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TOM TAT: Trong bai béo ndy, nhiém vu chinh cua ching ta 1a thiét ké mot bo
diéu khién bam téi wu dugc ap dung cho cac hé thdng tau mit nude du co ciu
chap hanh v6i mot phan dong hoc chua biét. Mot thanh phan feed-forward
trong bo diéu khién dé xuit dugc gidi thiéu dé c6 duoc mo hinh sai 1éch bam
tu tri. Mot thudt toan hoc tang cuong tich phan truc tuyén (OIRL) dugc phat
trién dé giai nghiém phuong trinh Hamilton-Jacabi-Bellman (HJB) trong diéu
kién cua diéu khién toi wu. Sy hoi tu cta ki thuat dugc dé xuat voi phan tich
nghiém cua phuong trinh HIB dugc dam bao. Ngoai ra hi¢u qua cua bam quy
dao ciing dugc dé cap. Cac nghién ciru md phong dugc dua ra dé danh gia chat
luong cta phuong phap dé xuat.

Tir khéa: Tau mit nude (SVs); hoc ting cudng tich phan tryc tuyén (OIRL);
quy hoach dong thich nghi (ADP); 1y thuyét 6n dinh Lyapunov.

OPTIMAL TRACKING CONTROL FOR FULLY-ACTUATED SURFACE VESSELS BASED
ONLINE ON-POLICY INTEGRAL REINFORCEMENT LEARNING

ABSTRACT: In this paper, our main mission is to design an optimal tracking
controller applied to fully-actuated Surface Vessel Systems with partially
unknown dynamics. A feed-forward component in the proposed controller is
introduced to obtain a corresponding autonomous tracking error model. An
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Online On-Policy Integral Reinforcement Learning algorithm (OIRL) is then
developed to solve Hamilton-Jacobi-Bellman (HJB) equation under the
optimal control term. The convergence of the proposed technique to the
solution analysis of the HJB equation is guaranteed. Additionally, the
trajectory tracking effectiveness is also mentioned. Simulation studies are
given to evaluate the quality of the proposed method.

(SVs);
Reinforcement Learning (OIRL); Adaptive Dynamic Programming (ADP);

Keywords: Surface Vessels Online On-Policy Integral

Lyapunov Stability Theory.

1. Pit van dé

Trong nhilng nim gan day diéu
khién t6i wu dugc tng dung mot cach
rong rai dé phat trién, cai thién hiéu suét
ctia hé thong diéu khién SVs. Viéc Gng
dung 1y thuyét diéu khién t6i uu chu
yéu tap trung giai nghiém xap xi cua
phuong trinh HIB str dung k¥ thuat hoc
tang cuong (Reiforcement Learning
(RL)) boi vi phuong trinh HIB 1a
phuong trinh dang vi phan phi tuyén
khong thé giai dugc nghiém chinh xac.
Cac ciu trac diéu khién cho SVs
thuong 13 cac cau tric diéu khién ting
[1-4]. Trong cong trinh [1], van dé diéu
khién toan bd trang thai cua hé théng
SVs duoc thuc hién bé“mg cach chia
thanh hai nhi€ém vu phu do 1a cAu trac
diéu khién chuyén dong tinh tién va bd
diéu khién chuyén dong quay duoc
thiét ké v6i bd quan sat chinh xéc.
Ngoai ra, thiét ké mot bo diéu khién
truot thoi gian hiru han dugc phat trién
cho SVs véi bién truot c6 thé thu dugc
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tir bd quan sat bao gém ca thanh phan
bat dinh, nhidu ngoai va thanh phn sai
léch van tdc [2]. Trong cong trinh [3],
mic du hé théng diéu khién ting duoc
xtr Iy nhung o rang n6d khéac vdi cac
phuong phép co6 trong [1, 2], k¥ thuat
Tan-Barrier Lyapunov di giai quyét
van dé rang budc sai léch va diéu khién
thoi gian hiru han. Ngoai ra céc tac gia
trong [3] dd giai quyét tinh trang bdo
hoa cia co cau chip hanh bang cach bb
xung mot thanh phan vao cau tric diéu
khién va sau d6 thu duoc ludt cap nhat
cua no. Trong cong trinh [4], cc tac gia
coi md hinh ctia SVs giéng véi mo hinh
cia WMR nhung phan thiét ké hé
thong diéu khién thi hoan toan khac voi
thiét ké hé thong diéu khién ciia WMR,
hé théng con vong ngoai 1a du co ciu
chdp hanh va hé théng con vong trong
13 hut co cau chdp hanh. Ngoai ra, do
bdo hoa clia co cdu chap hanh va bd
quan sat cling dugc thuc hién trong [2,
3]. Ung dung cua bd diéu khién truot



(SMC) cho SVs dugc mo rong sang ky
thuat truogt tich phan (ISMC) trong
cong trinh [5]. Trong nhimg nim gan
day thuat toan RL da duoc deé cap rat
nhiéu véi nhiéu phuong phap tiép can
nhu Actor/Critic, ky thudt hoc ting
cuong tich phén truc tuyén, khong truc
tuyén, Q-learning,...[6-11]. Trong cong
trinh [6], luat cap nhat cho cac mang
no-ron Actor va Critic dugc thuc hién
d@)ng b0 dua trén viéc xem xét ham
Hamilton. Phuong phap nay cling duoc
str dung trong cong trinh [7] cho tat ca
cac vong didu khién cua bd diéu khién
tAng v4i mang no-ron Critic dugc cai
tién cho phu hop. Tuy nhién, do quy
dao bam mong muén thay theo thoi
gian, md hinh sai léch bam con duoc
hiéu 13 hé thdng ty tri, do d6 né dan t6i
hiéu suat clia bo diéu khién dugc thiét
ké. Céc tac gia trong cong trinh [9] da
dé xut bd xung thém thanh phan cta
ham Nussabaum dé nghién ctru hudng
diéu khién chua biét voi chi s6 higu suét
cai tién.

Trong bai bdo nay, thuat toan
OIRL dugc st dung dé tim ra giai
phap cho van dé diéu khién t6i uu bam
cua cac hé théng SVs bat dinh mé
hinh. Mot phuong phap bién db6i mo
hinh cua SVs thanh mo hinh sai 1&ch
bam ty tri cling dugc gidi thi¢u dé
phat trién thuat toan hoc ting cuong.
Do d6 phuong phap diéu khién dugc

xay dung trong bai bdo nay khac hoan
toan phuong phap hién c6 da duoc
gidi thi€u trong tai li€u [7], thyc thi
cu tric Actor/Critic cta thudt toan
hoc ting cudng cho cac hé thong
khong tu tri. Cling trong tai li€u [7],
céc tac gia sir dung nhiéu mang no-
ron dan dén ton tai nguyén, téc do hoi
tu giam lam cho bd diéu khién duoc
thiét ké phirc tap, tbc do xtr Iy cta cac
may tinh s6 khong xir 1y kip cac tinh
toan ctia cac bo diéu khién.

Phuong phap dé xuat trong bai
bao c6 thé thuc hién véi cac hé théng
tur tri voi s bién trang thai nhé hon so
voi cac cong trinh [9, 10] mac du
thudc tinh khong tu tri cua hé kin theo
quy dao tham chiéu khac nhau.

Tu nhiing danh gid thu duoc,
trong bai bao nay mot thuat toan hoc
taing cuong tich phan truc tuyén
(OIRL) duoc phat trién dé giai
nghi¢ém phuong trinh Hamilton-
Jacabi-Bellman ung dung cho diéu
khién bam téi wvu cho mé hinh tau thuy
ma khong can biét mot phan dong hoc
cua tau ma cac cong trinh [1-5] chua
giai quyét dugc.

Dé xuét cau trac diéu khién tdi
uu bam quy dao cho hé lai tau thuy
dua trén giai thuat ADP véi cdu trac
diéu khién 1a OIRL, critic NN dung dé
xap xi ham chi phi t6i uu va tir 6 tinh
toan ludt diéu khién toi wu.
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2. Tong quan nghién ctru
Phuong trinh dong luc hoc ba bac ty do mo ta chuyén dong tau mat nudc
trong mit phing ngang nhu sau:
n(t) = J(np .
Mo+ C(v)v+ D(v)v + g(n) =7 + A(n,v) (1)
Trong d6: n = [;z:, Y, 1/)]7’ biéu thi vec-to vi tri va huodng trong hé truc toa do
Trai dat (n-frame), v = [w,v, r]T biéu thi véc-to van tdc dai va van tdc goc trong

hé toa do gin than tau (b-frame) va J (n) ma tran chuyén d6i, M = M" 13 ma tran
quan tinh hé théng, C(v) ma tran Coriolis va luc hudng tdm hé théng, D(v)ma
tran suy giam thiy dong luc hoc, g(n) € R*1a véc-to luc déy va lyc trong truong,
A(n,v) vée-to ctia nhiéu ngoai bién doi theo thoi gian (gid, song, dong chay dai
duong,...) = 13 véc-to cta dau vao diéu khién. Cac ma tran C(v) va ma trin

D(v)nhu sau:

m, 0 0 0 0 —c, d, 0 0
M=|0 m, mg;Clv)={0 0 ¢, [;Dv)=|0 d, d,
My, Mg €3 ~Cy 0 0 d32 d33

2.1. XAy dwng md hinh dong hoc tau mit nuwéc cho bai toan diéu khién
bam tdi wu

. ~ , 1A , . ’ A A 3
Pinh nghia véc-to sai 1éch bam vi tri, van toc 2,2, € R

zZ, =n=1, (2)
Z =v—u, 3)
Trong 467, = [z,,v,, wd]T 1a véc-to cua cac gia tri vi tri va goc Yaw cai dit,
a, € R1a tin hidu diéu khién o cho h¢ con thir nhat. Pao ham 2 theo thoi gian
ta co:
z, = Jmpv =1, (4)

n
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Chon tin hiéu diéu khién ao:
o, = J () (K2, +1,) (5)
Do ma tran J(n) € R**1a mot ma tran vudng. Coi v, 1a bd diéu khién 4o

cua h¢ con thtr nhat, d€ dang thiét ké v, = a,1am h¢ (1) 6n dinh tiém cén:

v,(2,,2,) =, =T (n)(~Kz, +1,) (6)
Pao ham cong thiic (6) ta dugc:
Z =0-1, (7)

Két hop (7) véi hé phuong trinh mé ta dong hoc cua tau mit nude
khong xét t&i nhiu ngoai (1) ta thu dugc:
5, =M [~C(v) - D) + g(n) + 7| — 4, (8)
Thay v = v, vao phuong trinh (9) ta duogc:
Mi, = —C(v,)v, — D(v,)v, — g(n) + T, 9)
Luat diéu khién feedforward dé duy tri cho hé (9) khi hé dat t6i trang
thai xac lapz = 0 va(r,,v,) cling thoa man hé (9). Bo diéu khién + , tuong Umg
vOi quy dao dat v, mong mudn:
7, = Mo, +C(v,)v, — D(v,)v, + 9(n) (10)
Dinh nghia bién trang thai méi X = [zj, z nf} va cic quan hé thoa man
n, = h(n,); i, = h,(1,) cung véi cac cong thirc (4), (6) va (8) ta duoc hé phuong
trinh trang thai mai cua tau mat nudec:
; z,| |Alz, +v,)—hv)+M'7,| M
—lz |= J(zn +v,)z, — Klzn +10, | (11)

dt| "
77d hl (nd) 03><3

Ta c6 thé viét lai nhu sau:
X = F(X) +G(X)u (12)
Trong do6:

TAP CHI KHOA HOC SO 62, Thang 01/2024 \141



Az, +’Ud)—hd(’Ud)—|—M717‘d M
F(X) = J(Z)] +Uzl)zl' _Klzu ;G(X) = 03><3 T =1 _1’_7—(1
hy(1,) 0,.,
Az, +v)=M" [_O(v)v — D(v)v + g(y,)]

2.2. Co sé ciia diéu khién t6i wu

binh nghia ham Bellman:
V0= gin, [ roowa (13)

Trong d67(X,u) = X"QX +v"Ru. V&I Q=" >0la ham xac dinh
duong ctia R = R”1a ma tran d6i xtng xéac dinh duong. Ham chi phi t6i uu thoa
man phuong trinh HIB

0= min [H(X,u,VV)) (14)

u(X)ew ()
Gia st muc toi thiéu ctia vé phai phuong trinh (14) ton tai va 1a duy
nhat thi luat diéu khién ti uu nhu sau:

W (X) = %IR"GT(X)V Vi(X) (15)

St dung phuong trinh (14) vao phuong trinh (15) wva
r(X,u) = X"QX +u"Ru ta dwoc phuong trinh HIB theo tham s V V' (X)nhu

Sau:

(V V) F(X)
V(0)=0

——(VV)'GX)R'G'(X)VV, + X'QX =0
LTV GEORIET XV Y, +X7Q 6
2.3. Thuit toan Lip PI dé giai phwong trinh HJB
Thay vi chuyén phuong trinh HIB vé dang phuong trinh vi phan (16), dé
phuong trinh HIB ¢ dang tich phan nhu sau:

V' (X) = ] (X, u)dt + V' (X(t +T)) 17)

Thuat toan 1ap PI xay dung dua trén phuong trinh HJB tich phan (17).
Thuét toan 1: Thuat toan OIRL
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Buéc 1:vx € Q khoi tao ludt diéu khién chap nhdn dwoc v’ (X)va gid
ri V' (X)=0,i=0
Buwéc 2: Xdac dinh V" (X) tir hé phwong trinh:

t+T

V("')(X) = f r(X, u("'))dt + V("')(X(t +17))

i (18)
V9(0)=0
Buwéc 3: i) Cdp nhdt ludt diéu khién cho vong Idp ké tiép theo.
W) = RGOV V() (19)

ii) Bén khi v (X) héi tu dén ludt diéu khién toi uu v (X) € (Q) va ham
chi phi VO (X)héi tu dén ham chi phi t6i wu V' (X).
Pinh Iy 1: Gidi hé phuong trinh (18) dé tim nghiém V' (X) twong dwong
VvOi viéc tim nghiém cua phuong trinh:
(V VY (F(X) + GX)u (X)) + (X, u(X)) = 0

VO0) =0 (20)

Churng minh: Pinh 1y dugc ching minh trong [13].

H¢ phuong trinh (18) va hé phuong trinh (20) c6 chung nghi¢ém nhung h¢
phuong trinh (18) khong yéu cau vé dong hoc ndi cta hé théng (1) 1a F(X).
Do do, thuat toan OIRL chi yéu cau mot phﬁn dong hoc ndi cua hé théng (1)
1a G(X) dé tinh toan luat diéu khién (19).

Pinh ly 2 (sw hdi tu): Thudt toan OIRL sé dwa V" (X)va «"(X) hoi tu

déu vé nghiém toi wu, tirc la:

Ve > 0,3i >,
sup|[V7(X) — V*(X)‘ < g;sup|V(X) — ’llf*(X)’ <& (21)
XeQ XeQ

Churng minh:

Trong cong trinh [14] va [15] d3 chi ra rang viéc lap di lap lai trén hé
phuong trinh (20) va phuong trinh (19) duoc diéu hoa boi mot luat diéu khién

ban dau chap nhan dugcu”(X), tit ca cac luat didu khién tiép theo s& dugc
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chap nhan va lap di ldp lai V?(X)va v”(X) s& hoi tu t6i nghiém ciia phuong
trinh HIB, do d6 biéu thtrc (21) s& thoa mén.

2.4. Ung dung mang no-ron cho thuit toan OIRL

Thuat toan OIRL nay st dung mdt mang no-ron nham xap xi ham chi phi
t6i wu V(X)véi X e Q nhu sau:

VI(X) = (W) ¢, (X) (22)

L L

Trong do VAVS) € R* 14 ma tran trong s 1y tuong chua biét, L13 sd no-ron,
6,(X) =[6,(X),6,(X),4,(X)...,(X)| € R* 1a véc-to céc ham co ban phu hop. St

dung mang no-ron xap xi cho ham chi phi téi vu thay cong thirc (22) vao cong
thirc (18) ta duogc:

(W), (X) = ] r(X(8),u(t))dt + (W), (X(t +T)) (23)

t
Xuat hién e(X(t),T)1a sai s6 x4p xi ciia ham Bellman

i+T

(X (t),T) = (W) (¢, (X(t +T)) — ¢,(X(1))) + f r(X (), u” (t))dt (24)

Dt h(t) = ,(X(t + 7)) — 6, (X(1);9() = [ r(X(t),u” (1))t
Phuong trinh (24) dugc viét lai:
e(X(),T) = (W) h(t) + (1) (25)
Ta chinh dinh tham s§ W dé tdi thiéu hoa binh phuong sai léch
e(X(¢),T). Vi e(X(t),T) 12 ham tuyén tinh cta tham s6 VAVS) . Dya trén viéc thu
thap dir liéu trong ntrich mau
H = [I(t,), h(t,), hlt,)..h(t)];Y = [y(tl),y(tg),y(tg)...y(t”)f do d6 ta co thé ap
dung thuat toan LSE dé tinh W' t5i wu:
W = —~(H"H)'HY (26)
Thuét toan 2: Thuat toan OIRL sir dung mang no-ron
Buoc 1: Khoi tao VX eQ chon [luat dieu khiéen dwoc
'V (X) € Y(Q),i=1,e

w*
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Bwoc 2: Vong lap
i) Str dung cdc thong tin da thu thdp vé hé thong dé tinh H va Y . Xdc dinh
W tir phueong trinh (26). Cdp nhdt ludt diéu khién cho vong Iip ké tiép theo.

u"(X) = — % R'G"(X) [Lz()‘f)] W (27)

Bwoc 3: Dén khi néu thoa man tieu chuan hoi tu sao cho

A

W0 - W

V(X)| < e, két thiic gidi thudt. Néu khong thoa man, gani — i +1
, cho tin hiéuu")(X)vdo hé thong va thu thdp théng tin can thiét ciia hé thong
Vé trang thdi, tin hiéu diéu khién tai n trich mdau khdc nhau trong khodng thoi
gian T réi quay lai burdc 2.

2.5. Céu tric diéu khién cho mé hinh tau mit nwéc

Mo hinh cta tau thiy truyén nguoc, do d6 hé thong diéu khién duoc thiét
1ap v6i hé thdng diéu khién nhu hinh 1. Thir nhat bo diéu khién do duogc thiét
ké dua trén ham Lyapunov, sé& tinh toan vec-to van tbc dit mong muén v, cho
bo diéu khién tdi wu OIRL. Thi hai, bd diéu khién dong luc hoc 1a cAu truc cua
b6 diéu khién t6i vu va luat diéu khién Feed Forwar

Tg = MV 4 + C(vg)vq + D(vg)vy

Tin hiéu diéu khién a0

d R e b ]
N = [yd] 1 Na

Ya

M0 hinh tau mit nuwée

\4

tu thity

Pongluchoe | ¥ 1) > f 7

Hinh 1. Céu tric diéu khién ciia mé hinh tau mdt nudce siv dung thudt toan OIRL

3. MO PHONG VA PANH GIA KET QUA

3.1. Tham s6 mé phéng
Dé kiém chung tinh dung din cua thuit toan cta bo diéu khién t6i uu

OIRL, bai bao thyc hién mo6 phong s6 trén phﬁn mém Matlab véi mé hinh tau
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dugc thu nho véi ty 18 so véi tau that 1:75. Khdi lugng cia tau 1a m = 21kg,
chiéu dai va chiéu rong twong tng 1a 1.2m va 0.3m, vdi cac tham sé dugce tham
khao trong tai li€u [7] nhu sau:

20 0 0 0 0 —19 + 0.72r
M=|0 192 0.72[;C(v) = 0 0 20u
0 072 2.7 190 +0.72r —20u 0
0.72 + 1.3[u| + 5.8|u 0 0
D(v) = 0 0.86 + 36 u| + 3[r| —0.1 2| +2]r]
0 —0.1=5[+3r| 6+ +4)]

9,(n) = g,(n) = g,(n) =0

Trong bai bao sir dung mang no-ron mét 16p truyén thang véi sb nut cta
mang 13 L =12, quy dao bam mong mudn cia tdu mit nudc la
n,(t) = [125in(0.2¢),~12sin(0.2¢),0.2¢]  tham s6 cua bd didu khién

Q 03><3
0 0

6x3 6x3

K =03I,,Q, = ;Q = diag([1;151]), R = Q = diag([1;1;1])

Véc-to ham tac dong ¢(X) € R va vec-to trong s6 mang no-ron dugc
chon nhu sau:
T
b X = [Xf,X1X2,X1X3,Xj,X2X3,X§,Xfo,ijg,X§X§,XfXj,X§X§,X§X§] (28)
Luat cap nhat cho mang no-ron dugc thyc hi¢n dya trén (26).

4.2. Két qua md phong

-15 10 -5 0
x [m]

Hinh 2. Quy dao bam cua tau mdt nudc theo quy dao tron swr dung thudt toan OIRL
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Control input
T T
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100
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50
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-50
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Hinh 7. Tin hiéu diéu khién dau vao cua tau mat nuoc
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Trong sO mang no-ron W hdi tu vé gia tri:

W =[-0,6620 0,2190 0,0425 0,3367

0,0045

3.3. Nhan xét két qua

Trong két qua mo phong cua
thuat toan, dap ung dau ra bam quy
dao cua tau mit & hinh 2 c6 chat
lugng rat tét. Piém ban dau t=0
dugc chon ngiu nhién, do thuat
toan dya trén hoc 1ap thu thap dong
hoc cua hé théng mot cach truc
tuyén, mot gia tri nhidu ngiu nhién
duoc thém vao thoa min diéu kién
PE. Sau khi thu thap du dong hoc
ctia hé thong dé tinh todn ma tran
trong sb cua mang no-ron, sau dé
tinh toan luat diéu khién téi wu cho
tau mat nudc, sai 1éch bam theo
9,0 V& xap xi vé 0 sau 7s thé hién
trén cac hinh 3, hinh 4, hinh 5, ma
tran trong s cua mang no-ron hoi
ty nhu hinh 6. Hinh 7 cho thiy tin
higu diéu khién lac ban dau dao
dong, qua trinh nay rat nhanh, ngay
sau d6 thi tin hi¢u diéu khién chi
dao dong trong khoang S[N][N.m]~+
80[N][N.m]. Nhu viay, bo diéu
khién bam tdi vu dua trén thuat
toan OIRL hoan toan dap ung yéu
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—0,0031 0,1835 8,1800 6,8034

—0,1631 0,0173
(27
—4,6509

cau di€u khién bam quy dao cua hé

thdng tau mit nude.
4. Két luan

Bai bdo da trinh bay phuong
phap thiét ké bo diéu khién bam tdi
uu dua trén thuat toan OIRL duoc
thiét ké cho tau mat nude c6 bat dinh
trong mo hinh. Trong cau tric diéu
khién mot bo diéu khién ao duoc thiét
ké dya trén ham diéu khién Lyapunov
va bo diéu khién Feed forward duoc
thiét ké cho hé thong khong dirng véi
sb lugng bién trang thai nhé. N6 cho
phép phat trién thuat toan OIRL cho
quy dao phu thudc thoi gian. Két qua
mod phong chung minh tinh kha thi

cua thuat toan.
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