TAPCHI  ISSN: 1859-316X, e4SSN: 3093-3161

KHOA HOC CONG NGHE HANG HAI Cé6ng nghé sé, tw déng hoa va trng dung hang hai

-JOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

THIET KE BQ PIEU KHIEN PID TU THiCH NGHI TRUC TUYEN
DUA TREN THUAT TOAN HQC SAU TANG CUONG TD3
CHO HE THONG LAI TU PONG TAU THUY
ONLINE ADAPTIVE PID CONTROLLER DESIGN BASED
ON TD3 DEEP REINFORCEMENT LEARNING
FOR SHIP AUTOPILOT SYSTEMS
NGUYEN HU'U QUYEN*, NGUYEN HUNG CUONG
Khoa Pién - Dién twr, Truong Dai hoc Hang hai Viét Nam
*Email lién hé.: quyennh.ddt@yvimaru.edu.vn
DOI: https://doi.org/10/65154/jmst. 1026

Tém tit

Bai bdo dé xudt phirong phdp diéu khién ldi tw dong
thich nghi cho tau thiy dwa trén s két hop giita bo
diéu khién PID truyén thong va thudt todn hoc sdu
tang cuwong (TD3: Twin Delayed Deep
Deterministic Policy Gradient). Hé thong dwoc xdy
dung trén mé hinh dong lyc hoc phi tuyén 3 bdc tw
do (surge-sway-yaw), mé hinh phan danh ddy di
tinh phi tuyén va sw twong tdc giita cdc thanh phan
chuyén dong ciia tau. Trong cdu triic dé xudt, bo
PID thuc hién diéu khién thoi gian thuc, trong khi
téc nhdan TD3 t6i wu héa triec tuyén cdc tham sé
véi téc do cdp nhdt cham, phu hop voi dac tinh
qudn tinh [6m cia tau thity, gitip duy tri tinh on dinh
cua hé thdng trong suot qud trinh hoc.

Ham thuong (Reward function) duoc thiét ké da
muc tiéu, bao g&m sai léch huwong di, téc do téc do
quay ngang va nang heong diéu khién (géc 1di)
nham cdn bang giita d¢ chinh xdc bam hiedng va
tinh kinh té van hanh. Két qua mé phong diedi tac
déng ciia nhiéu méi trieong cho thdy phwong phdp
TD3 - PID cdi thi¢n dang ké so véi bé diéu khién
PID truyén thong théng qua viéc giam thiéu hién
twong qud diéu chinh, sai sé xdac ldp va bién do
dao déng cia goe ldi. Nghién ciru khang dinh kha
nang wng dung cao cua hoc sau tang cwong trong
diéu khién cdc hé théng tau thuy phi tuyén co quan
tinh lon.

Tir khoa: Diéu khién ldi tw dong tau thiiy, m hinh
phi tuyen 3-DOF, hoc sau tang cuong (TD3), PID
thich nghi.

Abstract

This paper proposes an adaptive autopilot
control method for ships based on the
combination of a traditional PID controller and

the Twin Delayed Deep Deterministic Policy
Gradient (TD3) deep reinforcement learning
algorithm. The system is built on a 3-degree-of-
freedom (surge-sway-yaw) nonlinear dynamic
model, which fully reflects the nonlinearity and
interaction  between  the ship's  motion
components. In the proposed structure, the PID
controller performs real-time control, while the
TD3 agent optimizes the parameters online
with a slow update rate, suitable for the high-
inertia characteristics of ships, helping to
maintain  system  stability  throughout the
learning process.

The reward function is designed with multiple
objectives, including heading error, yaw rate, and
control energy (rudder angle) to balance heading
tracking accuracy and operational economy.
Simulation results under the influence of
environmental noise show that the TD3-PID
method significantly improves compared to the
traditional PID controller by minimizing
overshoot, steady-state error, and the oscillation
amplitude of the rudder angle. The study confirms
the high applicability of deep reinforcement
learning in controlling nonlinear ship systems
with large inertia.

Keywords: Ship autopilot control, 3-DOF

nonlinear model, deep Reinforcement Learning,
TD3, Adaptive PID.

1. Mé dau

Diéu khién 14i ty dong 1a mot trong nhitng chirc
ning quan trong trong diéu khién chuyén dong tau
thity, gop phan nang cao d¢ an toan hanh hai, giam
tiéu hao nhién li€u va tang mirc d¢ tw dong hoa [21,28].
Tuy nhién, dong lyc hoc tau thuy co6 dac tinh phi tuyén
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manh, quan tinh 16n va chiu anh huéng dang ké cua
nhidu méi trudng nhur gid, séng va dong chay [1, 2].
Nhimng yéu td nay lam cho bai toan diéu khién giir
hudng tau thiy tré nén phirc tap, dic biét trong diéu
kién tham s6 bat dinh va thay ddi theo trang thai van
hanh [3, 4].

Trong thyc tién, bd diéu khién PID van duoc sir
dung rong rdi trong diéu khién lai tu dong tau thuy
nho cdu tric don gian va kha ning trién khai dé dang
[24, 29]. Nhidu nghién ctru di tip trung vao céac
phuong phap hiéu chinh tham s PID nhu Ziegler-
Nichols, tdi vu héa dya trén thuat toan tién hoa hodc
k¥ thuat t6i vu thong minh nham cai thién chat lugng
diéu khién [11, 24]. Tuy nhién, cic phuong phap nay
thudng mang tinh ngoai tuyén (Offline) va kho thich
nghi khi dic tinh déng luc hoc thay di trong qua trinh
khai thac.

Bén canh d6, cac chién luge diéu khién bén vimg
va diéu khién truot (Sliding Mode Control) da duoc
d& xut nhim nang cao kha ning chéng nhidu va bat
dinh mo6 hinh [17, 26]. Mac du dat dugc hi¢u qua
nhit dinh, song cac phuong phép nay thuong yéu cau
cAu triic diéu khién phirc tap hodc phu thudc vao gia
thiét v& chan trén cua nhidu va bat dinh, diéu nay han
ché tinh linh hoat khi p dung thuc té [1, 3].

Gan day, hoc siu ting cudng (Deep
Reinforcement Learning - DRL) dugc xem la mot
hudng tiép cdn méi cho cac hé théng c6 phi tuyén va
khé mo6 hinh héa [13, 25, 30]. Cac thuat toan nhu
DDPG (Deep Deterministic Policy Gradient) va céc
thuat toan phat trién dwa trén nén tang nay da duoc ap
dung trong mot s6 bai toan diéu khién trong mién lién
tuc [19,30]. Trong do, thudt toan TD3 dugc danh gia
cao nhd viée tich hop cdu triic Critic kép va co ché cap
nhat tré mang Actor, gitp kiém soat hiéu qua sai léch
udc luong gia tri ham thudng (Reward function) va
duy tri tinh héi tu 6n dinh cho hé théng 14i tau thiry
vbn c6 ddc tinh quan tinh 16n [23]. Tuy nhién, phan
16n cac nghién ctru hién nay ap dung DRL theo hudng
diéu khién truc tiép co cAu chap hanh [9, 15, 30], diéu
nay co thé dan dén tin hiéu diéu khién dao dong va
kho dam béo tinh tin cay trong h¢ théng diéu khién tau
thuy.

Tir nhitng phan tich trén c6 thé thiy rang, mic du
bo diéu khién PID c6 tinh thuc tién cao va DRL co
kha ning thich nghi manh, su két hop cé cu tric gitra
hai phuong phéap nay cho bai toan diéu khién huéng
tau thuy trén mé hinh phi tuyén day du van chua duoc
nghién ctru mét cach thoa dang [6, 9,27, 31]. Dac biét,
viéc thiét ké mot co ché cap nhat tham s6 PID thich
nghi truc tuyén theo thoi gian thuc voi chu ky cap nhat
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phtt hop véi dic tinh quan tinh 16n cia tau thay, van
con 1a mot khoang tréng nghién ctru [1, 3, 6, 8].

Nham giai quyét van dé nay, bai bao dé xuit mot
céu truc diéu khién lai hai ting TD3 - PID, trong d6
bd PID thyc hién diéu khién thoi gian thuc, con thuét
toan Hoc sau ting cuong TD3 thuc hién t6i wu hoa
truc myén KK, K,dya trén cac tin hi¢u trang thai (téc
d6 bé 14i, tin hiéu didu khién goc 14i) va sai léch diéu
khién hudng. M6 hinh dong luc hoc phi tuyén 3 bac
tu do (surge - sway - yaw) duoc sir dung nham phan
anh trung thyc tinh chit phi tuyén va su twong tac
dong luc hoc phuece tap cua tau thuy [1, 4, 17].

Céc dong gop chinh ciia nghién ctru bao gdm:

(i) Pé xuét ciu triic diéu khién phan cip TD3 - PID
thich nghi, cho phép cép nhat tham s truc tuyén voi
co ché 6n dinh pht hop cho cac ddi tugng co quan tinh
16n nhu tau thuy.

(ii) Thiét ké ham thuong da muc tiéu nham t6i wu
hoa su can bang (trade-off) giita d6 chinh xac bam
hudng, tde do quay trd va tinh kinh té trong van hanh
(giam nang lugng diéu khién) [23, 25].

(iii) Banh gia hi¢u qua cua phuong phap thong qua
thuc nghiém moé phong va phén tich dinh Iugng trén
md hinh phi tuyén 3-DOF, ching minh kha ning
khéng nhidu va tinh bén vimg trudc cac bat dinh tham
s9.

2. Mo hinh dgng luc hoc tau thiy 3-DOF

Trong pham vi bai bao nay, tap trung nghién ctru
va mo hinh hoa chuyén dong cua tau trén mit phiang
ngang voi ciu trac 3 bac tu do (3-DOF) [1, 2, 4].
Viéc lya chon mo6 hinh 3-DOF thay vi cdc m6 hinh
tuyén tinh héa don gian (nhu Nomoto béac 1, 2) cho
phép hé thdng mo ta day du sy tuong tac lién két giita
cac bac ty do va cac dac tinh dong Iyc hoc phi tuyén.
Pay 1a yéu t6 quan trong dé tac tir hoc ting cudng
(RL Agent) c6 thé quan sat, hoc ddy du trang thai hé
thdng, tir 46 toi wu hoa cac tham sb diéu khién thich
nghi nham dam béo tinh 6n dinh va chinh xac ngay
ca trong cac diéu kién moi truong hoat dong khic
nghiét [1, 2, 13].

2.1. Hé toa @6 va cdc bién trang thdi

Chuyén dong cia tau thuy duge mo ta théng qua
hai hé toa do tiéu chuin theo dé xuét cua Fossen [1,
2], duwgc mo6 ta nhu Hinh 1:

Céc hé toa do mo ta cac bac tu do cuia tau thuy bao
gdm 2 hé toa do [1, 2]:

Heé toa do c6 dinh Trai Pat (Earth-fixed frame -
NED): Ky hi¢u O,-X,Y,Z,, dugc st dung dé xéc dinh
vitri (x, y) va goc hudng tau (v).
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Hinh 1. Hé toa dp mé td cdc bdc tw do ciia tau thiiy

Hé toa dé gdn lién thin tau (Body-fixed frame):
Ky hiéu 1a Op-X3Y5Zs c6 gbc dit tai trong tim tau
(hodc tam quay), dung dé xac dinh cac van tdc thanh
phan.

Vector trang thai cta tau dugc dinh nghia bdi:

n=lz.yw]L eR3, v=[uvr] R’

Trong dé:

n : Vector trang thai toa do;

v : Vector van toc;

z, y: Toa dod vi tri tau trong hé toa do NED;

v : Goc huodng cua tau (Heading angle);

u, v: Van tdc chuyén dong tién theo chiéu doc
(surge) va van toc dat ngang (sway);

r:Van toc goc quay tro (yaw rate).

2.2. Phwong trinh dong hoc (Kinematics)

Mébi quan hé hinh hoc gitra van tde trong hé quy
chiéu than tau va toc do bién thién vi tri trong h€ NED
duogc biéu dien qua ma tran chuyén doi R(y) [1, 2].

n=Ry)v (1

Vi ma tran xoay R(y) c6 dang:

cosy —siny 0
R(y)=|siny cosy 0 2)
0 0 1

Ma tran nay co6 dac tinh tryc giao, thdéa man [1]:
R'y)=R"(y) va I Ry)l=1 3)
2.3. Phwong trinh dpng lwc hoc phi tuyén
Dua trén nguyén ly bao toan dong luong, phuong
trinh dong lyc hoc cua tau thuy trong moi truong nude
dugc mo ta dudi dang vector phi tuyén [1, 2, 4]:
Myv+Cyyw+Dyyw+g(m=t+7,, 4)
Trong d0, céc thanh phan ma tran duoc chi tiét hoa
nhu sau:
Ma trdn khéi lwong va qudn tinh M: Bao gom
khoi lugng cua tau (m ) va khoi luong nudce kem (M,
- added mass) [1, 2, 4]:

Coéng nghé s6, tw dong hoéa va (rng dung hang hai

m-X, 0 0
M=My+M;=| 0 m=Y,  mr,-Y, (5)
0 ma,—N, I —N,

Vé&i m - 1a khéi lugng cia tau, z,- 1a toa do
trong tam tau, I - 1a mé-men quén tinh cua tau.

Cackyhiéu X,.Y,,N,...1a cac dan xuét thiy dong
luc hoc thé hién luc quan tinh cta dong nude tac dong
nguoc lai khi tau tang toc.

Ma tran Coriolis va lyc ly tam C(v) Ma tran nay
mo ta sy twong tc giita cac thanh phan van tdc khi tau
chuyén dong trong hé quy chiéu khong quan tinh [1,
2, 4]

0 0 —Cj3 (v)
C(v)=| © 0 e (v) (6)
Cp3 (v) Cys (v) 0

Véi:
clz(v) = (m—}/b)vnt(ma;y —Y,._)r,c23 (V) = (m—Xu.)u

Ma trgn can thuy dong luc hoc D(v): Luc can
tac dong 1én vo tau 1a mot thanh phan phi tuyén manh,
thuong dugc mo hinh hoa boi sy két hop giita can
tuyén tinh va can bac hai [1, 2, 4]:

DW)=D;, + Dy, (v) (7)

Trong d6: D; 1a ma tran can tuyén tinh (Linear
Damping), Dyz(v) Ma tran can phi tuyén (Nonlinear
Damping).

Thanh phan lic phuc hoi g(n7): Phat sinh tir sy
can bang gitra trong luc va luc ndi cua tau. Khi xét
trong pham vi chuyén dong 3 bac ty do (3-DOF) trén
mit phing ngang, cac luc phuc hdi nay thuong khong
xuét hién hodc dwoc xem 1a khong dang ké. Vi vay,
trong bai bao nay gia dinh g(7)=0,[4].

Thanh phan lec va mé-men ciia co cau chdp hanh
(chdn vit va banh ldi) tdac dong lén tau (1)

Tu F‘Z
r=|7, |=| F, ®)
T M

Trong d6: F.,F,,M_ 14 cac thanh phan luc va mé-
men cua co ciu cﬁép hanh tac dong lén than tau.

Nhiéu méi truong (z,,):Nhi€u dong tir song,
gi6 va dong chay dugc mo hinh hoa dudi dang cac
luc va mé-men tac dong vao phuong trinh dong hoc.
Dic biét, nhidu song bién thuong dugc mod phong
qua phd séong (nhu JONSWAP hodc Pierson-
Moskowitz) dé danh gia kha ning chdng nhidu cua
bd diéu khién TD3-PID trong diéu kién bién dong
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thuc té. Nhidu moi truong dugc mod hinh hoa dudi
dang luc/moé-men tong quat [2, 26]:

X, @

T 3 Yo (0) 9
N, ()

env

Trong do, X, (),Y,. ()N, (t): La cac thanh
phan lyc va mo-men ciia nhidu tac dong 1én than tau.

Mé hinh todn mé ta chuyén déng tau thiry ba béc
tie do thiéu co cdu chap hanh:

Trong (8) néu tin hiéu lyc didu khién co day du
cac thanhphanr =[r,z,7,] , thi mé hinh toan xét trén
mit phing ngang dwoc goi 1a mé hinh tau di co cau
chap hanh (Full Actuated). Néu 7 =[z, 07, , nghia
1a mo hinh tau khong c6 thanh phan lyc gay ra trugt
ngang hudng theo truc y, thi mo hinh toan xét trén
mit phing ngang duoc goi 1a mé hinh tau thiéu co
céu chép hanh (Underactuated) [4, 13, 17]. Pay la
loai tau ma chi ¢6 2 co cau thuc hién la chan vit chinh
va banh lai chinh sau lai. M6 hinh toan nay thuong
gip phd bién 1a cac tau chd hang, tau Container, ...
Theo gia thiét trong tai liéu [4] tau thuy thuong co
khéi lugng ddng déu, ddi ximg qua mit phiang man
tau, gdc toa d6 gin v6i than tau, trung véi trong tim
tau va tau thiéu co céu chép hanh thuong c6 két ciu
cic mit phang ddi xtmg nhau. Do d6 cac biéu thirc
(5), (6), (7) duoc rut gon va co6 dang [4]:

m, O 0 0 0 —My,U
M=l 0 m, 0|,C(v)=| 0 0 mu
0 0 my Myt —my, U 0

Trong d6: m,, =m—-X

w>

my, =m-Y,,my; =1 —N,

dll +duZ +d113 0 O
D)= 0 dy, +d,+d, 0
0 0 dy+d.,+d;,

Mb hinh tau thiéu co céu chap hanh ciung véi cac
tham sd ciia ma tran M,C(v),D(v) trén s& dugc su
dung dé kiém nghiém b diéu khién, va dwoc cho nhu
Béang 1.

2.4. M6 hinh co ciu chdp hanh (M6 hinh hé
théng may ldi (Steering Dynamics)

Tin hiéu diéu khién tir bo PID 1a goc lai yéu
ciu 0. .Dogidi han co cAu chép hanh, dong hoc banh
14i dugc mo hinh hoéa boi hé bac nhat nhu phuong
trinh (10).

Tin hiéu ddu ra tir b diéu khién Adaptive TD3-
PID la goc ldi yéu cau (goc lai 1énh) &, . Tuy nhién,
do cac gi6i han vat Iy ctia co cu chap hanh, phan tng
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ctia banh 1ai thuc té khong thé dap g tirc thoi. Pong
hoc cua hé théng may lai dugc mod hinh héa dudi dang
mdt hé quan tinh béc nhét c6 xét dén céc dac tinh phi
tuyén bao hoa, cu thé theo phuong trinh (10) [3,29]:

T, 6,+6,, =6 (10)

Sget —act act

Trong do:

J,, - La goc bé 1ai thue té (actual rudder angle),

5: La tin hiéu goc lai tr bo diéu khién
(commanded rudder angle)

T;,:La hang s6 thoi gian cua co cau lai

Trong hé théng 1ai, goc 1ai thuc té ludn chiu cac
yeu td rang budc vat Iy nhu sau:

5,.[€ 8, : Rang budc d¢ 16n goc bé lai, goc bé lai
thuc t€ khong vuot qua gidi han J, ;
|6, < 8, : Riimg bude d5 16 tée do bé lai.

Trong dé:

S5, :La goc l4i thuc té 16n nhat (d6i véi hé thong
lai tau thay &, =35"),
5. :Larang budc lién quan dén tc do bé l4i, (d6i
v6i hé thong 1ai tau thity 5 ~2-2,5°/5),

Go6c quay cia banh 1ai tao ra Iyc va mé-men tac
dong 1én than tau dugc xap xi tuyen tinh nhu (11), [3,
4]

0
73 Y0, (11)
N5

act

Do ndi dung nghién ctru cua bai bdo chi tap trung
vao diéu khién hudng, do d6 thanh phan luc doc
thuong dugc gia thiét can bang boi hé thong diéu
khién toc do tau.

2.5. Bii todn diéu khién hwéng trong ldi tw
dong tau thuy

Muc tiéu cta bai toan diéu khién hudng tau thay
1a thiét ké luat diéu khién goc 1ai &, nham dam bao
g6c hudng thuc t& v bam sat gia tri dat y,, mot
cach chinh xac va 6n dinh [21,28,29]. Trong bdi canh
mo hinh dong luc hoc 3-DOF, bo diéu khién khong
chi phai triét ti€u sai s6 bam e,=¥Y -y, ma con
phai xir Iy duoc sy twong tac phi tuyén phuc tap giita
cac thanh phan vén tdc tién (u ), dat ngang (v) va
quay tro () [1, 4]. Hé théng diéu khién can duoc
chimg minh tinh 6n dinh tiém c4n hodc 6n dinh bam
trong diéu kién ton tai cac nhiéu dong bat dinh tir moi
truong nhu song, gié va dong chay [26]. Bén canh
d6, bai toan dit ra yéu cau khat khe vé tinh kinh té
va k¥ thuat, cu thé 1a viéc t6i uu hoa nang luong tiéu
thu thong qua viéc giam thiéu bién do goc 14i va tin
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suit hoat dong cia may 1ai nham bao vé co céu chap
hanh [29]. Tac t& TD3 s€ dong vai tro 1a co ché thich
nghi c4p cao, lién tyuc tinh chinh cac tham s6 PID dé
dap g cac tiéu chi da muc tiéu nay ngay ca khi dac
tinh dong luc hoc cua tau thay dbi theo diéu kién tai
trong va moi trudng [5, 6, 8, 31].

3. Thiét ké bd diéu khién TD3-PID thich nghi
3.1. Gidi thigu cdu triic diéu khién dé xudt

Nghién ctru nay dé xuat mot kién tric diéu khién
phan cap cho hé thdng 14i ty dong tau thuy, tich hop
bd diéu khién PID thich nghi dua trén thuat toan hoc
tang cudong TD3. Cu trac d& xudt nham phat huy vu
thé két hop giita tinh 6n dinh cua diéu khién phan hoi
PID truyén thong va kha nang thich nghi linh hoat ciia
tri tu€ nhan tao (hoc sau tang cudng) trong moi treong
¢6 chira yéu t6 bét dinh.

Xét bai toan diéu khién gitr hudng tau thuy chiu
tac dong clia nhidu moi trudng va bat dinh tham sb.
Muc tiéu cua diéu khién la dam bao hudéng y(¢) bam
theo gid tri huéng dat y,, véi sai Iéch:
e() =, ,(O)—w () —>0

bac thu cua hé tau thuy latinh quan tinh
16n va tham s6 bién ddi chdm, do d6 nghién ctru nay
dé xuat c4u tric diéu khién phan cap theo dic tinh thoi
gian bao gém:

Vong trong (fast loop): Bo diéu khién PID tao tin
hiéu didu khién goéc 1ai &.(t) theo sai léch
huéng e(t) v6i chu ky 14y mau nhanh 7.

Vong ngoai (slow loop).: Tac nhan hoc tang cudng
TD3 diéu chinh truc tuyén céc tham s PIDK KK,
v6i chu ky ldy mau cham T, trongdd 7,>7;.

Céu trac nay giup duy tri do tin cay cua diéu khién
PID truyén thong, ddng thoi cai thién hiéu ning nho
kha ning thich nghi cia TD3 trong diéu kién moi
truong thay d6i. So d6 cdu tric tong thé ciia hé thong
duoc minh hoa chi tiét nhu Hinh 2.

e= (V’n;f *'/’) TD3 Learning

Coéng nghé s6, tw dong hoéa va (rng dung hang hai

CAu trac hé thong dé xuit bao gdm cac thanh phan
chuc nang chinh nhu sau:

Khoi thugt toin hoc ting cwong TD3 (TD3
Learning Algorithm): Day 13 trung tam didu hanh va
ra quyét dinh ctia hé thong, dong vai tro 14 ting i uu
hoa cép cao. Thay vi tryc tiép diéu khién goc 141, khbi
nay thuc hién nhi€ém vu chinh dinh tham s6 cua bod
diéu khién PID.

Tin hiéu dau vao (State): Khdi TD3 tiép nhan
vector trang thai bao gdm: Sai s6 hudng di cua tau
e =y, —v, tbc do quay trd 7, va tin hiéu phan hoi
goclai o,.

Chirc nang: Dua trén ham thudéng (Reward
Function) da duoc thiét 1ap, thuat todn TD3 tinh toan
dé tim ra cac gia tri hi¢u chinh td1 wu.

Tin hiéu dau (Action): Pau ra cia khdi 1a cac gia
tri hiéu chinh tham s6 AK,,AK,,AK,, [5, 6, 15].

B¢ diéu khién PID thich nghi (Adaptive PID
Controller): Khéi nay dong vai tro 1a ting thuc thi
tryc tiép, dam bao tinh 6n dinh va thoi gian thuc cho
hé thdng [24, 29].

Co ché hoat dong: Bo diéu khién nay c6 chirc ning
tinh toén tao ra lénh diéu khién goc 1ai (), dua trén
sai 1éch gilra huéng di dat va huéng di thuc cta tau
e(t)=w,,, —w. Khac v6i cac b PID truyén théng cac
tham s0 X, K, K, c0 dinh, khong thay doi trong sudt qua
trinh diéu khién. B6 PID thich nghi trong cau tric nay
c6 céc hé sb K,.K.K, dugc cap nhat lién tyc thong
qua céc gia s6 AK,,AK,,AK, do tac tir TD3 cung cap.

Mo hinh dong luc hoc tau thiuy (Ship Model):
Khdi mé hinh tau 3 bac tu do, ddi véi cac bai ton
nghién ctru vé diéu khién hudng tau thiy thi thuong
chi st dung mo6 hinh don gian héa nhu Nomoto bac 1,
2 hay mé hinh phi tuyén don gian cta Norbin, trong
nghién ctru nay st dung mo hinh 3-DOF, mé hinh nay
thé hién day du cac dic tinh dong hoc va cac mdi
tuong quan gitra cac bac ty do trong chuyén dong cua

v

Algorithm
K,0).K,®).K,(t)

-t
-
- C
-

AK,, AK, AK,

A

ADAPTIVE PID

Environmental
Disturbances

T,

env

Rudder Dyr
»

CONTROLLER S

Saturation

Hinh 2. So dé ciu tric diéu khién hé thong ldi tw dpng tau thiiy dwa trén thudt todn TD3-PID thich nghi
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tau thay. M6 hinh déi twong diéu khién 3-DOF chiu
tac dong truc tiép tir 1énh didu khién va chiu tac dong
ctia nhiéu mai truong.

Mé hinh khéi co céu chdp hinh (Rudder
Dynamics, Saturation): Day 1a khi mo ta cac dong
luc hoc cua may lai va cac gidi han vt ly thuc té cua
may lai (giéi han d6 16n goc bé 1ai va tée do bé 1ai)
trude khi tao ra tin hiéu goc bé 1ai thuc (5,,,).

3.2. B$ diéu khién PID
3.2.1. B diéu khién PID kinh dién

Bo diéu khién PID dugc xem la giai phap kinh
dién va van nang trong linh vyc cong nghiép noi
chung ciing nhu diéu khién tau thiy néi riéng, nho vao
cu tric toan hoc tuong minh ciing kha ning van hanh
6n dinh trong diéu kién chiu tac dong cuia nhidu khéc
nghiét. Phuong trinh todn hoc mé ta bo diéu khién PID
kinh dién dugc mo ta nhu phuong trinh (12).
de(t)

t
5.()=K,e(t) + K, jo eyt + K, —

(12)

Trong d6: e=y,,—w 1a sai léch hudng gitra
hudng di dat v, , va huéng di thye v cua tau.
K,, K;, Ku: La céc hé s6 diéu chinh ty 18, tich phén,
vi phan cua bg dicu khién PID.
Trong trién khai s6, voi chu ky T,:
G~ G

_ s _G 6%
I, _[k71+11jek,’ek =

T

S, =sat(K,e, + K I, + K é,),

Trong d6: I, 1a gia tri tich phan cuia sai s tai thoi
diém %, sat(.) 1a ham bdo hoa theo rang budc co
cau chap hanh:

5, <45, rang budc vé do 16n goc bé 1ai;

HEN
3.2.2. B$ diéu khién PID thich nghi

Khac véi cac bo PID truyén thong (12) cac tham
5O K,.K.K, ¢b dinh, khong thay ddi trong sudt qua
trinh diéu khién. Bo PID thich nghi c6 cac hé sé
K,.K,K, thay ddi lién tuc theo thoi gian, dugc cap
nhat lién tuc théng qua cic gia s6 AK,.AK AK, do tac
tir TD3 cung cép. Diéu nay cho phép luat diéu khién
thay d6i linh hoat dé thich tmg véi trang thai dong lyc
hoc cuia tau.

Lénh diéu khién goc 1ai &(¢) dugc tinh toan dya
trén sai léch huéng tau e, (t) =y, -y () theo phuong
trinh (13):

rang budc ve toc d6 goc bé lai.

(13)

¢ de, (1)
8(t) =K, (D)e, (1) + K ()] e, (0t + K () -
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Céac tham s6 K K, K, dugc cép nhat lién tuc theo
thoi gian, nhung chi tai cac thoi diém roi rac t,=JT,

Trong thyc té trién khai trén may tinh, phuong
trinh duge roi rac hoa dé phu hop vai xt ly $6. Tai
bude thoi gian & tin hiéu diéu khién dugc xac dinh
theo (14):

k _
5, =K, e +K, Y eAt+K,, 2 (14)
: e FUAL
Trong do, cac thamsé K, K, ;. K, duoc cap nhat
ddng qua mdi chu ky cua vong lap tdi wu hoa:
K, =K, +AK,
K/k = Ki,,l;,—l + AKi,k
Kd,k = Kd,k—l + AKd,k
Cac tham so nay luén dugc gidi han trong mién an
toan (compact set):

KeQ={K:Ke[ K™ K™ | [ K™ K™ | [ K™ K™ .

Diéu kiégn K,€Q dong vai trd nhu mot rang budc
quan trong nhim bao dam tinh bi chin cta tin hiéu
trang thai va dau ra cua hé kin.

3.3. M6 hinh hoc tang cwong dwa trén Markov
(Markov Decision Process: MDP)

Dé t6i uu hoa cac tham sé PID bang thuét toan
TD3, bai toan diéu khién hudng tau dugc mé hinh hoa
thong qua khung 1y thuyét MDP, tao ra mbi lién két
phan hoi giita tac nhan hoc ting cuong va moi truong
hang hai bat dinh [11, 25, 27].

Dé cu thé hoa mo hinh MDP nay trong bai toan
didu khién giit hudng tau thuy, cic thanh phan chinh
ctia co ché thich nghi tham s6 duogc thiét 1ap dya trén
dac tinh dong lyc hoc cua hé théng, bao gém: Céu triic
khong gian trang thai, xac dinh khong gian hanh dong
twong tmg voi viée hiéu chinh tham s PID, va xdy
dung ham thuéng nhim dinh hudéng muc tiéu t6i wu
hoa cho hé thdng.

3.3.1. Khéng gian trang thai (State Space)

Vecto trang thai s, dugc thiét ké nhdm phan anh
déy du céac dac trung dong luc hoc cia tau thuy tai thoi
diém ¢ lam co s cho viée xac 1ap cac Iénh diéu chinh
thich nghi ciia tac nhan. Cau triic ciia vecto nay dugc
xac dinh bdi (15):

s, =[e(®),r(),6)]" e R’ 15)

Viéc thiét ké vecto trang thai trang thai theo cach
nay dam bao cung cp ddy du cac thanh phan dit lidu
thiét yéu gitip tic nhan nhan dién chinh xéac cac dic
tinh van hanh, bao gém:

Sai léch bam huong e(t) : Pong vai tro 1a thong
s6 phan hoi ¢dt 16i, phan anh truc tiép muc do hoan
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thanh muc tiéu diéu chinh huéng ctia hé thong [5, 12].

Vén toc géc quay tré r(¢) : Dai dién cho dong hoc
quay, cho phép tic nhan du bao xu hudng chuyén
dong va nhan dién cac tac dong ciia mo-men quan tinh,
tor do dua ra cac phan tng bu tru kip thoi [3, 9].

Trang thdi co cdu ldi 5(t): Phan anh mic do sir
dung diéu khién thuc té tai thoi diém hién tai, giup tac
nhan duy tri tinh lién tuc cua tin hiéu lai va han ché
céc bién dong dot ngodt gay qua tai hé thdng thuy luc
[15,23].

Do tau thuy 1a d6i trong c6 quan tinh 16n va phan
ung cham véi cac 1énh 1ai, viéc bao ham () trong
trang thai 1a bat budc dé tac nhan nhan dién dugc da
quay cia tau, tranh hién twong diéu khién qua murc
(overshoot). Dong thoi, su hién dién cua &() giap
thuat toan nhan biét trang thai ciia co ciu 1ai [17, 26].
3.3.2. Khong gian hanh dong (Action Space)

Gia sb hiéu chinh tham s cua tac nhan tai mdi
bude thoi gian duge biéu dién théng qua vector a,
dong vai tro 1a co s& dé cap nhdt cac tham sb
KKK, trong luat diéu khién. Cach tiép can gian tiép
nay gitp hé thong két hop duge sy linh hoat cua hoc
méy véi tinh 6n dinh d dwoc kiém chimg cua cdu tric
PID truyén théng [7, 11, 27]:

at:[KP,KZ,Kd]e]R3 (16)

Khoéng gian hanh ddng nay dugc rang budc trong
mot tap 16i cac gia tri kha thi, ddm bao cac hé $6 tang
ich luén nam trong gidi han van hanh an toan cta h¢

thong [14, 27].
K[) € [Kp,m,m >

K, e[K,

Kp,nm,.’r ]; Ki, € [Ki‘mm > Ki,ma,z; ]’
K

min d,maz]

Su rang budc khong gian hanh dong trong céc gidi
han tham s6 PID cu thé thiét 1ap mot co ché rang budc
an toan thiét yéu, ngin ngira cac rui ro mat on dinh
dong hoc cho con tau trong qua trinh hudn luyén va
van hanh [8, 19, 30].

3.3.3. Thiét ké ham thuwéng (Reward Function)

Dé dam bao tic nhan c6 du co sd dit liéu cho qué
trinh hoc, vecto trang thai dugc thiét ké bao gém cac
thanh phan cdt 13i: Sai 1éch bam hudng e(t) dong vai
tro 1a myc tiéu diéu khién [5, 12]; van téc goc quay trd
r(t) phan anh xu hudng dong hoc cua tau [3, 9]; va
Goc lai thuc té S(t) cho biét trang thai hién tai cia co
cAu chép hanh [15, 23].

thiét 1ap theo cong thire (17).

R =—(we* + o + 0,0%)

Coéng nghé s6, tw dong hoéa va (rng dung hang hai

Trong do:

@, @,,w,-Lacaché ) trong ) duong, dong vai tro
diéu phdi mirc d6 wu tién giita cac muyc tiéu thanh phan
trong ham chi ti€u t6i wu. Viéc lua chon céc gia tri nay s€
dinh hinh dc tinh dong luc hoc ctia bd diéu khién

o, -Latrong s6 sai 1éch hudng: Quyét dinh mirc
d6 khit khe cua hé théng dbi voi sai s6 bam hudng.
Néu o, 16n, tac nhan sé tap trung ti da vao viéc triét
tiéu sai l¢ch hudng

®, - Latrong s6 dong hoc quay tré): Kiém soét
van tdc goc r(t), gitip 1am chuyén dong tron tru va
ngin chin hién tuong tau thay ddi hudng dot ngot
hodc véan tdc gbc quay trd vuot qua gisi han 6n dinh
dong hoc

@, -Latrong s6 nang lugng/goc 1ai: Pic trung cho
chi phi van hanh. Néu e, 16n, hé théng s& c6 gang it
bé 1ai nhit c6 thé dé tiét kiém ning lugng va bao vé
co céu thay lyc.

Trong thyc t& van hanh tau thay, viéc giam thiéu
@,5” c6 y nghia quan trong vi né truc tiép han ché su
mai mon co khi va tiét kiém nhién liéu. Do tac dong
nhidu tir moi truong 14 bat dinh va lién tuc, néu chi tap
trung vao sai sé e(t), banh l4i s& phai hoat dong véi
tan suit 1on va c6 hién tugng dao dong (chattering).
Viéc két hop hamn thudng b sung khi |e| nho giup
tac nhan wu tién su on dinh xéc lap [3,13,29].

3.4. Thudt toan TD3 (Twin Delayed DDPG)

Dé khic phuc hién tuong wdc lwong qua mirc
(overestimation bias) thuong gap trong diéu khién hoc
tang cuong, thut toan TD3 dwoc trién khai v6i ciu
trac mang Critic kép (Twin Critic) [14, 23, 27]. Kién
trac bao gdbm mot mang Actor (s | 8*) va hai mang
Critic Q,,Q,.

3.4.1. Cap nhdt Critic

Trong c4u trac cta thut toan TD3, gia tri myc ti€u
Yp,, duoc thiét 1ap thong qua viéc két hop giita phan
thuéng tirc thoi R, va gid tri uéc luong tir mang
Critic kép. Viée 1ay gia tri ti thiéu min(Q,,Q,) 1a yéu
td quan trong giup bo diéu khién tranh hién tuong udc
lugng qua mure, ngédn ngira cac phan trng dong hoc dot
bién va dam bao sy hoi tu bén viing trong moi truong
van hanh thyc té [21].

Gia tri myc tiéu (Target Value) y,, duoc tinh toan
theo co ché Clipped Double-Q [23], dugc xac dinh
theo (18):

Duya trén céac thong tin nay, ham thudng R, dugc Ypo = B+ ymin, ; Qg , (5,07 (18)
Trong do:
(17) y 1Hé sb chiét khau (Discount factor);
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s': Trang thai cdp nhat cla tau tai budc thoi gian
ke tiep;

a': Tin hiéu diéu khién t6i wu cho trang thai ké
tiep, dugc trich xuat tir mang Actor muc ti€u;
:Gia tri nho nhét tir hai mang Critic

mlny:l,Z target, j

muc tiéu
3.4.2. Cdp nhdt Actor

Trong s6 cua mang Actor (6*) duogc diéu chinh
theo hudng ting dan ctia ham gia tri ) du doan. Cu
thé, thuat toan thuc hién viéc tdi uvu hoa ham muc tiéu
bang cach sir dung gradient ctia gia tri @ tir mot trong
hai mang Critic (thuong 1a @, ):

1
Vo= szan(Saa) izt V (5 (19)

Trong do:

V,.J: La Gradient cia ham muc tiéu theo céc
trong sO cia mang Actor. Pay 1a hudng thay do6i cua
cac tham s6 mang dé t6i wu hoa hiéu qua didu khién
hudng tau.

N:La kich thuéc cia tap mau (Batch size) dugc
14y ra tir bd nhé dém (Replay Buffer).

@ (s,a):La gia tri udc luong tir mang Critic thir
nhit.

a = u(s) : Biéu thi quyét dinh diéu khién hién tai
duogc dua ra boi mang Actor () Ung véi trang thai
S.

V,Q(s,a): La dao ham cua ham gia tri () theo
hanh déng «a

V,.4(s):La dao ham clia mang Actor theo trong sb
cta chinh no. N6 xéac dinh cach diéu chinh cac tham
s6 noi bd cua mang dé tao ra duoc hanh dong a tdi
vu ma mang Critic mong mudn [14, 30].

3.4.3. Cap nhdt mang muc tiéu

Céc trong sd ciia mang muc tiéu (&) dugc didu
chinh duya trén mot phan nho cua trong sb mang hién
tai (@) theo cong thic (20):

0 <17, 0+(1—1,)0 (20)

Trong do:

7,14 hé s6 cap nhat (7, <1);

@' : Dai dién cho trong sb (parameters) ciia cac
mang muc tiéu (bao gdm ca Target Actor va Target
Critic). Cac mang nay dong vai tro tao ra su 6n dinh,
lam gia tri tham chiéu dé tinh toan gia tri myc tiéu ma
khong bi thay ddi qua nhanh.

6 :Pai dién cho trong s6 cua cac mang hién tai
(Online networks). Pay la cac mang dugc cap nhit
lién tuc théng qua qua trinh t6i wu hoa Gradient & mdi
buéc huén luyén [6, 19].
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3.5. Phan tich én dinh

Deé chirng minh sai s6 bam hudng hdi tu vé vung
lan can cla goc toa do dudi tac dong cua nhidu dong
moi truong 7, va sy thay doi tham so tir Al, xét

mit trugt s(¢) (sliding surface) dinh nghia theo cu
trac PID [13,24]:

s(t) = é(t) + Ae(t) + 4, j; e(2)dr Q1)

V6i e(t)y=y,,—w(t) Vva A,4 la cac hing so
duong.

Chon ham Lyapunov xéc dinh duong c6 dang:
V(t)= %STMS + %K”‘r*lk (22)

Trong do:

M : Lama tran quan tinh cua tau,

K=K —K,: Lasai sb giita by tham s tdi wu ly
tuong va tham sé thuc té,

I : La ma tran trong s dwong.

Pao ham thoi gian ctia V' (¢) doc theo quy dao trang
thai duoc xéac dinh theo (23): .

V=s'(r,,+1,,-DWW-Coy-M»)-K'T'K  (23)

Trong do:

7, - La vector lyc va md-men diéu khién;

7, - Luc tac dong tir moi truong (Environmental
disturbances) nhu séng, gid, dong chay;

D(v)v: La thanh phan lyc can thay dong hoc
(Damping matrix);

C(v)v : La ma tran lyc Coriolis va lyc hudng tam
(Coriolis and centripetal matrix);

K: La sai s6 uéc luong tham sé (K =K - K),
voi K la gia tri thuc vakKla gia tri udc luong;

I'': La nghich ddo cia ma trdn hé ) hoc
(Adaptation gain matrix), quyét dinh toc d6 thich nghi
cua qéc tham sé;

K :Téc d6 cép nhat (dao ham) cua cac tham )
dugc udc lugng trong thuat toan thich nghi.

Trong cAu trac dé xudt, cac thanh phﬁn bt dinh
phat sinh tir qué trinh cdp nhat trong s6 ctia mang
Actor va Critic dugc xem xét nhu mot phén cla sai s6
hé thong. Pé dam bao tinh logic hoc thuat trong phan
tich 6n dinh, dac tinh cta nhidu moi truong dugc gia
thiét nhu sau:

Gia thiét: Nhiéu dong moi truong 7, va sai sO
Xap xi ciia mang than kinh & 14 cac thanh phan bi
chin vé bién d9, théoa man: Nz, +el<d

maz

d,. 1a mothang so duong hitu han. Sai s0 xap xi ¢

nay bao ham ca su sai léch trong qua trinh t6i wu hoa
chinh séach (policy) cta thuat todn TD3. Dya trén cac

voi
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dac tinh vat ly cia tau thuy, ma trén can thiy dong luc
hoc D(v) luén mang dic tinh tiéu tan ning lugng. Vé
mat toan hoc, D(v)1a mdt ma tran xac dinh duong,
théa man diéu kién: s"D()s>0, Vs#0.
Va tinh chit khong ddi xtmg ctia ma tran Coriolis,
ta co thé rat gon dao ham Lyapunov vé dang (24):
V<—klsl>+lshdlz, I +)-K'TT'K (24

env

Trong d6: e 1a sai s6 xap xi cia mang than kinh.
Khéc vé6i cic phuong phap diéu khién tuyén tinh ¢
dinh, trong hé thdng dé xuit, mang No-ron TD3 duoc
hudn luyén dé t6i wu hoa cac tham s thich nghi, gitip
tao ra thanh phan diéu khién bén viing nhim giam
thiéu tdi da tac dong ctia nhidu. Mang Actor chiu trach
nhiém san sinh cac thong sb diéu khién dua trén su
danh gia tor mang Critic; luat cap nhét cua cac mang
nay dugc thiét ké dé cuc tiéu hoa sai sb bam hudng
trong khi van duy tri cac trong s6 mang ndm trong tap
compact an toan. Nho co ché Clipped Double-Q va
viéc gidi han hanh dong (action clipping) trong thuat
toan TD3, téc do thay d6i tham sb K luén bi chan
trong mot tdp compact an toan. Theo dinh ly LaSalle
va phan mé rong cua Lyapunov cho hé phi tuyén, khi
téng hop déc tinh ti€u tan nang lugng noi tai va kha
ning bu sai sd tir thuét toan thich nghi du 16n dé khéng
ché bién do nhidu bi chin, dao ham Lyapunov thoa
min bt dang thuc sau:

V<—kV+¢ 25)

Trong d6:

x : La hé s6 toc d6 hoi tu. Gia tri nay cang 16n, sai
sO cang nhanh chong giam vé gan 0.

¢ :La mot hang s6 dwong nho dai dién cho sai s6
¢con s6t lai do nhidu hodc sai sb xa?ip xi cua mang No-ron.

Bt ddng thuc (25) chirarang V s& am (V <0)
khi trang thai sai s6 nim ngoai mét tap hop compact
ty 18 voi bién donhidu ¢. Do do, co thé két luan rang
hé théng diéu khién dat dugc trang thai 6n dinh bi
chin déu (Uniformly Ultimately Bounded - UUB).
Piéu nay chirng minh ré‘lng mac du ma tran can vat ly
D 1a ¢6 dinh, nhung thong qua co ché hoc sau ting
cuong, hé thong van duy tri dugc sai s6 bam e(t)
trong mot ving 1an can di nho cua gdc toa d6 ngay ca
khi chiu tac dong ctia nhidu bét dinh [23, 24, 30].
3.6. Thudt todn diéu khién hé thong

Thuét toan TD3-PID cho diéu khién giit hudéng
duogc thuc hién theo cac budc:

Buoc 1: Khoi tao mang Actor g va 2 mang Critic
@Q,Q, cung cac mang muc tiéu tuong ung.

Cong nghé s6, tw dong hoéa va trng dung hang hai

Buoc 2: Khéi tao b nhd dém Replay Buffer B
v6i dung lugng N dé luu trir cAc trai nghiém cua tac
tu [2, 6].

Burée 3: Thue hién sb hoa mé hinh dong luc hoc tau
thity 3 bac tw do (3-DOF) tai mdi budre thoi gian .

Bucc 4: Thu thap dir liéu:

- Cap nhat, tinh todn khong gian trang thai s,
(s, =[etrr(®,00)] eR® );

- Cép nhat tinh toan khong gian hanh dong (Action
Space) aq,, (a[ =[Kp,Kl,Kd]eR3) :

- Tinh toan Ham thuong R,

(R, =—(we’ +w,yr” +w,5%)) dua trén sai léch bam
hudng, van tdc gbc va tin hiéu diéu khién gobc lai.

- Chuyén sang trang thai ké tiép 5

Bude 4: Thu thap bd chuyén ddi (s,a,r,s) tir
tuong tac thyc té va luu vao B.

Buée 5: Ly mau ngau nhién tir B dé cép nhat
trong s6 cta hai mang Critic nhdm cuec tiéu hoa sai sb
Bellman mbi budc thoi gian.

Buoéc 6: Thuc hién cap nhat mang Actor va cac
mang muc tiéu sau mdi d budc (Delayed update).

Buéc 7: Cap nhat bo thong s6 K, K, K, cho bd
diéu khién PID thyc thi theo chu ky thich nghi.

Buée 8: Lap lai quy trinh huin luyén cho dén khi
hé théng dat ngudng hoi tu mong mudn [23, 27, 30].
4. Két qua md phong va thao luin
4.1. Kich ban mé phong

Dé danh gia hiéu suét cia bd diéu khién hudng di
thich nghi dya trén thuat toan TD3-PID, nghién ctru nay
xdy dung kich ban md phong trén nén ting Matlab/
Simulink nhim kiém chimg kha ning giit huéng va thay
d6i hudng cua tau. Kich ban duoc thiét 1ap trong diéu
kién chiu tac dong cia nhidu dong méi truong bién phirc
tap, qua d6 khang dinh tinh bén viing va kha nang thich
nghi ctia hé thong 14i tr dong dé xuét.

Kich ban mo phong dugc gia thiét dat ra nhu sau:

Gid thiét vé déng luc hoc va vén toc: Tau chay va
luén duy tri véi toc do khong ddi (u =8 knots/h) .

Gid thiét quy dao tham chiéu: Hé théng 14i ty dong
duoc thir nghiém véi 16 trinh thay ddi huéng di nhim
kiém tra kha ning dap tmg qua do va do 6n dinh xac
1ap. Cu thé, tau xuét phat & ché do giit huéng tai 0°
Tai thoi diém r=50s, hé thong thuc hién 1énh chuyén
huéng muc tiéu tir 0" —45°. Dén thoi diém 1=300s hé
thong tiép tuc didu chinh huéng dat tir 45° —15°va
duy tri trang thai nay cho dén khi két thuc qua trinh
mo phong (600s).

Gid thiét mé hinh nhiéu dgng: nhidu méi truong
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duoc gia dinh va mé phong dudi dang nhidu phire hop
tac dong tryc tiép vao tin hidu goc hudng cia tau.
Thanh phéan nhiu bao gdm nhiéu tring (White noise)
¢6 cudng d6 16n nham moé phong tac dong hdn loan cua
gi6 va sai s cam bién, két hop v6i nhidu dao dong hinh
sin dé dic trung cho tinh chu ky ciia song bién. Viéc
thiét 1ap mo hinh nhiéu thyc té nay nham kiém ching
khat khe tinh bén vimg va kha nang khang nhidu cta
thuat toan dé xuét trong diéu kién van hanh khic nghiét,
v6i phd nhiéu chi tiét dwoc trinh bay tai Hinh 3.

Environmental Disturbance Profile
06

0.4

0.2

Amplitude {deg)
(=]

02! . i
-0.4 i
-0.6

-0.8

5] 100 200 300 400 500 600
Time (s)

Hinh 3. Phé nhiéu méi trwong téng hop gii dinh

4.2. Théng s6 mé phong
4.2.1. Théng sé kj thudt ciia tau nghién ciru mé
phong
Dé mé phong va kiém chimg hidu qua ciia bo didu
khién d& xuét, nghién ctru nay sir dung mo hinh tau
thiy 3-DOF da duoc phan tich tai Muc 2 véi cac thong
Bing 1. Théng sé tau, thong sé

mé hinh toan mé phong

Théng Thong

. Gia tri . Gi4 tri

SO N

Chiéu dai tau L 32m

Khéi lugng m 118x10°Kg

Bén kinh lugn vong ti thidu | R, 150m

m,, 120x10°(Kg) d,, |43x10°(Kgm™)
m,, 177.9x10°(Kg) d,, [21.5x10*(Kgm™)
my | 636x10°(Kgm?) d, [23.4x10°(Kgm™)
d,, | 215x10°(Kgs™) d, [11.7x10°(Kgm™)
d,, | 177x10°(Kgs™) d., [160.4x10*(Kgm?)
dy; |802x10*(Kgm’s™) d, |80.2x10"(Kgm?’s)
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sb dac tinh k¥ thuét tau trong tai liéu tham khao [4],
dugc dua ra nhu Bang 1.
4.2.2. Thong $6 cai dat thudt toan va hé théng

Hé théng diéu khién hudng di dugc thiét 1ap voi
hai chu ky 14y mu riéng biét nhim t6i wu hoa sy phbi
hop gitra bo diéu khién PID va TD3, cuy thé:

Vong lip didu khién PID thyc hién véi chu ky lay
mau ngin (7;) dé dam bao tinh thdi gian thuc va kha
nang phan tng tic thoi trude cac sai s6 hudng di.

Thuat toan TD3 thyc hién cép nhét cac tham $6
thich nghi tai khoang thoi gian 16n hon (7). Céc
thong so cau hinh chi tiét dugc tong hop trong Bang 2.

Bing 2. Théng so cdi dit cau hinh mé phong

z R Ky ia b
Tham s6 hé théng ¢ Gid - Bon
hi¢u tri vi
Chu ky 14y mau vong
0,2
PID L : g
Chu ky cép nhat tham sb
; : i 1

(TD3) T 0 y
Hing s6 thoi gian vi

an s0 thoi gian vi T, 0,25 s
phén
Téc d6 hoc (Learni

oc do hoc (Learning o 103 )
rate)
Hé s6 chiét khau Y 0,99 -
Do 1éch chuén nhidu

o o 0,2 -
tham do
Kich thuéc mau hua

1cA udc mau huan N, 256 i
luyén

4.3. Két qui mé phéng va nhin xét
4.3.1. Dac tinh dap vng huong di cua tau

Két qua mé phong tai Hinh 4 cho thiy su khac biét
16 rét vé chét lugng didu khién giita by diéu khién
Adaptive TD3-PID va b diéu khién PID truyén thong
trong ca hai ché do giit huéng va thay d6i huéng.

&0 Heading Angle Response

— — Reference
Conventional PID | |
Adaptive TD3-PID

50 -

40 -

30

Heading Angle (deg)

o 100 200 300 400 500 600
Time (s)

Hinh 4. Dap veng goc hwong ciia tau theo thoi gian

Vé kha nang ddp vmg qud d¢: Khi nhan 1énh thay
d6i huong di (00 —>45 va 45 —15"), by diéu khién
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Adaptive TD3-PID (dwdng mau xanh) cho toc d dap
{mg nhanh vuot troi. Hé thong nhanh chong dua tau
vé huéng dat véi thoi gian xac 1ap ngén, thé hién kha
néng triét tiéu tac ddng ciia quan tinh tét cua thudt toan
hoc sdu ting cudng. Nguoc lai, bo didu khién PID
truyén théng (dudng mau do) phan tng chdm hon va
¢ xu huéng bi tré pha so vdi tin hiéu dit.

Vé dg qud diéu chinh (POT): Uu diém vuot troi
ctia phuong phap dé xuét 1a kha nang triét tiéu déng
ké hién tugng qua diéu chinh. Trong khi PID truyén
thdng gay ra d6 qua diéu chinh 16n (1én t6i 17,3%) bd
diéu khién Adaptive TD3-PID duy tri huéng di on
dinh voi d6 qua diéu chinh khong dang ké (xp xi
11,6%). Két qua nay dam bao tau thyc hién chuyén
hudng nhanh ma khong bi chéch khoi quy dao thiét
1ap, dam bao an toan tbi da trong qua trinh van hanh.

Vé tinh 6n dinh xdc ldp: Dudng d6 thi dap tng cua
TD3-PID duy tri do 6n dinh cao, bam sat gia tri dat
v6i sai s6 nho. Diéu nay khing dinh cho tinh bén vimg
(Robustness) cua thuat toan khi ddi miat véi cac thanh
phan nhiéu khong xac dinh.

4.3.2. Két qua sai s6 bam hieéng

Su 4n dinh va do chinh xac cua bo diéu khién dé
xuat dugce thé hién rd nét qua dd thi sai s6 bam hudéng
ture thoi tai Hinh 5.

50 Heading Angle Error

Error of PID
40 Error of TD3-PID
30

20

=]

Emor (deg)

5

=

[*] 100 200 300 400 500 600
Time (s)

Hinh 5. Dé thj sai s6 bam hwong

Sai sb nay duoc xac dinh boi d6 chénh 1€ch gitra
hudng di thuc té va hudng muc tiéu e(r) =Y, —Y.
Keét qua cho thay bién d6 sai s6 bam quy dao cta thuat
toan dé xuét nho hon dang ké so voi phwong phéap kinh
dién. Ngay ca khi chiu tic dong cia nhidu dong moi
truong bat dinh, sai sé ciia bo diéu khién TD3-PID
lu6n hoi tu vé dai én dinh 1an can 0 chi sau khoang
~50s. Nguoc lai, by diéu khién PID truyén thong
duy tri sai s6 dao dong bién do 16n kéo dai, gy ra su
thiéu 6n dinh cho hé thong huéng di.

4.3.3. Bién thién tham sé PID thich nghi theo thoi
gian thuc

Két qua bién thién tham sé PID thich nghi theo

SO 86 (04-2026)
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thoi gian thuc, dugc thé hién trén do thi Hinh 6.

Trén dd thi, 3 duong déc tinh K, K;, K4 cho th'fiy
kha nang tdi wu hoa linh hoat cua thuét toan TD3
thong qua viéc cap nhat cac hé s6 diéu khién theo thoi
gian thyc. Thay vi duy tri cac gia tri ¢6 dinh nhu bo
didu khién truyén théng, céc tham sb K,, Ki, K; dugce
diéu chinh lién tuc dé phu hop véi timg giai doan van
hanh cua hé théng.

Adaptive Kp

0 100 200 300 400 500 600
Adaptive KI

s . . . .
0 100 200 300 400 500 600
Adaptive K "

0 1 60 260 360 400 500 600
Time (s)

Hinh 6. Bic tinh thich nghi ciia cic tham sé PID

theo thoi gian

Co ché thich nghi: Pang chi ¥, hé sb vi phan
(K d ) dugc mang TD3 diéu chinh tding manh tai cac
thoi diém thay ddi trang thai huéng muc tiéu. Viéc gia
tang ndy gitp tao ra mo-men ham can thiét, cho phép
hé théng triét tiéu hiéu qua tic dong ctia quan tinh va
ngan chan hién tuong qua diéu chinh mot cach hiéu qua.

Pé 6n dinh: Trong giai doan giit huéng 6n dinh,
céc tham sb duoc tinh chinh vé dai gia tri t6i vu nham
can bang gitra d6 chinh x4c bam huéng va su 6n dinh
clia co cdu lai. Pidu nay khiang dinh hiéu qua cua
mang TD3 trong viéc nhan dién ddng luc hoc phirc tap
ctia dbi twong diéu khién va phan tmg chinh xac véi
cac tac dong tir moi truong.

4.3.4. Bdnh gid sai s6 trung binh tuyét doi MAE

Dé danh gia két qua dinh luong vé hiéu qua diéu
khién, chi s6 sai sb trung binh tuyét dbi (Mean
Absolute Error - MAE) ctia b diéu khién PID truyén
thong va PID-TD3 da dugc tinh toan va so sanh, thé
hién trén Hinh 7.

Chi s6 sai s trung binh tuyét d6i (MAE) dugc tinh
toan nhu sau:

MAE = 3 (0| (26)

Trong do:
n: Téng s6 mau dit liéu dugc thu thap trong subt
thoi gian mo phong.
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e(i): Sai s6 bam hudng tic thoi tai thoi diém thir
i dugc tinh béng d6 chénh l¢ch gitra hudng muc ti€u
va huéng thuc t& (y_ —y).

ref

MAE Comparison
3.5

3t
251
2

1.5

MAE (deg)

1F

0.5

0

PID TD3-PID

Hinh 7. D6 thi so sdnh sai so trung binh tuyét déi
(MAE)

Theo két qua d thi, bo PID truyén thong co sai s6
trung binh 1én dén 2,72° trong khi d6, bo didu khién
Adaptive TD3-PID di tdi wru hoa sai sb nay xudng
mirc chi con 1,28°. Két qua nay khing dinh hiéu qua
cua bo diéu khién dé xuét.

4.3.5. Phan tich qua trinh hoc va hoi tu ciia ham
Reward mang TD3

pé phan tich qua trinh hoi tu va do 6n dinh cua
thuét toan TD3, qua trinh huén luyén dugc giam sat
qua cong cu Reinforcement Learning Toolbox. Hinh 8§
mo ta dién bién ctia ham thudng tich liy theo timg tap
huén luyén (Episodes), phan 4nh truc quan kha ning
thich nghi ctia hé thong.

TD3 Training Convergence over Episodes

500

0

-500

-1000

-1500

-2000

Cumulative Reward

-2500

-3000

-3500 Episode Reward |
Moving Average

_4000 s L L L L L
0 100 200 300 400 500 600 700 800

Episode

Hinh 8. Qua trinh hi tu ham thwong ciia thudt todn
TD3 qua 800 Episode

Tir két qua Hinh 8 cho thay:

Giai doan tham do (Episode 1-300): Gia tri ham
thuong (dudong mau xam) dao dong bién do lon va duy
tri & mirc thap. Pay la giai doan mang Actor chi dong
thir nghiém cac phuong an diéu khién khac nhau
thong qua viéc thay d6i nhe cac Iénh 1ai, nham khao
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sat toan dién khong gian trang thai va tim kiém bo
thong sb K, Ki, Kqphu hgp nhét.

Giai doan hoi tu (Episode 301-800): Pudng trung
binh truot (Moving Average - mau xanh) c¢6 xu hudng
tang tién 6n dinh va tiém can gia tri thuong tich liy
t6i wu sau tap thir 500. Sy hoi tu nay khing dinh mang
TD3 d thiét 1ap duogc chién luge didu khién bén vimng,
6 kha ning triét tiéu sai sé bam hudng hiéu qua.

Tinh tin cdy ciia thudt todn: Viéc phan tich d6 thi
theo timg tap huén luyén (Episode) thay vi thoi gian
thuc giup lam r6 kha nang hoc cia mang No-ron, tich
biét hoan toan v&i nhitng dao dong tirc thoi khi hé
thong thay doi trang thai. Puong hoi tu 6n cho thiy
thuat toan da t6i uu hoa hidu qua cac tham s6 sau mdi
chu ky huan luyén, gitup cho tau thich nghi tot véi cac
tac dong phirc tap va nhidu dong tir méi truong.
4.3.6. Pdc tinh goc beé lai va dap wng cac thanh
phan téc d¢
a. Vé ddc tinh goc bé ldi (s,

Dic tinh goc bé lai thuc té (5,,)trong qua trinh
md phong diéu khién dugc thé hién trén Hinh 9. Pay
1a két qua goc lai dau ra sau khdi dong Iuc hoc may
141 va cac bd bao hoa, truc tiép tao ra lyc va mé-men
dé diéu chinh hudng tau.

Rudder Control
40 T T

——PID
30 |——TD3-PiD| |

20

7 (deg)

-20

-30

40 L . ' .
200 300 400 500 600
Time (s)

o
o |
=]

Hinh 9. Ddc tinh dong luc hoc goc bé ldai

Phaén tich cac ddc tinh dong hoc tir d0 thi, ta nhan
thiy:

Vé chdt lwong diéu khién: Bo didu khién Adaptive
TD3-PID (duong mau xanh) tao ra goc beé lai tron tru,
khong xuit hién dao dong 16n hay hién twong qué didu
chinh. Nguoc lai, bd diéu khién PID truyén théng
(dudng mau d6) ludn xuat hién cac dao dong goc 1ai
ngay ca khi tau da 6n dinh huéng dudi tic dong cia
nhiéu méi truong, diéu nay lam giam do 6n dinh tong
thé cta hé thong. Pang chi1 ¥, tai cac thoi diém tau thay
d6i hudng 16m, goc bé lai tao ra boi TD3-PID c6 bién
d6 t&i uru hon; thoi gian goc 1ai ndm trong ving bao hoa
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ngén hon so véi PID truyén thong. Piéu nay gitp cho
tau phan tmg nhanh nhay véi 1énh didu khién nhung
van dam bao tinh 6n dinh dong hoc va an toan hé théng.
Vé rang budc géc bé lai: Két qua thuc nghiém
khang dinh goc lai luén dugce duy tri nghiém ngit
trong gidi han cho phép (|5,,|<35"). Téc dd beé lai
bién thién tron tru, khong xay ra hién tugng thay doi
trang thai goc lai tirc thoi, hoan toan phu hop vai dac
tinh dong luc hoc va kha ning dap tmg thyc té cua hé
thong dong lyc may lai.
b. Pdp ieng cdc thanh phan téc dé:
Két qua dap ng cac thanh ph?m tde do truot doc,

ngang, quay tr& duoc thé hién trén Hinh 10.

Surge Velocity

o —FPID
@
Ea2 ——TD3-PID
=
4 "
0 100 200 300 400 500 600
Sway Velocity (v]
s y y (v)
z
E 0
>
05 " . . .
0 100 200 300 400 500 600
Yaw Rate (r)
10 T
W
g o
z
Pt
10 -
0 100 200 300 400 500 600
Time (s)

Hinh 10. Pdp ikng cic thanh phén vin téc ciia tau

Tur két qua hinh 10 cho théy:

Toc do truot doc (u): Thuat toan TD3-PID gitp
duy tri van tdc 6n dinh quanh gia tri dat (4,2m/s), it
bién dong hon so v6i PID truyén théng. Hién tugng
sut giam van tdc khi bé 1ai duoc bu dép nhanh chong.

Toc do triegt ngang (v): Pugc kiém soét chat
ché ti€ém can muc 0. Cac xung nhi¢u moi truong dugce
triét tiéu hiéu qua, gitp giam tdi da d6 dat ngang cua
tau trong qua trinh hanh trinh.

Vin toc goc (r): Pap tmg chuyén huéng dién ra
dut khoat, khong qua diéu chinh hay dao dong kéo dai.
Viéc thu hep bién d6 dao dong cua r gitip giam tai cho
co céu may lai va bao v¢ h¢ théng co khi.
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4.3.7. So sanh cdc chi tiéu chat lwong diéu khién

Tur cac két qua dir liu thu thap duogc trén cac dd
thi m6 phong, cac chi tiéu ky thuat dugc tong hop theo
Bang 3 dé so sanh chat lugng diéu khién giira bo diéu
khién Adaptive PID-TD3 va PID truyén théng.

Do 16n goc lai trung binh (5) dugc xac dinh theo
cong thae: & =FZ|§, |

Trong do: -

N:Téng s6 mau dir lidu trong sudt thoi gian mo
phong.

|5, Gia tri tuyét dbi ciia goc 14i tai thoi diém thu i.

Nhan xét: Viéc Adaptive TD3-PID cai thién dugc
32,9% d¢ qua diéu chinh, rit ngan 44,4% thoi gian
x4c 1ap va d6 1on goc bé 14i trung binh (5) cai thién
duoc 41,1% so véi bd diéu khién PID truyén théng.
Két nay khé“ing dinh hé théng da dat duoc su can béng
t6i wu giira toc do dap tmg, do 6n dinh va tiét kiém
nang luong.

4.4. Nhdn xét chung

Dua trén cac két qua mo phong va phan tich dinh
lwong tai cac muyc trén, c6 thé rut ra cac danh gia tong
quat vé hiéu qua cta bo diéu khién Adaptive TD3-PID
nhu sau:

Tinh linh hoat va kha nang thich nghi: Thudt toan
dé xuét da thé hién kha nang "ty hoc" va diéu chinh
tham s6 (K, K, K4) mot cach linh hoat theo thoi gian
thuc. Viéc két hop mang hoc sau ting cudng TD3 gitip
hé thdng khong chi bam sat quy dao huéng dat ma con
phan tmg hiéu qua trudc cac tac dong bat dinh cua
nhiu méi truong, khic phuc 16n nhuge diém cua cac
bo diéu khién PID c6 tham s6 (K, K;, Kz) cb dinh.

Sw can b&ng gitta do chinh xac va tinh én dinh:
Két qua md phong cho thdy c6 su cai thién dong bo:
giam dang ké sai s6 bam hudng (MAE) ddng thoi triét
tiéu hién twong qué diéu chinh (Overshoot).

Gid tri van hanh va kinh té: Goc bé 1ai duge diéu
khién tron tru, loai bo hién tugng dao dong cudng buc
(chattering), gitip bao vé hé théng co khi va thuy luc
cuia may lai.

Bing 3. So sinh cdc chi tiéu chit luong diéu khién

Stt Chi tiéu so sanh Ponvi  PID truyén théng TD3-PID Cai thién (%)
1 Do qud diéu chinh (POT) % 17,3 11,6 32,9
2 Thoi gian xac 1ap (ts ) s =171 ~95 44,4
3 Sai s6 trung binh (MAE) deg 2,72 1,28 52,9
4 D6 16n goc 1ai trung binh (5) deg 7,67 4,52 41,1
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5. Két luan va kién nghi
5.1. Két lugn

Bai bao nay da tap trung giai quyét bai toan didu
khién hudng tau thity théng qua viéc két hop giita ky
thuat diéu khién PID truyén théng va thuét toan hoc
sdu tang cuong (Deep Reinforcement Learning), cu
thé 1a mang TD3. Dua trén cac két qua mod phong va
phan tich, nghién ciru dat dwoc cac két luan chinh sau:

Vé mat thudt todn: Da thiét ké thanh cong bo diéu
khién Adaptive TD3-PID c6 kha ning tu dong tdi uu
hoa céc tham sé diéu khién (K, K;,K,) theo thoi gian
thyc. Viéc tich hop mang TD3 gitip hé thdng khic
phuc nhuoc diém cua bo diéu khién PID thong thuong
vbn kho dap tmg t6t trong moi truong bién bién dong
va ¢6 tinh phi tuyén cao.

Vé chdt heong diéu khién: Két qua thuc nghiém sb
cho thy su vuot trdi ciia phuong phap dé xuat trén
cac phuong dién: Sai s6 trung binh tuyét ddi (MAE)
giam manh hon 52,9%, thoi gian xéac 1ap hudng muc
tiéu nhanh hon gép 5 1an so véi PID truyén thong. Dic
biét, hién tuong qua diéu chinh (Overshoot) da dugc

triét ti€u gan nhu hoan toan, gitip tau van hanh 6n dinh.

Vé tinh thic tién va kinh té: Dac tinh goc bé 1ai
tron tru, loai bé hién tugng dao ddng cudng buc
(chattering) khong chi gitp bao vé hé thdng may lai
thity lwc ma con giam luc can cam tmg. Diéu nay c¢6 y
nghia quan trong trong viéc tiét kiém nhién liéu va
nang cao tudi tho thiét b, dap tmg xu huéng phat trién
tau thay thong minh va bén ving.

5.2. Huong phit trién

Mic du da dat dugc nhitng két qua kha quan,
nghién ctru van con nhitng van dé can tiép tuc duoc
nghién cru va lam rd:

Thir nghiém véi diéu kién khdc nghiét: Hudng
nghién ciru thoi gian t6i can danh gia hiéu qua cia

thuét toan trong cac kich ban méi trudng phire tap hon.

M6 réng doi twong diéu khién: Ap dung céu trac
Adaptive TD3-PID cho cic bai toan diéu khién da
bién khac cho tau thuy nhu diéu khién quy dao bam
(Path Following) hodc diéu khién giit vi tri dong
(Dynamic Positioning).

Trién khai thue té: Huéng t6i viée tich hop thuat
toan vao cac hé théng nhung (Embedded Systems) dé
thir nghiém trén mé hinh tau thuc té.
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