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Tém tit

Trong nghién ciru nay, mét chién luoc diéu khién
bén vitng hién dai duoc phat trién dé t6i thiéu héa
sai léch quy dao cua hé théng tau mat nudc tu
hanh duéi tée dong cia gié. Trude tién, bo diéu
khién bén vitng duwgc thiét ké dua trén ky thuat
cuon chiéu va ly thuyét diéu khién truot. Viéc phin
tich tinh én dinh cia bé diéu khién bén vitng dua
trén ham 1ng vién Lyapunov phi tuyén duwoc tich
hop vao bé gidi ciia phirong phdp diéu khién dy
bdo mé hinh, tiv d6 xdy dung lén hé thong diéu
khién bam quy dao cho tau thiy. Hé thong nay
dwge chitng minh khéng chi dam bao tinh 6n dinh
ciia bg dieu khién dw bdo mé hinh duwéi tic dong
ciia nhiéu ma con dam bao tiéu chi an toan trong
qua trinh vdn hanh nho vao viéc giéi han dau vao
diéu khién va cac trang thdi cia hé thong. Cudi
cung, mé phong 56 duoc thuc hién dé minh hoa
tinh hiéu qua ciia hé thong diéu khién dé xudt, va
dige so sanh voi bp diéu khién phi tuyén khdc.
Tw khéa: Tau thity, diéu khién bén viing, ham
Lyapunov phi tuyén, diéu khién di bdo mé hinh,
nhiéu gio.

Abstract

A novel robust control strategy is developed to
minimize the trajectory deviation of an
autonomous surface vessel system under wind
disturbance. First, the robust controller is
designed based on the backstepping technique
and sliding mode control theory. Analyzing the
stability of the robust controller based on the
nonlinear Lyapunov candidate function is
integrated into the solver of the model predictive
control method, thereby constructing a trajectory
tracking control system for the ship. The control
system is demonstrated to not only guarantee the
stability of the model predictive controller under
wind disturbance but also satisfy safety criteria
during the operation process thanks to control
inputs and states' system restrictions. Numerical
simulation is implemented to illustrate the

efficiency of the proposed scheme, which is
compared with the other nonlinear controller.

Keywords: Surface vessel, robust control,
nonlinear Lyapunov function, model predictive
control, wind disturbance.

1. Giéi thiéu

Trong nhitng ndm gan déy, cong nghé hang hai da
nhan dugc rat nhidu quan tdm cua cac nha khoa hoc
Viét Nam ciing nhu trén toan thé gidi do nhing loi ich
ma moi trudng bién mang lai [1], [2], [3]. Trong do,
tau mat nude dugc biét dén vai nhing tmg dung rong
rdi trong cong cudc kham pha dai duong, khai thac,
thwong mai, va quan su [4], [5]. Pé dam bao sy an
toan va toi ru hoa qua trinh van hanh cia cac thiét b
hang hai, nhiéu cong trinh nghién ctru dugc tién hanh
trong bdi canh cong nghiép hoda - hién dai hoa. Pac
biét, kha nang van hanh ddc lap, gidi han khong gian
lam viéc, va giai quyét cac yéu td bat dinh trong moi
truong bién da ching kién rat nhiéu sy nd lyc trong
cong dong hoc thuat cho hé thong tau thiy [6], [7], [8].
Cu thé, mot bod quan sat nhiéu dugc tich hop vao cAu
tric diéu khién ché do truot hién dai dé dam bao hi¢u
sudt bam cua tau thiy mat nudc trong [9]. Trong khi
d6, nghién ctru [10] khong chi giai quyét cac van dé
bét dinh ma con trinh bay mot bo diéu khién thoi gian
hiru han. Vi vay, chién luoc diéu khién trong [10] cho
thiy loi ich cta tdc do hoi tu so véi cac nghién ciru
khac. Nhiing phuong phép hoc may cling dugc ap
dung dé giai bai toan tdi uu cho hé thong tau thuy
trong [11] va [12] bang cach tmg dung 1y thuyét hoc
tdng cuong va co ché uéc luwong dya trén mang no-
ron. Bén canh d6, mot sb tac gia tap trung giai quyét
bai toan diéu khién bam quy dao cho mot nhém tau
mat nudc. Trong khi cac nghién ctu [13] va [14] tap
trung vao luat diéu khién phi tuyén cho hé da tac tir
thi cac nghién ciru [15] va [16] phat trién bai toan diéu
khién d6i hinh cho nhém tau thuy dua trén luat toi wu.
Tuy nhién, cac b diéu khién dugc dé cap dén & trén
chura xem xét dén viée gi6i han dau vao diéu khién
cling nhu ddu ra cua hé théng dé dam bao an toan
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trong qua trinh van hanh. Trong [17] va [18], k¥ thuat
rang budc dau vao diéu khién da duoc tich hop dé dam
hé théng luén 6n dinh trong mién lam viéc xé4c dinh
clia co cau chip hanh. Ngoai ra, chién luoc gi6i han
dau ra cia hé thdng tau thuy ciing dugc nghién ctru
trong [19] va [20], bai todn nay c6 y nghia dic biét
trong moi trudng bién ludn thay doi.

Dua trén phan tich cta cac nghién ctru trudce day,
mdt cdu tric diéu khién bén viing dugc dua ra dé giai
quyét dong thoi van dé bam quy dao, tinh 6n dinh cua
hé thong diéu khién vong kin, gidi han dau vao va dau
ra cho hé thng tau thuy. Pau tién, chién lugce dicu
khién phi tuyén bén viing dugc thiét ké cho h¢ thong
tau thuy ty hanh dé xay dung co sO on dinh cho hé
thdng didu khién vong kin. Sau d6, bo diéu khién dy
bao md hinh dua trén ham Lyapunov dugc xay dung
dé tao ra tin hiéu diéu khién cho hé thong, tin hiéu diéu
khién nay dam bao duoc cac muyc tiéu da dé ra. Trong
céc phan con lai cua bai bao ndy, chung t6i s& dwa ra
nhitng ndi dung sau: M6 hinh toan hoc cua hé thong
tau thuy ty hanh duéi anh huong cua gié dugce dua ra
trong Phan 2. Sau d6, phuong phap diéu khién d& xuat
dugc dua ra trong Phan 3. Trong Phén 4, cac két qua
mo phong s6 ciia ciu triic didu khién dé xuit dugc dua
ra va so sanh véi cc bo diéu khién khac nhdm nhén
manh hi¢u qua cia dé xuét. Cudi cung, nhitng két luan
va hudng phat trién trong tuong lai cho hé théng dwoc
trinh bay.

2. M6 hinh tau thiy tu hanh

Nghién ctru nay xem xét mo hinh tau thuy tu hanh
CyberShip II (CS2), day 1a m6 hinh thu nho cta tau
cung Ung voi ti 1€ 1:70, dua theo nghién cuou [21].
Khéi luong cua tau CS2 1a m=23,8kg, chiéu dai va
chiéu rong cua tau 1an luot 1la Leso=1,255m,
Bes:=0,29m. Tau thuy ty hanh chuyén dong trong mit
phing ndm ngang va c6 ba loai chuyén dong dic trung
1a chuyén dong dat, chuyén dong tinh tién, va chuyén
dong quay hudng. Ba kiéu chuyén dong nay duoc dic
trung bdi cac bac tu do, vay nén mo hinh toan hoc cta
tau thay dugc biéu dién dudi dang mo hinh ba bac tu
do. Theo nghién ctru [21], bang viéc ap dung cac dinh
luat vat Iy cho tau thiy trén hé quy chiéu quén tinh va
hé quy chiéu gén v6i than tdu, mo hinh dong lyc hoc
clia tau thiy duoc biéu dién bang hé phuong trinh sau:

n=R(p)v
ey
M(n)v+C(n,v)v+D(n,v)v=U+d,,
2

trongdo: m=[x y go]T e R*® 1a véc to biéu thi vi

tri cia téu(x, y) va hudng tau ((p) khi xét trén hé
quy chiéu quén tinh. v=[u @ r]T eR** biéu thi
véctovantde va U=[U, U, U] eR* lavéc
todiéukhién. d daidién cho nhidu gi6 tac dong lén

hé théng tau thiy. Ma tran R € R*® 12 ma tran quay
va duoc biéu dién nhu sau:

cosp —sing 0
R(p)=|sing cosp 0 3
0 0 1

Ma trdn quay c6 cac tinh chit R’ (go)R((p): I,
"R((P)" =1. Thém vio do, M eR*®,C(v)eR>,

D(v)eR*® lan lugt dugc dinh nghia la ma tran

quan tinh, ma trén Coriolis va lyc ly tAm, ma tran suy
giam thuy dong luc hoc. Cac ma trdn nay thoa man
céc tinh chét sau day.

Tinh chit 1. Ma trn quén tinh cta d6i twong la
ma tran ddi xtmg xac dinh dwong hay M'™ =M > 0.

Tinh chit 2. Xem xét ma trin M dao ham theo
thoi gian ctia ma trin M. Ta ¢6 (M—2C) e R**1a
mot ma tran ddi xtmg khong am.

Tinh chit 3. Dit N = (M —2C), theo tinh chat 2
thi N 13 ma tran d6i ximg khong 4m. Vi mot véc to
batki beR>, b =0, didu kién sau dugc thoéa man

—b"Nb=b"N"b=b"Nb (4)

hay b'Nb=0.

Gia thuyét 1. Nhidu gio trong mé hinh & phuong
trinh (2) dugc gia thuyét bi chan boi cac hang sd
duong Y, theo [22]:

|, [|<Y (5)

Trong moi truong thuc té, d6i tugng tau thuy chiu
tac dong cua cac loai gié c6 cudng do va tin sudt khac
nhau, dic biét c6 rat nhiéu loai gié c6 cuong do manh
anh huong 16n dén viéc chuyén dong cua tau. Tuy 6
dic tinh thay doi theo thoi gian nhung hién twong tu
nhién nay ludén cé nang lugng hitu han, nghién cuu
[21] d3 chi ra diéu nay va trinh bay cac tinh toan lién
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quan dén ning lugng cta cac loai nhidu gié tac dong
vao tau. Thém vao do, cac thiét ké co hoc cua tau cling
dd xem xét dén nhimg anh hudong cta nhidu gié, nho
d6 ma tau c6 thé van hanh trong moi truong bién phuc
tap. Vi vay, gia thuyét 1 hoan toan hgp 1y.

Phan tiép theo sé& trinh bay quy trinh thiét ké chién
lugc diéu khién cho tau thily tu hanh dya trén mé hinh
toan hoc dua ra & phuong trinh (1) va (2).

3. Phwong phap diéu khién

Trong phan nay, nhitng dong gop chinh dé téi thiéu
hoa sai 1éch bam cho hé théng tau thuy tu hanh dugc
dua ra. Trude tién, mot cdu tric didu khién bén ving
dugc thiét ké va xem xét tinh 6n dinh dya trén ly
thuyét Lyapunov. Nhimng hé qua ctia bo diéu khién phi
tuyén va ham Lyapunov tré thanh diéu kién 6n dinh
ctia diéu khién dy bao mo hinh. Tiép theo, mot bd dicu
khién dy dodn mé hinh phi tuyén dugc phat trién
nham dong thoi dam bao tinh 6n dinh, tinh kha thi, va
viéc rang budc dau vao va bién trang thai. Céu trac
ctia hé thdng diéu khién vi tri cho tau thuy duoc minh
hoa bdi so dd ¢ Hinh 1.

Qui dao o
it cua tauf -

Hinh 1. Céu triic hé thong diéu khién tau thiiy

B§ gidi 6i vu
(bao gom rang
bugc Lyapunov)

Fully )
Actuated | "+
Surface
Vehicle

3.1. Céu tritc diéu khién bén viing

Dé thiét ké bo diéu khién dong hoc va vong dong
luc hoc, sai léch quy dao cuia timg vong diéu khién s&
dugc trinh bay 1an lugt trong phuong trinh (7) va (8):

A‘l =N My (6)

Av=v—-v, @)

T
trong dO: rlref = I:Xref yref wref :| va

v, € R*® lan luot 14 quy dao mong mudn va tin

hiéu didu khién 4o. Thuc hién dao ham phuong trinh
(6) va két hop vé6i phuong trinh (1) va (7), ta co:

A“ = 'l _flref = R(¢))V _ilref
=R (¢)(AV + Vi ) - T:lref

Duya trén phuong trinh (8), tin hi¢u diéu khién o

®)
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dugc thiét ké nhu sau:

Vi, =R (¢) (il —,A0)  (9)

trong do: K, € R*® 1a ma trén tham s6 didu khién
xéc dinh duong. Tiép theo, 1dy dao ham phuong trinh
(7) va thyc hién nhan ca hai vé ciia phuong trinh véi

ma trin I\/I(I]), ta co:

M(n)AV=M(n)(V—V,;, (10)
Thé phwong trinh (2) vao phuong trinh (10),
phuong trinh (10) tré thanh:
M(n)Av=U+d, —-C(n,v)v
_D(TI1V)V—M(")Vvir
(11)

Tin hiéu diéu khién cho hé thong tau bé mat dugc
thiét ké nhu sau:

U=C(n,v)v, +D(n,v)v+M(n)v,, "
—R" (@) An—k,Av—xksign(Av) (12
trong do: K,,K;€ R*® 1a c4c ma trén tham sb diéu

khién xac dinh dwong. Sau d6, dé kiém chung tinh 6n
dinh ctia cu tric diéu khién ting phi tuyén, mot ham
Lyapunov dugc chon nhu sau:

V, Z%AI]TAI]-F%AVTM(T])AV (13)

dwa trén tinh chit 1, ham Lyapunov V, didm bao xic
dinh duong. Tién hanh dao ham phuong trinh (13):
V, =An"An+Av M(n)Av

1 ) (14)
+§AVTM(I])AV

Thay cac phuong trinh (8) va (11) vao phuong
trinh (14), ta dugc:

vL = AnT (R((D)(AV + Vvir ) - ilref )
+AVT(U+dW_C(n,V)V _ J (15)
-D(n,v)v-M(n)v,,
+%AVTM(1])AV
Tin hiéu diéu khién 4o trong (9) va diéu khién

dong hoc trong (12) dugc st dung cho phuong trinh
(15) nhu sau:
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V. =—An"k,An+An'R(@)Av — AV k,Av
—Av'ksign(Av)+Av'd, —Av'R" (p)An

+ %AVT (M(n) - 2C(n,v))Av

(16)
Phuong trinh (16) duoc viét lai bang cach sir dung
tinh chat 1 va 2 nhu sau:

V, =-An"k,An—Av'k,Av

17
—AvV'Ksign(Av) + AdeW( )

Nhu vay, phuong trinh (17) xac dinh am khi va chi
khi K,, K, € R*®1a cic ma trn xé4c dinh duong va
K, > Y. Do d6, bo dicu khién trong phuong trinh (9)
va (12) dam béao hé théng diéu khién vong kin 6n dinh
va sai léch tién vé vi tri cén bang
[An" Av'] =[0 0] . Tuy nhién, dé dam bao
hi¢u suat bam quy dao, cac bd dicu khién phi tuyen can
diéu chinh cac tham sé diéu khién du 16n. Qua trinh
diéu chinh tham sé nay s& dan dén tin hiéu diéu khién
vuot ra ngoai ving lam viéc cua co cdu chdp hanh.
Ngoai ra, ddu ra cua hé thong tau mit nudc ciing vi
pham céc diéu kién an toan khi xuét hién cac yéu td bat
dinh va nhiéu trong méi truong dai duong. Vi vay, dé
giai quyét hai van dé then chdt nay, nhimng wru diém cia
b6 diéu khién dy bao mé hinh phi tuyén dugc phat trién.
3.2. Diéu khién mé hinh dwa trén Lyapunov

Trong phan nay, tac gia d& xuit mot thuat toan diéu
khién bén vimng t6i wu dya trén ¥ nghia ciia ham
Lyapunov va bo diéu khién dy bdo mé hinh phi tuyén.
Thuat toan nay dugc thyc hién bdi cac bude sau day:

Budc 1: Cac tham sé mé hinh cua tau thiy va
phuong trinh (21) can dugc khai béo.

Budc 2: Tién hanh do cac trang thai cta hé thong
tai thoi diém t,

Budc 3: Dya trén trang thai nay ¢ budc 2, bai toan
t6i wu cho bo didu khién d& xuét trong phuong trinh
(21) dugc tinh toan d& tim ra U (t) voi
K=i,...,i+ N-1,

Budc 4: Tin hiéu diéu khién cho hé théng tau bé
mét duge gan nhusau U .. = U(t;)=U(0).

Buéde 5: Xem xét i =i+1 va quay lai budc 2.

Dé thiét ké thuat toan nay, mé hinh toan hoc trong
(1) va (2) dugc viét lai nhu sau:

A= {ﬂ —f(A,U)

(18)
ferr e
M™(n)(U)-C(n,v)v-D(n,v)v

Dua trén mé hinh hé théng trong phuong trinh (18),
bd dicu khién dy bao mo hinh phi tuyén dugc xay
dung dé dam bao t6i thiéu hoa sai 1éch bam voéi ham
chi phi nhu sau:

J= minI(AAT (r)QAA(r)+ U (r)RU(r))dz

(19)
trong d6: AA € R® 1a véc to sai léch giita trang
thai du bao [\(7) va trang thadi tham chiéu,
U(‘r) e R*? dai dién cho tin hiéu diéu khién duoc
du bao. t,=T,N duoc dinh nghia la thoi gian du
bao véi T, va N lan lugt dugc xem 14 thoi gian
trich mdu va s6 budc du doin. QeR®® va
R e R**1a cac ma tran trong s6 xac dinh duong.
Thém vao phuong trinh (19), cac diéu kién di kém bd
diéu khién du bao duge dua ra nhu sau:

(20)

trong do: A('[O ) eR® dai dién cho trang thai ban
ddu cua timg chu ky ldy miu. A, € R™,

Uy €R*™ va A, eR*™ U, eR* lin luot
la véc to gidi han trén va gidi han dudi cia véc to trang
thai va diéu khién. Tuy nhién, viéc xem xét tinh on
dinh ciia bd didu khién dyu bao mé hinh truyén théng
thuong rat phic tap, dic biét khi hé théng phi tuyén
dugc xem xét. Vi vay, ching toi tich hgp hé qua cta
Iy thuyét 6n dinh Lyapunov duoc trinh bay trong Phin
3.1. Do @0, bo diéu khién du bao mé hinh phi tuyén
dya trén ham Lyapunov duoc hé théng hoa nhu sau:

(r).0(z)) 1)
)

trong d6: V, duoc dinh nghia trong phuong trinh
(13). A(0) va U(0) dai dién cho gid tri ban diu
trong chuoi dy doan cua bd diéu khién. Bén canh do,
diéu kién dam bao 6n dinh ciing dugc trinh bay chi tiét
nhu sau:
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1

Mf EA{,T (0

usc £(4(0),0(0)) = 24V (0)M(3(0))%(0)

(22)

Nhu véy, bd diéu khién du bao mo hinh dya trén
ham Lyapunov da duoc phét trién dé giai quyét dong
thoi cac van dé quan trong trong didu khién hoc duoc
duara ¢ trén.

4. M6 phéng

Nham kiém nghiém va danh gia hiéu qua cta bo
diéu khién da dé xuit (MPC), tic gia thuc hién md
phong s so sanh b diéu khién MPC dya trén ham
Lyapunov véi cac bo diéu khién phi tuyén da dugc sir
dung cho tau thity, bao gdm diéu khién truot (SMC)
va diéu khién cudn chiéu (BSP). Thong sé mo hinh
dugc cai dat giéng trong nghién ciru [22]. Quy dao
tham chiéu cho tau chuyén dong theo, cac gia trj ban
déu, nhidu (d,, (t)) va cac tham s diéu khién lan
Iwot dugc dua ra:

4*sin (0.02t)
n, =| 2.5*(1-cos(0.02t)) |,
0.02t
0.3+1.5*sin(0.5t) +1.5*sin(0.1t)

d, =|—0.63+0.06*sin(0.5t — 7 /3) +0.75*sin (0.3t)
~0.9*sin (0.5t + 7 /3)—0.9*sin (0.1t )
05 0
n(0)=| 05 |,v(0)=|0|.
719 0
K, =K, =5I,,k, =101,,0(0)=[0 0 0],
[Upoe Unn]=[51, -51,]' , T, =0.05 N =30,

Apy =[4 5 inf 01 01 01],
Awn =[-4 0 0 -02 -02 -02],

Q = diag (80,100,85,100,100,115), R = diag (1, 1,0.5)

Thong qua Hinh 2, 3, 4, ta co thé nhan the‘iy cac
dap tmg vi tri khi tau st dung bo diéu khién dé xuét
6 chit luong tot hon hai bo diéu khién truot va cudn
chiéu. Tuy c6 toc d6 dap tmg cham hon cac bo diéu
khién cting so sanh vi khdi lugng tinh toan ning hon,
phuong 4n diéu khién MPC dya trén ham Lyapunov
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lai ¢6 kha nang duy tri cac rang budc cia cac bién
trang thai va dau ra, thé hién ¢ Hinh 2, 3, 4 va 5. Trong
khi d6, bo diéu khién SMC va BSP khong dam bao
duoc diéu kién rang budc cho céc trang thai cua tau,
diéu nay c6 thé nhin thdy 15 rang & Hinh 3, 5. Xem xét
dap ung van toc cla tau, ¢ thoi diém ban dau hai bd
diéu khién SMC va BSP xuat hién hién tuong vot 16,
khi gié tri dap ing vuot qué gia tri rang budc, didu nay
s& dé khién viéc van hanh tau gap nguy hiém do véan
tbc dot ngdt ting cao qua ngudng quy dinh.

4+ l """s.; [ Tham chiéu |
Q/“/ ~, —==SMC
Vs N\, MPC
2 ’/ \ ..... BSP
/ AN
¥ !
0 /A /\a
05N 0.4 % \\
2F 0.2 \ N
0 \
o s 0 N, \\
4T . 152 156 —
0 50 100 150 200 250
Thoi gian (s)

Hinh 2. Pdp trng chuyén déng tinh tién ciia tiu

N
N
N,

N

v Tham chiéu
// ====SMC
Y MPC
| | [ L BSP

0 50 100 150 200 250
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Hinh 3. Pdp trng chuyén dong dat ciia tau

Két qua trong Hinh 6 cho thay bo diéu khién SMC
va BSP khong c¢6 kha ning rang budc nhu bo diéu
khién MPC. C4 ba tin hi¢u diéu khién (U,,U,,U,)
cho vi tri x, y va géc quay ¢ cua tau, thu duoc tir
MPC dua trén ham Lyapunov luén duy tri trong mdt
khoang gia tri rang budc, trong khi d6 bo diéu khién
SMC va BSP tao ra céc tin hiéu diéu khién 16n, khién
cac gia tri ndy vi pham rang budc clia co cdu chép
hanh. T d6 ta c6 thé thiy wu diém vuot troi cia MPC
dua trén ham Lyapunov trong viéc dam bdo tinh an
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toan cho d6i tugng tau thiy.

Dudi sy tac dong ctia nhiéu gié, ta c6 thé thiy rd
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Hinh 6. Tin hiéu diéu khién

Hinh 7. Quy dao chuyén dpng ciia tiu
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rang quy dao chuyén dong ctia tau khi str dung bo diéu
khién MPC la t6t nhét, bd diéu khién dé& xuét diéu
khién tau di chuyén theo quy dao sat voi quy dao tham
chiéu. Trong khi d6, néu tau st dung bo diéu khién
SMC hoic BSP thi n6 s& di chuyén 1éch khoi quy dao
tham chiéu tai nhiing thoi diém nhidu gio 16n, hién
tuong nay c6 thé thay rd & Hinh 7.

5. Két luan

Qua nghién ciru nay, nhom tac gia da trinh bay
duoc mét ciu trac diéu khién bén viing dya trén ham
Lyapunov va diéu khién dy bao mé hinh dé dam bao
dong thoi viée toi thiéu hoa sai 1éch va an toan. Pic
biét, yéu t6 bén virng dé dbi phé voi nhitng thanh phan
nhidu gié ciing dugc thé hién. Két qua mo phong giira
c4c cau tric didu khién phi tuyén dé cho thiy vu diém
vé kha ning bén vimng, 6n dinh va an toan ciia phuwong
phap dé xuat. Trong nhitng nghién ctru t6i, ching toi
s& xem xét dén viéc tich hop cac bd quan sat trang thai
dé giam sy phuy thudc vao thiét bi do cling nhu xur ly
nhiéu do. Ngoai ra, viéc nghién ctru thyc nghiém sé
dugc ap dung dé xac nhan két qua mo phong.
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