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Tém tit

Bai bdo ndy nghién ciru bai todn diéu khién theo
déi quy dao doi véi hé tau thiy khéng dii co cau
chdp hanh (Underactuated), trong diéu kién hé
théng chiu anh hwong ciia nhiéu méi triong va
tén tai bét dinh vé tham sé6 trong mo hinh. M6 hinh
phi tuyén mo ta dong luc hoc ba bdc ty do (3-
DOF: Degrees Of Freedom) ciia hé tau thiy thiéu
co cdu chdp hanh dwoc thiét lap, trong dé cdc
tham sé bdt dinh bao gom cdc tham sé thity dong
lvc hoc va khoi luwong duoc xét dén d(;ng thoi voi
cdc nhiéu bén ngoai nhuw séng, gié va dong chay.
Trén co so nay, phwong phdp Adaptive
Backstepping dwoc dé xudt nham dam bdo bdm
quy dao chinh xac va on dinh. Ludt cdp nhdt tham
$6 dwoc xdy dung dé wéce lwong cdc thanh phan
bdt dinh ciia hé, trong khi ham Lyapunov dirgc sir
dung dé chirng minh tinh 6n dinh ctia hé kin. Két
qua mé phong sé voi kich ban chiu tac dong nhiéu
méi trwong va tham sé mé hinh thay déi cho thdy
bé diéu khién dé xudt dat sai sé bam quy dao nho
hon va ddp img on dinh hon so véi phirong phdp
diéu khién PID truyén thong. Nhitng két qua dat
duoe cho thdy phiong phap dé xudt c6 kha ning
img dung trong thue tién diéu khién tau thiyy, gép
phan ning cao chat lwong diéu khién.

Tu k!l(')a: Z?ackstepping thicie nghi, tau thuy thiéy
co cau chdpr hanh, diéeu khién bam quy dao, bat
dinh tham so.

Abstract

This paper investigates the trajectory tracking
control problem of underactuated surface vessels
in the presence of environmental disturbances and
parameter uncertainties. A nonlinear 3-DOF

dynamic model of an underactuated surface vessel
is established, in which uncertain parameters,
including hydrodynamic coefficients and mass
properties, are considered together with external
disturbances such as waves, wind, and ocean
currents. Based on this model, an Adaptive
Backstepping control scheme is developed to
ensure accurate trajectory tracking and closed-
loop system stability. An adaptive parameter
update law is designed to estimate the uncertain
system parameters online, while a Lyapunov-
based stability analysis is employed to guarantee
the stability of the closed-loop system. Numerical
simulation results under various environmental
disturbances  and  parameter  variations
demonstrate that the proposed controller achieves
smaller tracking errors and smoother system
responses than a conventional PID controller.
These results confirm the effectiveness and
practical applicability of the proposed control
approach for trajectory tracking of underactuated
surface vessels.

Keywords: Adaptive Backstepping Control,

Underactuated  Surface Vessels, trajectory
tracking problem, parameter Uncertainties.

1. Mé dau

Trong nhiig nim gan day, bai toan diéu khién
bam quy dao cho tau thuy, dac biét 1a cac phuong tién
mat nudc ty hanh (Unmanned Surface Vehicles -
USVs), da nhan dugc nhiéu sy quan tam do nhu clu
ty dong hoa trong cac linh vyc van tai, gidm sat va
khao sat bién. Tuy nhién, tau la ddi twong co tinh phi
tuyén manh va chiu tic dong ciia cac nhiu moi truong
nhu séng, gi6 va dong chay, khién viéc dam bao bam
quy dao chinh x4c va d6 6n dinh cua hé théng tré nén
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phuc tap hon [1]-[3].

Chuyén dong cia tau thuy trén mat phang ngang
dugc md ta dudi dang md hinh hé phi tuyén 3-DOF,
trong d6 cac tham s6 nhu khéi lugng va lyc can thiy
dong thuong khong dugc xac dinh chinh xac hoac
thay doi theo didu kién van hanh [16], [17]. Bén canh
d6, cac nhidu moi truong 1a cac tin hiéu khong biét
truge va kho do luong truc tiép, gay sai 1éch giita md
hinh va thyc té, 1am giam hiéu qua diéu khién [5], [9].

Trong thyc t&, nhiéu tau thity thudc nhoém hé thiéu
co cau chap hanh (Underactuated), khi sé luong co
ciu chép hanh nhé hon sb béc tu do cua hé. Piac diém
nay khién hé khong thé diéu khién doc lap toan bo cac
bac tu do, do d6 bai toan bam quy dao tréd nén phtc
tap hon va doi hoi cac phwong phap diéu khién phu
hop hon [3], [4].

Nham khic phuc cac khé khin néu trén, nhiéu
chién Iuge diéu khién hién dai da duoc phat trién, bao
gém diéu khién thich nghi, diéu khién mo, mang no-
ron nhén tao va hoc ting cuong, dé ting cudng do bén
vimg va kha ning duy tri 6n dinh hé théng khi xuét
hién cac thanh phan phi tuyén tinh cliing nhing sai s6
bét dinh trong qué trinh van hanh [1], [2], [7], [8].
Ngoai ra, cac phuong phép str dung b quan sat nhidu
hodc rang budc hiéu suét ciing cho thiy hiéu qua trong
viéc nang cao do bén viing va kha niang chéng nhiéu
[10]-[12]. Tuy nhién, cac phuong phap nay thuong co6
cAu trac phirc tap hodc yéu cau tinh toan cao, gy kho
khin trong trién khai thyc té [5], [6].

Backstepping 1a mot phuwong phap diéu khién phi
tuyén hiéu qua, cho phép thiét ké bo didu khién dya
trén 1y thuyét Lyapunov mot cach c6 hé thong va phu
hop v6i cac hé phi tuyén dang strict-feedback, bao
gdm cé cac hé thiéu co cau chap hanh [4]. Tuy nhién,
phuong phap Backstepping truyén théng thuong gia
dinh m6 hinh hé théng duoc biét chinh xéac, do d6 két
qua diéu khién chua dap Gng tdt trong diéu kién mo
hinh ton tai bat dinh tham s6 va nhidu moi truong.

Tir nhirng thach thirc néu trén, bai bao dé xuit mot
phuong phap diéu khién Backstepping thich nghi cho
tau thay thiéu co cdu chip hanh nhim bam quy dao
trong diéu kién ton tai bat dinh mé hinh va nhidu méi
truong. Phuong phap nay xay dung luat cap nhat tham
s6 dé wodc lugng cac thanh phan bat dinh cua hé, dong
thoi str dung 1y thuyét Lyapunov dé dam bao tinh én
dinh cuta hé kin.

Tinh méi ctia phuong phap dé xudt nam & co ché
phan tach va xir 1y song song hai thanh phan tac dong
tiéu cuc 1én hé théng:

1. Cac bat dinh tham sb noi tai (khdi luong, luc
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can thuy dong phi tuyén) dugc cau tric hoa va triét
tiéu tryc tuyén thong qua luét thich nghi dé quy.

2. Cac nhiéu dong ngoai vi ngiu nhién tir moi
truong (song, gio, dong chay) dugc kiém soat bang k¥
thuét chén trén ma tran Lyapunov mo rong.

Céch tiép can nay gilp giam tai tinh toan so véi
céc bo diéu khién thong minh phrc tap nhung van dam
bao sai sb bam quy dao hoi tu vé 14n cn 0.

Hiéu qua cua phuong phap dé xuit dwoc kiém
chung thong qua cac thu nghiém mé phdéng va dugce
danh gi4 bang cach so sanh véi phuong phéap dicu
khién truyén thong.

2. M6 hinh toan dong luc hgc tau thiy
2.1. M6 hinh todan dong hoc

Trong mit phang ngang, chuyén dong ciia tau thiy
dugc mo td boi moé hinh 3-DOF [16], [17]. Cac thanh
phan chuyén dong trén mit phang ngang gdm: tinh
tién theo truc doc (surge), trugt ngang (sway) va quay
trg (yaw). Vector trang thai vi tri va huéng ctia tau gén
véi hé toa d6 quan tinh dugc mo ta nhu sau:

n=[z,y.v] (1)

Trong biéu thic (1), z, y,w 1an luot 13 vi tri va
g6c hudng cua tau.

Vector van toc trong h¢ toa d6 Body-fix (hé toa do
gén voi than tau), duoc dua ra nhu sau:

v :[u, v, T:IT 2)

Trong d6: w,v lan luot 1a van téc theo phuong
doc vangang, con r 14 tbe d6 quay tré.

Mébi quan h¢ giira vin tde trong h¢ than tau va h¢

quan tinh dugc mo ta bdi phuong trinh dong hoc [16]:

n=Jy)v 3)

Trong d6, ma tran chuyén d6i J(w) , dugc cho bai
cong thire (4):

cosy —siny 0
J(y)=|siny cosy O 4)
0 0 1

2.2. M6 hinh todn dpng luc hoc
Phuong trinh phi tuyén mé ta dong luc hoc cia tau
thiy trong mat phang ngang dugc cho bdi phuong
trinh (5):
Mv+C(v)v+D(v)v=T+d 5)
Trong do:
MeRP3 Ma tran khdi luong va quan tinh
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(thudng bao gdm ca khdi lwong nudc kém).

C(v)e R¥3 Ma tran Coriolis va luc ly tAm,

D(v) e RSXB Ma tran lyc can thuy dong luc hoc,

T= [r VT,
tao ra boi cac co céu chap hanh

d=[d,.d,.d ]l Nhiéu méi truong (song, gio, dong
chay).

Cach xac dinh chi tiét cac tham s0 ciia ma tran

M,C(v),D(v) ¢ trén dugc Tac gia Fossen [16] va Do
K.D cung cong su [17], dua ra cach tinh chi tiét.

Trong thyc té, cac tham so trong cac ma trin

M, C(v),D(v) thuong khong xac dinh dugc chinh xac

do su tinh toan phu thudc vao cac yéu td khac nhau
cling nhu thay doi ctia diéu kién tai trong va tac dong

moi truong [16], [17]. Piéu nay dan dén sy ton tai
nhitng bt dinh tham sb (parametric uncertainties)
trong mo hinh hé thong.

2.3. Diic tinh thiéu co ciu chip hanh

Trong cac hé théng tau thuy thuc té, ddc biét 1a cac

phuong tién mat nuwde ty hanh, mot $6 mo hinh duogc

trang bi ddy du co cdu chap hanh cho phép diéu khién
truc tiép tat ca cac bac tu do. Tuy nhién, trong nhiéu
truong hop khac, hé thong chi co kha ning tac dong

1én mot s6 bac tu do nhét dinh, dan dén dic diém thiéu
co ciu chap hanh [3], [16], [17].

Cu thé, trong bai toan nay, luc diéu khién chi tac
dong truc tiép 1én cac chuyén dong surge va yaw,
trong khi chuyén dong sway khong duoc truc tiép diéu
khién. Khi dé, vector diéu khién c6 dang (6):

T !
T= {o] (6)
TT

hodc c6 thé viét lai dudi dang:
T=Bu, (7)

Trong d6, u, =[7,,7,]7 Vector diéu khién thyc,

u?

B eR** ma tran phan bd didu khién, duoc dinh
nghia:

B=|0 0 8)

Do dic diém cua hé underactuated n6i chung la
khong thé diéu khién doc 1ap tirng bac tu do [3], nén
khi thiét ké bo diéu khién can khai thac méi lién hé
dong lyc hoc gitra cac trang thai cia hé dé dat duoc

7] Vector tin hiéu diéu khién, dugc
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muc tiéu bam quy dao.
2.4. Bit dinh tham s6 va nhiéu méi truwong

Trong bai toan thyc té, hé tau thuy chiu anh huong
ddng thoi ciia bat dinh tham s6 va nhiu méi trudng
[5], [10].

1. Bét dinh tham s6 xudt phét tir viéc cac hé s thuy
dong, khéi luong va luc can khong duoc xac dinh
chinh xac hoic thay d6i theo thoi gian [16], [17]. Cac
thanh phan nay c6 thé dugc biéu dién dudi dang (9):

M=M, +AM, D(v)=Dy(v)+AD(v) ©)

Trong d6, AM va AD(v) la cac thanh phan bat
dinh.

2. Bét dinh tir nhidu méi truong bao gom cac tac
dong bén ngoai nhu soéng, gioé va dong chay [5], [9],
dugc mo hinh héa boi vector d(t) . Trong nghién ciru
nay, nhidu duoc gia thiét 1a bi chan:

hd(t)l<a,, (10)

voi d,1a mot hang sé duong hiru han.

Viéc ton tai dong thoi bat dinh tham sé va nhidu
mdi truong 1am cho bai toan diéu khién bam quy dao
tré nén kho khin hon, dong thoi dat ra yéu cau ddi véi
b6 diéu khién phai c6 kha nang thich nghi va dam bao
tinh on dinh cua hé kin.

3. Thiét ké b diéu khién Backstepping thich
nghi

Backstepping 1a phuong phap thuc hién thiét ké
diéu khién theo co ché d¢ quy, trong do luat didu khién
dugc xdy dyung timg bude tir md hinh dong hoc dén
ddng lyc hoc théng qua céac bién diéu khién ao.

Cu thé, tir sai s6 vi tri, mot tin hi¢u diéu khién ao
duoc thiét ké dé tao ra van tde mong muén; sau do,
dua trén sai s& van tdc, tin hiéu didu khién thue duge
xay dung nham dam bao cac bién trang thai hoi tu vé
gi4 tri mong mudn.

Tai mdi budc, mot ham Lyapunov trung gian dugc
lwa chon nham dam bao tinh 6n dinh tiém can cua sai
50, qua d6 dam béo tinh 6n dinh cuia toan bo hé kin [4].

Dé giai quyét triét dé bai toan bam quy dao trong
didu kién bat dinh, cu tric Backstepping hai tang
thiét ké trong chuong nay sé& thuc hién co ché bu song
song.

Tai ting dong hoc (Kinematic), by diéu khién o
hinh thanh luat van tbc mong mudn dé ép sai sé vi tri
vé 1an can 0.

Tai tng dong luc hoc (Dynamic), thudt toan phan
tach ro hai thanh phﬁn: luat cép nhat thich nghi tich
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phan chiu trach nhiém wéc luong truc tuyén cac tham
$6 thuy dong luc hoc bién thién va cac hé sd khuéch
dai phan hdi dugc tinh toan dua trén ham Lyapunov
téng quat nham ap dat tinh 6n dinh bi chin tiéu tan
cho toan hé kin trudc nhiéu méi truong.
3.1. Phat biéu bai todn va muc tiéu diéu khién
Muc tiéu cta bai toan dat ra 1a thiét ké bo diéu
khién nham dam bao ddi tuong hé tau thuy thiéu co
céu chip hanh bam theo quy dao tham chiéu mong
mubn (nmf) cho trude: m,,, =[x, 9., ;1"
Theo d6, sai s6 bam quy dao dwoc dinh nghia:

€, =MN—MNy (11)

Lay dao ham biéu thire (11) theo thoi gian, khi d6
ta co:

€, =n-n,=J(y)v-n, (12)

Muc tiéu diéu khién 12 thiét ké tin hiéu diéu khién
(r) sao cho:

lime, —0 (13)

£

Véi gia thiét ton tai:

- B4t dinh tham s trong mo hinh dong lyc hoc

- Nhiéu mai trudng bi chan.

3.2. Ciu triic bé diéu khién dé xuit
(Backstepping thich nghi)

Cau tric tong thé cua hé diéu khién duoc xay dung
theo phuong phap Backstepping thich nghi, véi cau triic
phan tang. Cau tric dé xuat dugc mo ta nhu Hinh 1.

Kién trtic cta bd didu khién duoc xay dung tir cac
khoi chtic nang chu yeu sau:

Khéi tao quy dao dit n,, - bayla khéi tao ra quy dao
dat, véi muyc dich diu khién tau bam theo quy dao nay.

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

Khéi tinh todn sai so e, Thuc hién chirc nang
tao ra sai 1éch quy dao gitta quy dao tham chicu va
quy dao dat.

B§ diéu khién Backstepping (Backstepping
Controller): Bo diéu khién Backstepping duoc thiét
ké theo phuwong phap dé quy, bao gdm hai tang diéu
khién tuong tng véi dong hoc (Kinematic Controller)
va dong luc hoc (Dynamic Controller) ctia hé thong.

- Khéi diéu khién dong hoc: Nhan tin hi¢u sai 1éch
quy dao e, dé tinh toén ra tc do a0 v i~

- Khoi diéu khién déng liwc hoc: Nhan tin hi¢u sai
léch tdc do e, , v6i luat thich nghi tham s @ tao ra
b6i khdi thich nghi dé tinh toan ra tin hiéu diéu khién
T tic dong 1én cac co cdu chap hanh (chan vit va
banh 14i) cua tau.

Khéi Iugt thich nghi (Adaptive law): nhan tin hi¢u
sai 1éch tde do e, dé uée lugng tham s6 bat dinh.

Khoi mé hinh déi twong: Thé hién mo hinh phi
tuyén 3-DOF tau thuy thiéu co cau chip hanh c6 tham
s6 md hinh bat dinh (ma train M, D(v) thay ddi theo
tai trong va diéu kién hoat dong), dudi taic dong cua
nhiéu moi truong d(t).

3.3. Thiét ké diéu khién do ti mé hinh dpng hoc

Xét ham Lyapunov dugc lya chon dudi dang [4]:
1
V, = 5 ee, (14)

Léy dao ham theo thoi gian cua (14), ta thu duoc:

Vi=e,(J(y)v — i) (15)

Pé dam bao dao ham ciia ham Lyapunov 13 4m xéac

dinh, tin hi¢u diéu khién ao(v,) dugc lya chon nhu
sau:

v, =3 (w)(n,, - Ke,) (16)
Trong 6, K,>0 la ma tran h¢ sb diéu khién.

BO PIEU KHIEN BACKSTEPPING THICH NGHI

B diéu khién dong

0 % (Backstepping — Tang 1)
ref * V ref _ .
v, =3 (y)(0,, -Ke,)

e, tham s6

Luat thich nghi

Nhiéu méi truong

*d(t)

0=TY"e,

yo

|
|
|
|
|
|
|
|
B6 didu khién dong | |
|
|
|
|
|
|
|
|
|

= n
lwc hoc T
(Backstepping — Tang 2) v
T=Y(v,v,)0 -K,e,
TAU THUY THIEU CO CAU
________________ | CHAP HANH
(M4 hinh phi tuyen 3-DOF)

Hinh 1. Céu tricc bj diéu khién bam quy dao tau thity diing Backstepping thich nghi
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Khi d6, dao ham cua ham Lyapunov cé dang:

Vi=—e)Ke, +e,3(y)(v-v,) (17)
Sai s van toc duoc dinh nghia nhu sau:
e, =v-v, (18)

Bude tiép theo dat ra 1a thiét ké luat diéu khién
nhim ddm bao e, »0va V; am x4c dinh.
3.4. Thiét ké diéu khién dong luc hoc

Xét ham Lyapunov mé rong dugc lua chon dudi
dang:

I/'Z:V1+%efMev (19)

Lay dao ham (19) theo thoi gian, ta thu duoc:
V, =V, +e/Me, (20)
Duva trén phuong trinh dong luc hoc cua hé [16],
[17]:
Mv=1—C(v)v-D(v)v+d

suy ra:

Mé =1t—-C(v)v-D(v)v—-Mv,+d (21)
Thay (21) vao biéu thirc (20), ta duoc:

V,= —e,Ke, +e,(t—C(v)v-D(v)v—Mv, +d) (22)

Muc tiéu cua diéu khién dong luc hoc 1a thiét ké
tin hiéu diéu khién (t) saocho V, 1a4m xdc dinh.
3.5. Ludt diéu khién thich nghi

Do trong m6 hinh dong lyc hoc tdn tai cac bat dinh
tham s6, cac thanh phén bat dinh dugc gia thiét co thé
biéu dién dudi dang tuyén tinh theo tham sb (linear-
in-parameters) [3], [8] nhu sau:

Y(v,v,)0 23)

Trong do: 0= [mn,mzz,m33,d11,d22,d33]T la
vector tham s0 chua biét.

Y 1a ma tran hdi quy (regressor matrix), dugc xay
dung tir cac bién trang thai u,v,r va cdc thanh phan
dong hoc trong Gng cua hé tau thuy.

Goi 01a u6e luong cua 0, luat didu khién duoc
xay dung dudi dang:

T=Y(v,v,)0-Koe, (24)

Trong d6, K, > 012 ma tran diéu khién.
Dé dam bao tinh on dinh cta hé, luat cap nhat tham
s6 duge lya chon nhu sau:
0= I'Y'e, (25)

Vé6i I'>01a ma tran hé s6 thich nghi.
Véi luat diéu khién va luat thich nghi duogc thiét

TAPCHi  ISSN: 1859-316X, e-ISSN: 3093-3161

KHOA HOC CONG NGHE HANG HAI
LJOURNAL OF MARINE SCIENCE AND TECHNOLOGY-

ké nhur trén, c6 thé chimg minh rang h¢ kin 1a 6n dinh
theo nghia Lyapunov.

3.6. Phén tich on dinh

Xét ham Lyapunov tong duoc Iya chon dudi dang

[4]:
17
V=V2+59 r-e (26)

Trong d6 0=0-0 1a sai sé uéc lugng tham sb

Do V,>0 va I''>0, ham LyapunovV la ham
duong xéac dinh ddi vai cac bién sai s6 ctia hé. Thanh
phan thtr nhat phan anh nang lugng ciia sai s6 bam va
sai s6 van tdc, trong khi thanh phan thir hai phan anh
sai s& wéc lugng tham sb cua luat thich nghi.

Lay dao ham theo thoi gian cia (26), dong thoi
thay luat diéu khién (24) va luat cap nhat tham sé (25)
vao biéu thirc dao ham ctia ham Lyapunov, cac thanh
phﬁn chira sai s6 ugc lwong tham s6 6 duoc triét tiéu.
Khi @6 thu duoc:

V=-eKe, —eKe, +e/d (27)
Trong d6, hai thanh phan dau 1a cic hang am xac
dinh duoc tao ra boi b diéu khién Backstepping, con
thanh phan cudi phan anh anh huong cua nhidu moi
truong 1én hé thong.
Gia str nhidu méi truong bi chin theo didu kién:
ld(¢)I<d

maz

Ap dung bit ding thirc Cauchy-Schwarz cho tich
v0 huéng eld, ta co:

e,d <[e,|d| <

eV

dmax

Do céc ma tran diéu khién K, va K, dugc lya
chon xac dinh duong, ton tai cac hing sé duong A
va 4, sao cho:

e'Ke, > 4, ||e,7||2

eljf-KZev 2 ﬂ? "ev"2

Suy ra dao ham cua ham Lyapunov dugc danh gia
bai:

V<-Ale =2, le > +le, ld

max

(28)

Biéu thirc (28) cho thidy dao ham cua ham
Lyapunov 1a 4m ngoai mét mién lan cén hitu han cta
gdc toa do. Piéu nay chimg to tat ca cac tin hi¢u trong
hé kin déu bi chan. Ddng thoi, sai s6 bam quy dao va
sai s& van tdc hoi tu vé mot l4n can nho cua géc toa
d6 voi kich thudc phu thudc vao bién nhidu d

'maz *
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Do d6, ¢ thé két luan rang hé kin 13 6n dinh theo
nghia Lyapunov. Trong trudng hop ton tai nhidu moi
treong bi chan, cac sai sb cua hé 1a bi chan déu cubi
cung (Uniformly Ultimately Bounded - UUB). Két
qua nay chimg minh bo diéu khién Adaptive
Backstepping d¢ xuat c6 kha niang duy tri tinh 6n dinh
va chit lwong bam quy dao trong diéu kién ton tai
d6ng thoi bat dinh tham s va nhidu moéi truong [4].
4. M6 phong bd diéu khién va nhén xét
4.1. Kich ban mé phong

Pé danh gia hiu qua cua bo diéu khién dé xuét,
cac thi nghiém mo phong duoc thuc hién trén mé hinh
tau thiy phi tuyén 3-DOF, trong mit phing ngang.
Kich ban mé phong dugc gia thiét nhu sau:

Tau chay bam theo qu¥ dao dat dang hinh sin, bién
d6 S=200 m, xuét phat tai diém A (0,0) va két thiic tai
diém B(750,-200), phuong trinh quy dao tham chiéu
duoc cho nhu sau:

x,,, = 200.c0s(0.01£)(m) y, . = 200.sin(0.005¢)(m)

Trong d6 ®=3&rad/s goc hudéng tham chiéu
v, dugc xac dinh theo huéng tiép tuyén ctia quy dao.

Thoi gian m6 phong duge thiét 1ap 14 T = 600(s)
voi bude lay mau T =0.02(s) . Dé danh gia bo dicu
khién cac két qua mé phong quy dao, sai sb bam quy
dao, tin hiéu diéu khién duoc dua ra dé so sanh véi bd
diéu khién PID.

Dé kiém tra kha nang khang nhidu, gia thiét trong
kich ban tau chiu tac dong ctia nhidu méi trudng téng
hop dugc biéu dién nhu sau:

0.5sin(0.1t)

d(t) =| 0.3sin(0.05t)
0.1sin(0.2t)

(29)

Nhiéu nay dai dién cho anh huong cua song, gio

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

va dong chay trong diéu kién thuc té.

Ngoai nhidu méi truong, dé danh gia kha ning xir
Iy bat dinh tham s0, cac phan tir cua ma tran khoi
luong va luc can thuy ddng luc hoc trong kich ban
duogc gia thiét sai 1éch so vai gia tri danh dinh nhu sau:

M=M,+AM, D=D,+AD (30)

Véi: | AMII<0.2M,, IADII<0.2D,.

4.2. Cdc tham s6 mé phong
4.2.1. Tham s6 cua tau lwa chon mé phong

Céc tham sd cta tau lua chon mé phéng duoc thé
hién trén Bang 1.

4.2.2. Cai dat tham sé6 bo dieu khién
Backstepping va PID

Tham s6 cia bg diéu khién Backstepping thich

nghi duoc lya chon nhu sau:
K, =diag(0.8,0.81.0);
K, =diag(1.50.51.2) ;

I = diag(0.2,0.2,0.2) .

Cac gia tri nay dugc lya chon thong qua qua trinh
thr nghiém nham dam bao h¢ thong c6 toc do hoi tu
nhanh va tin hiéu di€u khién 6n dinh.

Déi véi bo didu khién PID, cic tham sb duoc tinh
chinh nhu sau:

Tham s PID dung cho kénh diéu khién luc truot
doc:

K,=20 K =005 K,=08

Tham sé PID dung cho kénh diéu khién mé-men
quay trd:

K, =15 K =003 K, =06

Céc tham sb PID dugce lwa chon nham dat hiéu sut
t6t nhit trong cung diéu kién mé phong dé dam bao
tinh cong bang trong so sanh.

Bdng 1. Cic tham sé mé hinh tau mé phong

Tham s Tri s6 Tham s6 Tri sb
Chiéu dai tau L 32(m)
Khéi luong tau m 118x10°(Kg_
Céc thong s6 mo hinh toan 3-DOF
my, 120x10°(Kg) d, 43x10%*(Kgm™)
Moy 177.9x10%(Kg) d,, 21.5x10?(Kgm2)
My 636x10° (Kgm?) d, 23.4x10°(Kgm™)
d,, 215x10%(Kgs™) d, 11.7x10°(Kgm'2)
dy, 177x10°(Kgs™) d, 160.4x10*(Kgm?)
dys 802x10*(Kgm?s™) d, 80.2x10" (Kgm?®s)
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Hinh 3. Do thi so sanh sai s6 bam quy dao

4.3. Két qud mé phong
4.3.1. Kha nang bam quy dao

Trén Hinh 2 thé hién két qua mé phong diéu khién
bam quy dao.

Quan sat d6 thi Hinh 2 nhan thiy bo diéu khién
Adaptive Backstepping cho kha ning bam sat quy
dao tham chiéu vé6i do chinh xéc cao trong toan bd
qua trinh mo phong. Quy dao thuc té gan nhu tring
khit véi quy dao mong mudn, ké ca tai cac ving c6
d6 cong lon.

Nguoc lai, bo diéu khién PID xuét hién sai 1éch rd
rét tai cac doan dinh va day cua quy dao, cling nhu tai
céc doan c6 quy dao thay ddi 1on. Sai 1éch nay thé hién
ca vé bién do va pha, cho thay han ché cua PID trong

viée xtr Iy cac dic tinh phi tuyén va nhidu ciia hé théng.

Két qua nay cho thiy phuong phap dé xuét c6 thé
cai thién rd rét hiéu suit bam quy dao so vai bo diéu
khién truyén thong.

4.3.2. Sai s6 bam quy dao

198

Trén Hinh 3 moé ta két qua mé phong sai s6 bam
quy dao. Sai s6 bam theo céac truc X va Y dugc thé
hién rd trong cac do thi sai sb theo thoi gian.

Quan sat d0 thi Hinh 3 nhan théy sai s& ctia bo diéu
khién Adaptive Backstepping giam nhanh trong giai
doan dau va dat trang thai 6n dinh sau khoang 45s, sau
d6 dao dong trong mot 1an can nhod quanh gia tri 0 véi
bién d6 nho. Piéu nay phan anh kha ning hoi tu nhanh
va tinh 6n dinh cao cta bd diéu khién dé xuat.

Trong khi do, bo diéu khién PID xuét hién sai sb
dao dong tuan hoan véi bién d6 16n hon dang ké va
kéo dai trong su6t qua trinh mo phong. Sai s6 khong
c6 xu hudng suy giam rd rét theo thoi gian, dic biét
tai cdc viing c6 bién thién quy dao lon.

Nhimg két qua nay cho thiy Adaptive
Backstepping c6 kha nang xir Iy tot hon cac yéu t6 phi
tuyén va nhiéu, tir 6 cai thién dang ké d0 chinh xac
bam quy dao.

4.3.3. Tin hiéu diéu khién
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Hinh 5. Do thi sai s6 vin téc do

Trén Hinh 4 mo ta két qua mo phong luc va mo-
men quay trd caa 2 b diéu khién.

Quan sat do thi Hinh 4 nhan thﬁy Kkét qua thu duoc
bd diéu khién Adaptive Backstepping tao ra tin hiéu
diéu khién tron tru, bién thién lién tuc va c6 mirc dao
dong thap. Diéu nay rat quan trong d6i voi hé thong
thyc, gitip giam tai cho co cau chap hanh va han ché
hién tugng rung dong.

Ngugce lai, bo diéu khién PID tao ra tin hiéu diéu
khién ¢6 dao dong 16n hon va bién thién nhanh hon theo
thoi gian, dac biét 10 rét trén kénh md men quay. Piéu
nay c6 thé dan dén viéc tiéu hao ning lugng 16n hon va
giam tudi tho ciia co cau chap hanh trong thyc té.

Nhu vay, xét vé mat tin hiéu diéu khién, phuong
phap dé xuat thé hién vu thé rd rét vé tinh 6n dinh va
kha ning trién khai thuc té.

4.3.4. Bdnh gid sai s6 vin téc do

Trén Hinh 5 mé ta két qua mé phong sai s van toc

a0 e, =v-v,.

Quan sat d0 thi Hinh 5 nhén thdy d6i véi bo diéu
khién Adaptive Backstepping, sai s6 van tdc 4o giam
nhanh vé gin 0 trong thoi gian ngén va sau d6 duy tri
dao dong rit nho quanh gia tri can bang. Piéu nay
ching t6 céu trac diéu khién hai ting (kinematic-
dynamic) hoat dong hiéu qua va dam bao tinh on dinh
ctia hé thong.

Trong khi d6, bo diéu khién PID xuét hién sai s&
vén tdc dao dong dang ké vai bién do 16n va kéo dai
theo thoi gian. Diéu nay phan anh viéc PID khong thé
dam bao bam theo tin hiéu véan tbc mong mudn mot
cach chinh xé4c trong diéu kién ton tai phi tuyén va
nhiéu.

Két qua nay lam rd wu diém quan trong cia
phuong phap Backstepping trong viéc thiét ké didu
khién dua trén cu tric hé thdng va dam bao hoi tu
clia cac bién trang thai trung gian.

4.3.5. Bdnh gid dinh lwong qua chi s6 RMSE

Dé danh gia dinh lugng hiéu qua bam quy dao ciia
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bo didu khién dé xuét, chi sd sai s6 can bac hai trung
binh (Root Mean Square Error - RMSE) dugc st dung
nhu mét thude do tong hop muc do sai 1éch gitta quy
dao thyc va quy dao tham chiéu.

RMSE duoc dinh nghia nhu sau:

RMSE = /lin e() I° 31)

Trong @6 n 1a s6 mau md phong, va e(i) la
vector sai s0 bam quy dao tai thoi diém i, dugc xac
dinh béi:

e(i) =n(i) —n,, (1) (32)

Vi =[xy ] 1a trang thai thyc cta tau va
N, la quy dao tham chiéu.

Trén biéu d6 Hinh 6 mé ta két qua danh gia dinh
luong qua chi s6 RMSE.

Quan sat két qua biéu dd Hinh 6 cho thay:

- B6 thi RMSE cho théy su khac biét rod rét gitra
hai phuong phap diéu khién. Cu thé, bo diéu khién
Adaptive Backstepping dat gia tri khoang 1,8m, trong
khi bo diéu khién PID dat khoang 6,8-7,0 (m).

Két qua nay cho thay sai s trung binh ctia phuong
phap dé xuat giam déng ké, véi muc cai thién uéc tinh
trén 70% so v6i PID. Piéu nay phan 4nh kha ning ctia
Adaptive Backstepping trong viéc xt Iy hi€u qua tinh
phi tuyén, nhidu va bat dinh ctia hé thng.

- Nguoc lai, bo didu khién PID khong thich nghi tt
voéi su thay ddi cua hé, dan dén sai sb tich Ly 16n hon.

RMSE [m]
w B

0

I Adaptive Backstepping
[ ‘Tm(i\llum—;l PID

i
Proposed (Adaptive Backstepping)
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Qua do, chi s6 RMSE da khéng dinh o wu thé cua
phuong phap dé xuét vé do chinh xac bam quy dao.

4.4. Nhin xét chung tiv két qui mé phong

Tir céc két qua mo phong co duge, cho thay bo
diéu khién Adaptive Backstepping thé hién wu thé &
rét so voi bo diéu khién PID truyén thong trén nhiéu
khia canh nhu sau:

B¢ diéu khién d& xuat ¢am bao nang cao d6 chinh
xac bam quy dao, sai 1éch trén cac truc luén dugc giir
& muc thap va hoi ty nhanh chong. Pong thoi, tin hiéu
diéu khién tron tru, bién thién lién tuc va it dao dong
hon, gdp phan nang cao tinh kha thi trong trién khai
thyc té.

Bén canh d6, sai s& van tdc 4o giam nhanh vé 1an
can 0, diéu nay phan 4nh hiéu qua cua ciu trac diéu
khién hai ting trong phuong phap Backstepping.

Két qua danh gia dinh luong thong qua chi sb
RMSE ciing cho thdy mirc cai thién dang ké vé& do
chinh xac so véi PID.

5. Két luan va huéng nghién ciru mé rong
5.1. Két lugn

Bai bao nay di nghién ctru, dé xuat, xdy dung
phuong phap diéu khién Adaptive Backstepping cho
hé tau thay thiéu co cdu chap hanh chuyén dong bam
quy dao dat trong diéu kién c6 nhidu dong tir moi
truong va trong mo hinh toan ton tai cac tham sb bat
dinh. Bang cach sir dung céu tric dé quy hai tang,
phuong phap nay di két hop chit ché giita mo hinh
dong hoc va dong luc hoc, déng thoi tich hop co ché

Quantitative Accuracy Comparison (RMSE)

Traditional PID

Hinh 6. So sinh sai s6 RMSE giiva PID truyén thong vi Backstepping thich nghi
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thich nghi dé bu céc sai 1éch tir tham s6 mé hinh mot
cach hiéu qua.

Céc két qua mo phong cho thay bo dicu khién dé
xuit khong chi nang cao chat luong diéu khién cho
céc hé phi tuyén phirc tap ma con khang dinh duoc
tinh On dinh bén viing ctia hé kin dya trén phan tich 1y
thuyét Lyapunov. Pay 1a tién dé quan trong dé ung
dung vao thyc té diéu khién tau thuy, dic biét 1a khi
tau hoat dong trong nhiing hanh trinh khic nghiét véi
nhiéu yéu té bién dong kho du béo.

5.2. Huong nghién ciru mo rong

Trong cac nghién ciru tiép theo, hudng phat trién
s€ tap trung vao:

- M& rong danh gia hiéu qua cia bd didu khién
Adaptive Backstepping thong qua viéc so sanh véi cac
phuong phap diéu khién phi tuyén khac nhu
Backstepping truyén thong, Sliding Mode Control
(SMC) va céc bo diéu khién thich nghi hién dai.

- Két hop phuong phap backstepping véi cac k§
thudt hoc tang cudng.

- Nghién ctru thyc nghiém trén mé hinh Hardware-
In-the-Loop (HIL)

- Trién khai thir nghiém trén mé hinh tau thuc dé
kiém chung kha nang ap dung vao thyc té.
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