv =0.5,4; =5,k = 0.1,k; = 0.5, kg = 0.1, kge; = 0.9,
TEHL B 7 2 45 il 48 2 80055 0 K, = diag (0.1,2.5),
o = diag(1.0,1.0),

AT T 5 22 AR, R A ST BT e 44
Jiik 1o S UL R, A 56 0F I B 7 vk i A
BT FR i ESO MyHTdt4a il oy ik, 34 HAE Ny
Xk, a4 A 20 Ho, dRifE ESO

f(i = Aii,i"'BiTi"'KEi(yi_Cii/i) (58)

R PRUEXT EE A3 AT B A, AR iE ESO S5
% ® 5 KFESO M [A], Hiz sheF il il g5 fsh 1
2FPE g TR e —
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Fig. 4 Coordinated path following trajectory (method 1)
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Fig. 5 Coordinated path following trajectory (method 2)
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Table 1 MSE of position estimation errors for USV1

S bz E AR I ENCIEACS
filiTh PR ZE/m fii T #% %2/m fti iR % /rad
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2 0.2730 0.2446 0.0813
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Table2 MSE of velocity estimation errors for USV1
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v REms")  HTHRZE(ms") AT iRZE (rad s )
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2 0.028 2 0.0322 0.058 2
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Table 3 MSE of disturbance estimation errors for USV1
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Fig. 12 Comparison of velocity errors
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KFESO-based composite anti-disturbance control for
distributed cooperative path following of
unmanned surface vehicles
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1 China Ship Development and Design Center, Wuhan 430064, China
2 School of Naval Architecture, Ocean and Energy Power Engineering, Wuhan University of Technology,
Wuhan 430063, China

Abstract: [ Objective ] Due to mixed-frequency multi-source disturbances, unmanned surface vehicles
(USVs) encounter challenges in accurately capturing state information and ensuring path-tracking precision.
To address this issue, a composite anti-disturbance control method based on an extended state observer com-
bined with Kalman filter (KFESO) is proposed for distributed cooperative path following of multiple
USVs. [ Methods | Firstly, an extended state observer combined with Kalman filter is constructed to estimate
the state variables and lumped disturbances of USVs. Secondly, a distributed state observer is designed to ob-
tain the speed information of the virtual leader. Based on the consistency theory and the line-of-sight guidance
law, a kinematic cooperative controller is designed by combining the output of the KFESO and the estimated
reference speed. Furthermore, a kinetic anti-disturbance controller is designed using the backstepping method
and the dynamic surface control technique. The Lyapunov stability theory is employed to prove that all error
signals in the control system are uniformly ultimately bounded. [ Results ] Simulation experiments show that
the proposed method can accurately obtain the states of USVs. Under mixed-frequency multi-source disturb-
ances, compared with the standard ESO-based control method, it has higher tracking precision and stronger
anti-disturbance ability. Regarding path tracking trajectories, the proposed method achieves reduced lateral de-
viations and more stable trajectories. For position errors, the convergence times are comparable, but the pro-
posed method effectively eliminates oscillations. In terms of path parameter coordination error, the proposed
method can stabilize the formation, whereas the comparison method suffers from high-frequency oscillations.
In terms of state estimation accuracy, the proposed method significantly improves the estimation accuracy of
various state variables, enables the distributed state observer to effectively estimate the speed of the virtual
leader, and achieves smaller errors in speed and control force (moment), effectively mitigating the frequent ac-
tuator response to noise. [ Conclusion ] This method can resolve the trade-off between estimation speed and
accuracy in ESO, and improve the precision of multi-USV cooperative path following.

Key words: unmanned vehicles; distributed coordinated path following; multi-source disturbance; motion
control; maneuverability
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