CL PRI ST AR A SRR

“”u%'l/'i % 5

C ONTROL DECISION

JeLete 2 S HT NMIAE [FISH_infty $EHEE
PR,

SIFHASL:
e NS, AR AR S B0 N ) $H_infry$ &[], #2505 5e06, 2024, 39(5): 1507-1516.

TEZR B2 View online: https://doi.org/10.13195/j.kzyjc.2022.2028

LT ARG HoAh S

Articles you may be interested in

i N\ 52 BRI 22 e 35 JC AL B e e L E e AR AR B

Design of robust positively invariant set for trajectory tracking of multi—rotor UAV with input saturation

Pl 5HIK. 2021, 36(4): 857-866 https:/doi.org/10.13195/).kzyjc.2019.0880

A DI MR T 2R A R
Group attitude coordinated control of multi—spacecraft with directed switching topologies

PRl 5P 2021, 36(10): 2389-2398  https://doi.org/10.13195/).kzyjc.2020.0311
325 7 A ik A Eh KRR B 2 R IR R g — Bk

Adaptive event-triggered consensus for Markovain jumping multi—agent systems

P 53R, 2020, 35(11): 27802786  hitps://doi.org/10.13195/j.kzyjc.2018.1507
% JESBRON A E VR S B AR P

Aeroassisted orbital transfer robust guidance method considering atmosphere effect uncertainty

PRl 5P 2020, 35(11): 2773-2779  https://doi.ore/10.13195/).kzyjc.2019.0333
A fih AL J A I P 28 AL P2 T R GEH | A

Event—triggered H  fault detection for networked control systems with distributed delays

PEil 5P, 2020, 35(12): 3059-3065  hitps:/doi.org/10.13195/j kzyjc.2019.0456


http://kzyjc.alljournals.cn
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2022.2028
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0880
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0311
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2018.1507
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0333
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0456
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.0456

9 39% 45 W = oH# 5 xR Vol.39 No.5
20244 5 H Control  and  Decision May 2024

FE M TS BT ANGRER Hoo BT

EEZET, &
(WK A TR EEIEE R, HiM 350116)

O KT 51 JE AN (unmanned surface vehicle, USV) #5l  BLAE L M 4s i, @ S F M 12 sh 3k
AN AL 24 (nonlinear parameter-varying, NPV) USV 58 JE42 L — B NPV Hoo M [r) 428 11 77125, DA e i 17 1 15 114
PRI . 12, 5 R 5% LU 3 B 10 B Lt 5 AR A AR 52 R o o PR R i, B S AR T K B T BE R ) AR
LMt Fossen B 38 it 222 ek A58 37 1o P52 MR AT BEL 704 3 ) 2 R S A0 e N3 7 A58, IR 51 N i 1) F1, 2 52 NPV
il T B O, A3 5 0 1 428 1) 2R GOIR 25 RT3 18 52 38 22 AH 5K 1Y) Lyapunov bR , HE -3 H 156 2 0 17] A4 R4t
Hoo S HR0T I AR B 128 1 28 SR A 2% 1, 12 2% A 7 — A HE 2 M B AN 45 2 (nonlinear matrix inequality, NLMI). H
T NLMI A LR, #4175 F1 (sums of squares, SOS) #i8, I 22 1 200 FEAR B NLMI A 9 3R 28 M 4R B4, 3K NLMI
AR RS A SOS LR SR 1) 2 T S MR BE AN S5 2. A7 FLES SRR, NPV H oo 4% 1 253 22 i 1] 8 15 I B A LR
F2 G0 N B v R TR

XH2IR): T M AEmEEdl KB BR)E: AEERIEER S Hoo G FEESH]: SFI7 M

HE S TP273 SCERARSRD: A

DOI: 10.13195/j.kzyjc.2022.2028

SIFAE: 2, WM. AR M SO ARG 10 Hoo SR 1 [J]. 1] 5 ¥R, 2024, 39(5): 1507-1516.

H robust heading control for nonlinear parameter-varying unmanned
surface vehicle

HUANG Yan-wei', HUANG Peng
(College of Electrical Engineering and Automation, Fuzhou University, Fuzhou 350116, China)

Abstract: Aiming at the nonlinear characteristics of unmanned surface vehicle (USV) yaw caused by the impact of water
flow, a nonlinear parameter-varying (NPV) USV model is established based on yaw motion, and the NPV H, robust
heading control method is proposed to improve the rapidity and robustness of heading regulation. Firstly, a nonlinear
Fossen model is established based on the hydrodynamic damping by the low aspect-ratio wing theory, which can better
describe the characteristics of ship hull impacted by the flow. The dynamics model is simplified into a maneuvering model
by ignoring the roll velocity and cross-flow drag, then an NPV heading model is established by introducing the heading.
Secondly, a Lyapunov function related to the state of the heading control system and parameter-varying of the surge
velocity is constructed to derive the solving conditions of the nonlinear controller, which satisfies the Hcrobust stability
of the heading closed-loop control system. This condition is a nonlinear matrix inequality (NLMI). Moreover, since the
NLMI is difficult to solve, the nonlinear matrix in the NLMI is replaced with the polynomial matrix based on the sums
of squares (SOS) theory to transform into polynomial linear matrix inequalities, which can be solved by SOSTOOLS.
Finally, the results of the simulation indicate that the NPV H, controller has fast system response and higher accuracy
for heading regulation.

Keywords: unmanned surface vehicle; heading control; hydrodynamic damping; nonlinear parameter-varying: Ho

robust control; sums of squares
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w(t) Fa(t) MR AR E K (0, u(t), a(t)), (75 38(29)
BT, MR & 48 (19) B Ho PERE B 38T Fa g,
FORE BRI S N 0, = Kyp(x,u(t), a(t))w.

SR, O FFAE 2w (t) A a(t) (1 BERB A 301, 3K (29)
FE N5z u(t) Fla(t) G NLMI, TG B H:4E Bh
LMI T E K fif. SOS 7715 A& 3K i NLMI (1) 8 2 T A
DR b, 5 5K (29) 3R A5 90 /2 SOS 3K 1 2% 1F, J2 fift
Pp(u(t)) MK ¢ (z, u(t), u(t)) KI5,
2.3 PLMI-SOSRfZ&H

SIFE1(SOSBYy HAFEZ MK g(x) NI—H %
T g1 (), g2(2), - . ., g (), 1515

=> gi(2), 31)
i=1

MFK g(z) & SOS, I AN g(x) € Xsos.
AR, SOS A& AE 471 1, = 2 WA — 58 B SL, HIE B
g(x) € Tsos b g(z) IEH T Z T Ry ™ (1 5% A4+, BRIk,
430 (29) LA 2 T U B ik, R4 H e 60 PLMIL RYI
AL IR 2 € Ygos 15 3120 (29) IR 220 (29)
1)K (2, u(t), w(t)) Fl Py (u(t)) J9 2 XA RE, B
Ky (2, u(t), u(t)) = Kpe(z, u(t), a(t)),
Py (u(t)) = Por(u(t)). (32)
Horb: Kop(z,u(t), a(t) NS zv u(t) Ma(t) MR 2
T HE R, Pop(u(t)) AR w(t) 1 IE 8 0 Bk 2 T UAE
B
¥ 30 (32) RN (29), 75 B R 4t (19) Hoo Wil e
FArm 2 R
IT+C"C Py(u(t) B,

) e <0, (33)
 OBy(u(t)) du(?)
= ou(t)  dt

he(Fyr(u(t)) Az, u(t))+
Por(u(t)) BoKpe(w, u(t), u(t))).
I 3K 56 30 (33) A9 SOS 1, 1T ik 4 =X (29) H
o~ u(t) Mat) fE S 2SRk ) &1 481, SOS A
B #E A AR A PR T, X (33) Y IT AR AE Kope(,

w(t), w(t)) F Py(u(t)) IR G T, AN BEAL B o) 2, TG
AL F SOS T R #EAT KA. PR itk D £ 20 (33) it 4,
W Koe(, u(t), a(t)) 07 55 A A 22 352U AR SR ) R
B, B — A2 0RO Pog(u(t)), @ AL AR 2t
2 WAOIRAS S A i 16
ur = Kpe(x, u(t), u(t))r =
Lz, u(t), i(t)) Pyr(u(t))z, (34)
oA Lz, u(t),w(t) N5z u(t) Fla(t) HH 5K 2 i
B2 2l
KX GHRANGBI),H
ZE+CTC Py(u(t))By
* —2I
_ _ OBy(u(t)) du(t)
T Ou(t)  dt
he(Pyr(u(t)) Az, u(t))+
Poe(u(t)) Ba Lz, u(t), u(t)) Por(u(t))).
= Py (ult)), B Pye(u(t)) A& 1EE X
) e IEE X FRIK. 2K (35) 22 e il 4 3fe

<0, 395)

+

<0, (36)

x,u(t),u(t)))+

OT(u(t)) du(t)
ou(t) dt T(u(t))-

X A (3@1, 17 1E T(u(t))CTCT (u(t)) F1 I H 1)
T 20O W) 1)) st m R L

Ou(t) dt
G, 0 LU SOS =K fift.
SIFE2 22 35X FR 2 I B T (u(t)) JE T 57,
i
T '(u®) . OT (u(t)) ..
T@——T '(u(t)) Bu(t) T (u(t)).
(37)
=0 (37) % %0
or—! d orT d
(38)
(38N (36), H
A+ T(u(t))CTCT (u(t)) By “0 39)
* —y2I ’



%58

FEE & FERBRTARAARE S Hy, & 424 1513

A =he(A(z,u(t))T(u(t)) + BoL(x,
OT (u(t)) du(t)
du(t) dt -
OT 1 (u(t)) du(t
FIFH G132, T (u(t)) 8u((t)( ) di)
HRHE Schur #h 5| #2231 5K (39) 54T
A By T(u(t)CT
* —~2] 0 <0. (40)
* * i
3 (40) T T A HAEFERR R R N S 2y w(t) Fla(t)
FHIR I 2 TR B, HAE R R ANEAERR & 00 2. DAL,
3 (40) & —~PLMI, 7] DA B 27 H SOS T HE K i, 3k
BEHIRR ST (u(t) M L(z, u(t), u(t)).
FIH 513 1K 2 (40) % # 9 PLMI-SOS 2% {1 7]
306 F i AR B IR R 5 (19), 45 72 IS, #5747
1E—AZIRIEFE Lz, u(t), u(t)), =N IEEX KL
TR T (u(t)), & & 4E 21 ) & A He > 0,

u(t), u(t)))—

T(u(t)) 7l AR,

15

A By T(u(t)C?
- CT< x —2I 0 - EI)C € Xsos,

* % -1

(41)
A =he(A(z,u(t))T(u(t)) + BoL(z,u(t), u(t)))—
OT (u(t)) du(t)
du(t) dt ’

1 =X (41) WIS L(z, u(t),
RAGHER g (34) HE N
ur = L(z,u(t),a(t)) T (u(t))z. (42)

3 (42) A ARAE PR R 48 (19) Wi ke e BB A Ho 1
RE.
3 PiESHHT

AT Matlab 4F(5 BIGE NPV H o, 8 ) 45 61 7
R ERE. B RIAT AN, K R SR u,
Z)HAE [—15,15] N-m, R4t H., YERgTR Ry = 0.4. 1)
HETHEMERSE MK = 1.18m, MiEb =
0.36 m,“F¥Nz7K d = 0.03m,lifEm = 8.46kg. NPV
Bl LR (15) S HHHR Ne; = 8.90032m,¢cp =
—6.553 19N-m/kg, c; = 4.494 84 N-m/kg.

K2 NPV H fif 4 HIAE . N ORIER (40) 7™
I AL, 7 (41) H I e 8 D — AN R /N 1 IE £ X
e =1 x 1075, q-LPV IRZS [ i il 2% 1 =R A8 & -
fiid ) A I A BT B [—0.857, 0.857] rad/s, A
YR u AL RN 0, 3] m/s. KRR g-LPV

a(t)) AT (ut)), R

EHIZE N u, = —14.914 7r + 6.283 T1),..

SOSAEE | 4,88, C| R Z AR

A 41) (17)
N
T L WYY
7 A

?I?FJ U, | AE R
% Vel (42) > (15) id

2 NPV H.. fEEIEH
3.1 NPViZHIZE kiR
FIFH SOS T H K fiff PLMI-SOS %1 (41), 15
Ty Tio
Tor Ton|

Lz, u(t),u(t)) =
Ty = 1.4634x107 %2+ 2.5325x 10~ "u+ 6.088 9,

y

v Vv

T(u(t)) =

[L11 L2, (43)

Tig =Ty = —2.7556x 10" 2u? + 5.781x 10 "u+
1.4312,

Ty = 7.5798 x 10~ "u? — 1.149 x 10~ "u + 1.571 5,

Ly; = 28.6529u* — 0.001 8uts +7.6695x 10~ "ur—
1.5247 x 10~ %uyp, — 6.073 80—
4.4985 x 10~ "ar 4+ 9.023 7 x 10~ 3uh,—
32.346 4124 2.9214 x 10~ "r1h, — 6.074 0¢p2 —
45.660 6u — 0.002 94 — 4.6350 x 10~ 7r+
7.3865 x 10~ "4, — 11.7326,

Ly = 9.378 Tu? + 6.8777 x 10 Suu—
3.8572x 10" 2ur — 1.136 0 x 10 1) —
1.1572 x 107 74% — 4.1736 x 10~ “ar+

7.2885 x 10~ "aa), — 6.433 112 —

4.7883 x 10~ ryh, — 3.086 7 x 101042 —

12.658 3u — 0.000 44 — 1.4817 x 10~ 31+

4.4641 x 10~ %), + 3.7749.

3.2 AEZtMEfEm  IEHITE R T

RGARLMERFME T 32 A5) H ) egrd 5210, R
ST AN ARG 1 T s i 1 B, MBS Tt w = 0,4
SE SR MHIAN g = 7/3 + 0.4sin(aqt) rad™
WIGEME M o = mt/3rad, WG HEE v = 0.7m/s, J)K
GIEE 4 = 0m/s”, 73 BB oy = 0.05,0.1F10.2%
AN g, BT = o, RGIREER Y = g,
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xR ¥39%

FTbhr = thg = 0.4ay cos(ayt) rad/s. B3 AR oy
FR 8 170 D S

Kl 3(a) ~ (c) 2 B N ar = 0.05,0.1, 0.2 i} o) Wi 7.
FH Pl 3 T %0, NPV Fil q-LPV 2 il 85 (14 2R e )52 5 L 30
W REIMR, X T RBAEREESNE g WA AE—5E
AT IS R], S I TA) 5 Y T TR R R DR R Y an
51HX0.05,0.1,0.2F, g-LPV % #l| 8 7E ) = 71/3 rad i}
[ RGeS A 2 3 1.85's, 1.73 s F11.47 s, fie KR
R A 5] A R 220 5109 0.015 rad, 0.052 rad #10.135 rad,
MNPV 5 #il| 22 7E = 7t/3rad B &R 48 J5 B ()
4391 290.59s, 0.60s F10.61 s, 5 K BR 7 8 14 £7 i 2
4351 4°0.001 rad, 0.001 rad F10.002 rad. 7 & o LA
B, NPV 75 il 85 1037 S5 IS 1) 02 0 A 1) A % 22 0 LE
q-LPV #Z i Z8 F /. b, BEHE aq BIHEK, g-LPV &
SRR R I T BREEAE 17 R 2, 1T NPV R G 1 g
JUTPAEZ o 2RI 52 [R]E, THDW USV ZEAS [F) 5% i
2B 5] R B AR AR R IR, NPV $2 il 2% 46 L g-
LPV B A BRI R G B 5 /)N ) R i 1% 25 A o i
(B, T DAPRIE RS b PR R B BB A 7] .

1.6
1.4
= 1.2
s
= 1.0
-y
0.8 E— Y
0.6 —Y
h >0 20 60 80
t/s
(a) a,=0.05
ke
s
N

) 10 20
t/s

(b) a,=0.1

30 40

5 10
t/s
(¢) a,=0.2

3 T REAEREIEEHBIREE N R

15 20

3.3 BESHu(t) fEm  IEHITEEE T
TEAMB T w = OB, 45 % g = m/3rad, 1o = 0
rad, I AR N5 3 u(t) = sin(agt) + 1m/s24 i AR
NG IEE a(t) = agcos(agt)m/s”, 53 HIH o
0.1,0.5, 1.5 F12.5, & X USV LLAN [F AR 4 5 (1 w(t) i
1T EBEMSHEANNIR. B4 oy = 1.0 RS
Wiy 52, P& 5 AN R B A 37 T8 S () T FR) R ) .

2

==y, ~g-LPV —NPV |
o
£ 1f =
N
0 ,
0 5 10 15
t/s
15

Z 10
£ s

0 5 10 15

t/s
4 oy = 1.OFTRGN

HH ] 4 7] %0, LPV %6 28 7E N I RS iR 12
HH B BH Y 3 B, T NPV 4% i) 25 456 2 40 7 BR iR 0 2
HRFETIE . DRE, A T g-LPV #2185, NPV 2 il 2%
A CASE A s e AR (t) 51 S RS SECR LI,

K 5(a)- (b) 4 5N q-LPV. NPV i [ o Wi 5z, &
5(c)~ (d) 23 %A q-LPV NPV fii§ [11] £ 35 & - Wi 7. %F L
B 5(a) ~ (d) & BL, 7E q-LPV FINPV £ 1l J7 9% K, fiti 11
YIJREAE10s WA HE 28 o FFORFRASSE. SR1T, BE o
B G K, g-LPV FINPV R St 7E BR g i #2 v 230 H
ANFIREFE I 30, A EL T -LPV % i #%, NPV 42 1l 3%
YERTR, R G4 o Wi RERT ZR GOIRAS r Wi R A2 1R 38
BN, BRI, NPV 4% 1l 25 7] DLSE S M40 1) 0 () 7 2R
RS HEEEN I G, A i Sk
3.4 ANEBFIMERE DA

USV ZEMTUAT I F2 s 2 2K IR T T4, 8
I UM TP w = —0.3sin(2t) cos(2.3t) FL
FLRMAT M B, 45 E B 1R 1 g = 71/3r1ad,0 <
t < 30s;9g = Orad,30 < t < 60s;vy; = 7/3rad,
60 < t < 90s. WIHENATR F o = Orad. AR5 &
u(t) = sin(t) + 1 m/s, I E 0(t) = cos(t) m/s”.

Bl 6 Pt 3h T B A 17 o i R, NPV 2 il 4% 7F
F R I & Ge i e )R R A R 2ZE 4 i N 4.49 s,
+0.016 rad; g-LPV 43 7 A 6.24 s, +0.024 rad. K] I, %
FAEAEANER T 5 1, NPV £ 41 28 T HI R Ge i
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PRI,

4 & @

2 R KU o 51 AR USV R TR 55 il 3E 28 14 5 14,
ASCHERESL | — B 2 T 5% 5 1 NPV il [ 55 80, 1 52
Norrbin 58 FTLPV B A () —Fpdh e 2. IRt T
— MNPV H fili #6107 i, il i ks 5 24
Je H 58040 22 1) Lyapunov R 2, HE S H 328 il 28 5K i
() NLMI 2% 1, -2k F 22 150 06 BE A NLMI A ) E
LR A B, 33— 25 K NLMIE 6 N PLMI-SOS 454, 3R
i 42 1) 2% S 0 %R 7 V5 G 7R 6 NPV S B g AT 4
PEAG AL B, 7853 2% J8 T 3% Fi 18 3 I JE 42 10 I AR R
$em 7 USV a6 REtPERE. 17 B ah R 0:

1) % il A7 3 P o AR AR, B AR 52 3 L ) S e
R SR, TG r W AR 4k, NPV 7 #8 H q-LPV A
SRR ZR 20 IV, B /) PR PR B R 2 P B o )

2) MW ARG R u(t) 51 AL RS S E R BT, A
LT q-LPV, NPV H, $% i %% B8 5 4 Hu 4 i) 2 20530,
TR B B IR B MR, i v R G B A TERE.
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