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Abstract: This paper presents the design and analysis of an Integral Sliding
Mode Control (ISMC) to address the trajectory tracking problem for a six-
degree-of-freedom (6-DOF) ship model. Traditional Sliding Mode Control
(SMC), despite its high robustness against disturbances and model
uncertainties, often suffers from steady-state errors when the system is
subjected to constant or slowly varying disturbances. By integrating an integral
component into the sliding surface, the proposed ISMC is capable of
completely eliminating these steady-state errors, ensuring superior trajectory
tracking accuracy. The stability of the system is rigorously proven based on
Lyapunov stability theory. Simulation results in MATLAB/Simulink are
presented to compare the performance of the proposed ISMC with traditional
SMC and PID controllers, thereby confirming the superiority of the proposed
method.
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Khtr sai s6 xac lap trong bai toan diéu khién
quy dao tau thuy bang phwong phap diéu

khiéen trwot-tich phan
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Toém tat: Bai bao nay trinh bay viéc thiét ké va phan tich mot bo diéu khién
trwot - tich phan ISMC (Integral Sliding Mode Control) nham giai quyét bai toan
diéu khién bam quy dao cho md hinh tau thdy sau bac tw do 6-DOF. Cac bd
didu khién trwot SMC truyén thdng, mac du co tinh bén virng cao trwéc nhiéu
va bat dinh ctia mé hinh, thuwéong ton tai sai sb xac lap khi hé théng chiu tac
doéng cla cac nhiéu hang hodc bién dbi cham. Bang cach tich hop mét thanh
phan tich phan vao trong mét trwot, bd diéu khién ISMC dwoc dé xuét co kha
nang loai bd sai s6 tinh hiéu qua, d@m bao d6 chinh xac bam quy dao vuot
trdi. Tinh 6n dinh ca hé thdng dwoc chirng minh ch&t ché dwa trén ly thuyét
on dinh Lyapunov. Cac két qua mé phdng trén phdn mém MATLAB/Simulink
duoc thwe hién dé so sanh hiéu ndng cla bd diéu khién ISMC va SMC, PID
truyén théng, qua dé khang dinh tinh wu viét cia phwong phap dwoc dé xuét.
T khoa: Diéu khién tau thdy, mé hinh tau 6 bac tw do, diéu khién trwot, khir
sai s xac lap, diéu khién bén virng.

1. Gi&i thiéu

Viéc ddm bdo tau thay di chuyén chinh xac
theo mot quy dao dinh truére 1a yéu cau cbt 16i trong
hang hai hién dai, quyét dinh dén hiéu qua kinh té,
an toan va sy thanh céng ctia cac nhiém vu tir van
tai, khdo sat dén quan sw. Bai toan diéu khién quy
dao cho tau thdy, dac biét véi mé hinh déng hoc
phirc tap sau bac ty do cang tré nén thach thirc
khi phai di mat v&i cac yéu td nhiéu dong lién tuc
va bét dinh tlr méi trudng nhw gié, séng, va dong
chay. Do d6, viéc phat trién cac thuat toan diéu
khién bén virng va chinh xac cao luén la mét cha
dé nhan dwoc sw quan tam I&n tir cbéng déng

nghién ctru.

Trong nhi*ng ndm qua, nhiéu phwong phap
da dwoc dé xuat dé giai quyét bai toan nay. Cac bd
didu khién PID kinh di&n, nho s don gian va dé
trién khai, dd dwoc (ng dung réng réi, tuy nhién
hiéu n&ng cla chang suy gidm dang ké khi md hinh
hé théng c6 tinh phi tuyén cao va chiu tac déng cua
nhiéu 1&n [1, 2]. D& cai thién, cac phwong phap
diéu khién tién tién da dwoc nghién ctru. Dang chu
y, phwong phap diéu khién trwot dwoc danh gia
cao nho tinh bén virtng vwot troi trwdc sw bat dinh
clia mé hinh va nhiéu ngoai canh. Nhiéu cong trinh
da ap dung thanh cong SMC cho bai toan diéu
khién hwéng va bam quy dao cda tau thay [3, 4].
Tuy nhién, mét han ché ¢ hiru ctiia SMC truyén
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thdng 1a sw ton tai ctia hién twong rung tan s cao
(chattering) va sw xuét hién cla sai sd xac lap khi
hé théng chiu tac dong cla cac nhiéu cé thanh
phan moét chiéu, chang han nhw dong chay khéng
déi [5].

Pé khac phuc cac nhuoc diém trén, nhiéu
cai tién da dwoc dé xuat. Cac phuong phap diéu
khién thich nghi két hop véi SMC duoc phat trién
dé wéce tinh va bu trir cac thanh phan bét dinh, gitp
tang do chinh xac [6, 7]. Mac du vay, cac bo diéu
khién nay thwdng cé cau triuc phirc tap, doi hdi khoi
lwong tinh todn 1&n va viéc héi tu ctia cac tham sb
thich nghi khéng phai lic nao cling dwgc dam bao.
Céac k¥ thuat diéu khién théng minh nhw mang no-
ron va logic me& ciing duoc tich hop vao SMC dé
giam chattering va cai thién hiéu nang [8, 9]. Tuy
nhién, viéc thiét ké cac luat m& hay huén luyén
mang no-ron doi héi mét lwgng I&n dir liéu va kinh
nghiém chuyén gia, ddng thoi viéc phan tich 6n
dinh toan hoc cua ching ciing la mét thach thirc.
M6t s& nghién ctru gan day tap trung vao cac bd
quan sat nhiéu dé& wac tinh va bu triy tac ddng cua
moi trwong, nhwng hiéu qua cla bd quan sat phu
thudc nhiéu vao dai tAn ctia nhiéu va cé thé gay ra
do tré trong vong diéu khién [10].

Nguyen & nnk

Phan tich cac cong trinh trén cho thay, mac
du da c6 nhiéu nd lyc cai tién, viéc loai bé hoan
toan sai s6 xac l1ap mot cach hiéu qua trong khi van
duy tri cu trac diéu khién don gidn va tinh bén
virng van la mot khodng trdng nghién ctu can
dwoc giadi quyét. Xuat phat tir thwe té do, bai bao
nay dé xuat mot gidi phap truc tiép va hiéu qua:
diéu khién trwot - tich phan ISMC. B diéu khién
ISMC khéng chi ké thira toan bé tinh bén virng vén
c6 clia SMC ma con dam bao sai sé bam quy dao
s& hoi tu vé khong, ngay ca khi cé méat cac nhiéu
hang.

2. M6 hinh tau thay

M6 hinh tau thdy dang vector-ma tran dwoc
Fossen hé théng hoa va tiéu chuan hoa trong luan
an tién si nam 1991 [1], md hinh nay da thdng nhat
va tiéu chuan héa cac md hinh thay déng lwc hoc
cb dién, thanh mot dang ma tran-véc to tinh gon,
giup don giadn hoa cho viéc thiét ké hé théng diéu
khién.

Dé dan déat cac phwong trinh dong, lwc hoc
clia tau, chang ta thiét 1ap hai hé truc toa d6 nhw
Hinh 1. Hé truc toa dd cb dinh (Earth-fixed) gan véi
mat dat va hé toa do twong dbi gan tai tam dbi xirng
(Body-fixed) cta tau.

(surge)

™

(yaw)

-
(heave)

r

Body-fixed

X

Hinh 1. Dinh nghia cac hé truc toa dd cla tau
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Vector 7 mo ta vi tri va tw thé (pose) clia tau
so v&i hé quy chiéu gan véi cb dinh:

n=[x.y,2,6,0,y]"

X,y,z: toa dé vi tri cia tam tau trong hé toa
d6 cb dinh Trai Dat

$,0,y : goc l&c ngang (roll), géc chui (pitch),
goc hudng (yaw)

Vector v chira thanh phan van téc tuyén tinh
va van gdc trong hé quy chiéu twong dbi:
v=[u,v,w,p,q,r]"

u,v,w: lan lwot & van toéc doc (surge), van
tbc léch ngang (sway), van téc 1én xubng (heave)

p.q.T : van téc géc l&c ngang (roll rate), van
tbc goc chui (pitch rate), van tbc xoay (yaw rate),

Lwe tbng T quat tac dong 1én tau, phat sinh
tr lwc day, gid, séng va dong hai lwu, dwoc ky hiéu
la:

T=[X,Y,ZK,M,N]'

trong d6X,Y,Z1a thanh phan lwc doc tau, ngang
tau va thang dirng. Céac thanh phan K,M,N Ian
lwot 18 mé-men lac ngang, mé-men chdi va mod
men xoay tré&

Céc gia thiét sau phai ddm bdo dé md hinh
Fossen c6 thé dung d& moé ta cho cac phuong tién
hang hai:

Ma tran khéi lwong xac dinh dwong, néi cach
khac con tau phai cé tinh déi xtrng. dé& dam bao
rang déng nang cta phwong tién luén I&n hon 0
khi phwong tién dang chuyén dong.

M =0: Diéu nay c6 nghia la ma tran khoi
lwong khong déi theo thoi gian.

v'C(v)v=0, ma tran C(v)dai dién cho cac
Iwc Coriolis va lwc hwédng tdm chung ludn vudng
géc véi phwong ctia van téc nén ching khéng sinh
cong. Biéu thirc trén ddm bao diéu do.

v D(V)v >0 v&imoiv = 0. Biéu thirc trén dai
dién cho cbng suéat bj tiéu tan do Iwc can. Viéc nod
ludn I&n hon 0 khi tau dang di chuyén (v = 0) dam
bdo réng mé hinh luén thé hién dung sw tiéu hao
nang lvgng nay.

Khi nhirng giai thiét trén dwoc dam bao thi

Nguyen & nnk

mbi quan hé gitra hai vector 7 va v dwoc cho bdi
ma tran chuyén dbi Jacobian J(n). Ma tran nay
dwoc xay dwng dwa trén ba goéc Euler (Roll, Pitch,
Yaw) dinh nghia trong Hinh 1, thwc hién phép
chuyén dbi van tdc tlr hé quy chiéu gan véi tau
(Body-fixed) sang hé quy chiéu c6 dinh (Earth-
fixed):
n=Jm)v (1)
Méi quan hé gitra lwc tac ddng va gia toc cla
tau, dwa trén phwong trinh Newton-Euler. Phwong
trinh nay dwoc viét dwdi dang phi tuyén, véc-to-ma
tran trong hé toa dé twong doi nhw sau:
Mv+C(v)v+D(v)v+g(n) =1
M =M;; +M, (2)
C(v) = Gy (V) +C, (V)

trong do:

M, : Ma tran quan tinh ctia vat rén tuyét déi,
chtra khéi lwong tau va cac mé men quan tinh cta
tau theo truc (x,,z).

M, : Ma tran khéi lwgng gia tang, biéu thj lwc
can thiét dé gia téc khdi nwéc xung quanh tau.

C(v): Ma tran Coriolis va hwong tam. Ma
tran nay biéu dién cac lwc 4o xuat hién khi chuyén
ddng trong mot hé quy chiéu quay

C,p - Thanh phan tao ra do quan tinh cla vét

C, : Thanh phan do khéi lwong gia tang

D(v): Ma tran gidm chén thiy dong

g(n) : Lwc va m6é men thay tinh.
2.1. Bong hoc tau thuy

Ma tran J(n) D& mo ta phép bién dbi tr hé
quy chién twong dbi (Body-fixed) va hé quy chiéu
cO dinh. Ma tran J(n) thu dwoc bang cac phép
quay va phép tinh tién:
R, () 0, }
0,, T,

Ki hiéu R

J(m) { (3)

(n) la ma trén xoay vaT,, (n) ma

ZyX
tran bién déi tinh tién va dwoc cho béi cong thirc
sau [2]:
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R,.(M) =R, (V)R (O)R, (¢)

cych —sych+cysOsd  sysd+cycdsd
=|sycO cych+sdsOsy  —cysd+sOsychd )
—s0 cOsd cOed
R, (M) =R, (y)R ()R, ()
cych —sych+cysOsd  sysh+cycdso
=|sycO cych+sdsOsy  —cysd+sOsychd ®)
—s0 cOsd cOed

2.2. Bong lwc hoc tau thay

= [XGsYG’Zc.]T va r]g = [XBJYB’ZB]T lan
lwot biéu thi cac vecto tr gbc toa dd cb dinh cla
dén trong tam cla tau va tam lyc day. D& don gian
hoa viéc tinh toan, gia thiét rang tich cé hwéng cla
hai vecto dwoc biéu dién dwéi dang phép nhan ma

Goi rg

tran axb =S(a)b, v&i S(a) la mdt ma tran ddi xirng

léch:
0 -a, a,
S(a)={ a, 0 -a
-a, a 0

Cac ma tran M,, va M, trong céng thirc
(2) dwgre xac dinh nhw sau [11]:

ml, -mS(r))
M, = b b
mS(rg) I,
[ m 0 0 0 mz, —my, |
0 m 0 —-mz 0 mx
G G (6)
0 0 m my, —mXgq 0
- 0 _mZG myG lx _lxy _Ixz
mzg 0 -mx, -l I -1,
__mYG mXG O _sz _Izy Iz i

Thanh phan ma tran khéi lwgng gia tdng va
ma tran Coriolis c6 thé dwoc biéu thi dwdi dang
ham ctia cac dao ham thdy déng lwc hoc, dwgc suy
ra bang cach s dung cong thirc Lagrange dwa
trén cac phuong trinh Kirchhoff, phwong phap nay,
da dwoc Fossen chirng minh cho tau thuyén [2].
2.3. Phwong trinh chuyén déng twong doi

Cac lwc va mbé-men tir mdi trwéng cé thé
dwoc dwa vao mé hinh bang cach sir dung van tbc
twong dbi déi véi dong chay. Bdng thei, cac lwc tac
dong do gié (T,.,) va séng (T,..) cé thé dwoc

wind wave

Nguyen & nnk

cong vao bang phwong phap xép chdng tuyén tinh.
Van téc twong déi cla tau dwoc tinh bang coéng
thire:

vV, =V-V, (7)

V& v la vector van tbéc coa tau,

v, =[u,,v_,w,,0,0,0]" 1a dong chay dai dwong giai
thiét khéng xody.

Van téc twong déi nay lam thay ddi cac lwc
va mbé-men thdy dong, vi suw twong tac ciia phwong
tién hoadc tau voi khdi chét 1dng xung quanh phu
thudc vao van téc clia né so véi nwdc. Phuwong
trinh (2) dwoc viét lai thanh:

M., v+ Cis(VMIVEM \"r+CA (v,)v, +

(8)

D(Vr)vr + g(n) =T+ Twind +7T

Ma tran Coriolis day du rat phic tap, né mé
td cac lwc quan tinh sinh ra do twong tac gilra
phwong tién va dong nwéc va phu thudc vao tat ca
cac thanh phan van téc, khién cho viéc phan tich
va thiét ké bo diéu khién tré nén khoé khan. Do vay
cac phwong trinh chuyén déng twong dbi cé thé
dwoc don gidn hoa bang cach st dung ma tran
Coriolis va hwdng tdm cla vat ran C}4(v) ma tran
nay doc lap v&i thanh phan van tbc téi u (surge
velocity). Thudc tinh quan trong nay da duwoc
Hegrenaes [12] nghién clru va chi ra rang:

M, v+ CY (V)V = My, vi+ Cl3(V.)V, (9)

Thay thé vé phai cta (14) vao (13), cac

phwong trinh chuyén dong twong déi dwoc don
gian héa thanh:

+1 (10)

M\.’T+ C(vr)vr + D(vr)vr + g('l) =T+ Twind wave
Lwc can do gié chi yéu tao ra luc theo
phwong doc (surge), phwong ngang (sway) va

quay (yaw), do dé cacthanhphan X_. ..Y.. N

wind > ~ wind ® wind
la dang ké nhét. Lwc gi6 tac dong lén phan than tau
phia trén mat nwéc duoc tinh dwa trén cac nguyén
tac khi ddng hoc co ban nhw sau [12]:

X yind = 0-50,A; UxC « (i)

win

Y, inq = 050, A URC .y (01 ) (11)

W

N 0.5p,A, L UzC_\(0tp)

wind =
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trong d6 C_, (ot ),Cy (0t ),C o (0t ) 1@ h& 86 Ic va
mo-men khi déng hoc, phu thuéc vao goéc huwéng
gié twong d6i o, ; A,,A,: Dién tich chén gi6 theo
phwong x, y, 4,1a Dién tich chén gié bén. Cac hé
sb khi dong hoc nay thuwong duwoc xac dinh bang
thwc nghiém (thtr nghiém trong hdm gié) ho&c CFD
(Computational Fluid Dynamics).

Cac sbng bac nhét tao ra lwc dao dong lam
tau chuyén dong lén xudng, qua lai. Ngoai ra, con
¢ lire séng bac hai, hay con goi la Iwc troi dat. Bay
la nhirng lwc khéng déi hodc thay déi rat cham, cé
xu hwéng day tau di theo hwdng truyén séng mot
cach tir tr. D& xac dinh mé men lwc do séng (T

) can ap dung toan t& dap (rng bién d6 RAOs
(Response Amplitude Operator). dé cé chubi luc.
Trong chwong 6 cla tac gid Fossen [2] trinh bay
mét cach rd rang cach si¢ dung RAO cua lwc (ca
bac nhét va bac hai) dé tao ra vector lwc séng:

T,(t) = i]RAOi (0,,B)|-A,; -cos(m,t +¢
Hhrao, (@:B))

trong d6 RAO,(o,,B)la bién dé cia RAO cho lyc

tai tan s6 o, va huwéng song B, .. & pha cla

(12)

RAO, thé hién do tré gitra dinh séng va dinh luc,
A, la bién dg cta thanh phan séng hinh sin the i,
dworc suy ra tlr phd séng.
2.4. Thiét l1ap mé phoéng chuyén dong cua tau
trén may tinh

Mé&c du ching ta can van téc twong déi v, dé
tinh toan cac lyc can cua nwéc, nhwng khi cap nhat
vi tri va van téc méi ctia con tau & buwdc thoi gian
tiép theo, chung ta phai lam viéc v&i van toc tuyét
ddi v. Chung ta da gia thiét & trén dong hai lwu 14
khéng xody, d&n dén viéc cé thé md ta né bang ly
thuyét dong chay thé. Vé mat thuc té, diéu nay co
nghia 1a van tbc dong hai luu
v, =[u,,v,,w,,0,0,0]" vAn ddng nhat vé mat khéng
gian va khong ddi trong khung toa doé twong dbi.
Do d6 c6 thé biéu dién dao ham cla vector van téc
twong dbi theo cong thirc sau:

Nguyen & nnk

¥> =—S(v,)v’ (13)
trong d6v, =[p,q.r]' la vector van tbc géc

cla tau, v’ =[u,,v_,w_]"l1a vecto van tbc tuyén
tinh ctia dong hai lvu dwoc biéu thj trong hé quy

chiéu twong déi. T (13) va (7), dao ham cla
vector van téc tuyét dbi dwoc tinh nhu sau:

v = {_S(Vz )VE} M (T+ Tyind T Twave ~ ]
05,4 C(v,)v, =D(v,)v, —g(n)
(14)

Giai phap sb dwoc thuc hién bang cach tich
phan phwong trinh vi phan (14) dé cho ra van téc
tuyét doi.

Quy trinh mé phoéng trén may tinh sé dién ra
nhuw sau:

Tai mot thdi diém, ta biét van tdc tuyét dbi
cla v tau. Dung van téc dong chay khong dbi v,
dé tinh van téc twong dbi v, theo cong thirc (7).
Sau do dung v, dé tinh toan tat ca cac lwc thay
ddng theo cbéng thare (10);

Tbng hop tat ca cac lwc (thdy dong, ddng co,
gio, song...) dé tim ra gia téc tuyét déi v theo cong
thir (14);

Tich phan gia tdc tuyét di v dé tim ra van
tdc tuyét déi v mai cho bwéc thdi gian tiép theo.

Trong nghién clru nay, chung toi thdr
nghiém mo phong tau KVLCC2 [13], day la loai tau
dau dwoc st dung trong nhiéu nghién ctru. Budc
thdi gian mé phéng, ching t6i chon bang 0.1. Do
dac tinh déng Iywc hoc cua tau KVLCC2 cé quan
tinh I&n va tan sb dap ng thap, budc thdi gian nay
dd nhd dé dam bao d6 chinh xac ctia phép giai tich
phan s ma khéng gay lang phi tai nguyén tinh
toan. Trong bai thtr nghiém danh gia do chinh xac
cua mo hinh theo IMO [14], thwc hién cho tau dang
chay thang & téc do t6i da 7.5m/s, bé l&i 35° sang
mot bén va gitr nguyén cho dén khi tau quay dwoc
it nhat 540°. Két qua md phéng vong quay trd va
cac gia tri van tbc nhw trén Hinh 2.

Cac két qua mo phdng trong ky yéu hoi thdo
SIMMAN 2008 [13] va cac bai bao khoa hoc [15-
17] cung cép céc gia tri tham khado dang tin cay vé
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bd théng sb thir nghiém chuén cuta tau KVLCC2.  tham chiéu.

Bang 1 cong b két qua so sanh gitka md phdng va Nhin chung, mé hinh mé phéng cho két qua
thuc té. rat tbt va cé dd tin cay cao khi so sanh véi cac div
Két qua mo phéng cho thay, cac gia trivan  liéu chuin dwoc cong bd. Hau hét cac théng sbé

tbc doc, van téc ngang va van tbc xoay déu ndm  quan trong déu ndm trong pham vi cho phép, cho
trong pham vi tham chiéu. Pwéong kinh vong quay  thdy mé hinh da ndm béat chinh xac cac dac tinh
tré va tdm quay co sai léch nhd 8.1% so khoang doéng lwc hoc cua con tau.
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—~600 -
£
X Buéng kinh vong
500 quay tré (909.4 m)
400
300
200
100
0 |
0 200 400 Y(m)600 800 1000
(a)
E
é 6
3
4r u= 3.35217

0 1000 2000 3000 4000 5000
067 v=0.66176 | '

0 | | L | L o
50 1000 2000 3000 4000 5000

0

o /7 = 0.421T17
o |/

@ |

o

0 1 L L 1
0 1000 2000 3000 4000 5000
Thoi gian (s)

(b)
Hinh 2. Két qua th& nghiém tau KVLCC2 & thtr nghiém bé lai 35% (1) vong quay tré; (b) van téc dai, van
tbc ngang va van téc xoay cla tau
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Bang 1. Két quéa mé phéng tau KVLCC2

Thong sb

Pham vi tham chiéu trong tai

Két qua moé phéng  Sai sb so véi pham

liéu [13,15-17] vi tham chiéu
Puwdng kinh vong quay tr& 990-1060 (m) 909.4 (m) 8.1%
Tam quay 960-1025 931.7 (m) 2.9%
Van téc doc (u) 3.3-3.8 (m/) 3.35 (m/s) 0%
Van téc ngang (v) 0.62-0.88 (m/s) 0.66 (m/s) 0%
Van téc xoay (r) 0.35-0.45 (dd/s) 0.42 (dd/s) 0%

3. Thiét ké bo diéu khién ISMC

Diéu khién trwot SMC 1a mét ky thuat diéu
khién phi tuyén manh mé. Y twéng chinh cia SMC
la thiét ké mot mét trwot trong khong gian trang thai
cta hé théng. Bong thdi mot luat diéu khién chuyén
mach sé ap dung lén hé théng cé tac dung budc hé
théng phai di chuyén vé phia mat trwot va gitr cho
hé thdng luén nam trén mat truot do.

Trong nghién clru, nay ching t6i d& xuat
thiét ké mot mét trwot c6 chira thanh phan tich
phan cua sai s6. Diéu nay dam bao sai s xac lap
sé tién vé khong, nghia 1a triét tiéu duwoc sai léch
tinh.

3.1. Dinh nghia mat trwot va sai s6 quy dao

Gia si¢ quy dao mong mubn la n, va van
tbc mong muén la v,(t). Sai sb6 quy dao e dwgc
dinh nghfa nhw sau:

(15)
Tw phwong trinh (1), chung ta xac dinh dwoc
ham ¢ cla e:
é:ﬁ_ﬁd:'](ﬂ)"_ﬁd (16)
Mat trwot chwa khau tich phan dwoc chon
nhw sau:

T
€= ”_nd z[ex’ey’ez’etb’ee’e\p]

s=é+Ae+A, [ e()dr (17)

P T, <
trong dos =|s,.s,.s,,8,,8;,8,| la vector mat trwot,
A, A, 1a cac ma tran dwdng chéo, co cac phan ti

dwong, dwoc chon d& ddm bao tinh én dinh cua
mat trwot. Cac gia tri nay quyét dinh téc do hdi tu
cla sai s6, khi s =0ta co:

é+Ale+A0f0te(r)dr:O (18)

Phuong trinh (18) la mét phwong trinh vi
phan tich phan bac hai ddng nhat. Bang cach chon
A,.A, phu hop, ta c6 thé dam béo rang sai sbe(t)
s& hoi tu vé 0 khi t — «. Cac tham s bd diéu khién
duwoc lwa chon dwa trén nguyén ly phan bd diém
cwe cho déng hoc sai sb. Vé&i dac tinh quan tinh
|&n cta tau KVLCC2, chung t6i chon tan s tw
nhién o, ~0.13 (rad/s) va hé s suy gidam¢ ~ 0.58.
T d6, cac ma tran trong sé mat truwot dwoc xac
dinh twong ng:

A, = o -1~ diag[0.017,0.017,0.017]
A, =2Co, -1~ diag0.15,0.15,0.15]

Viéc lya chon £ =~ 0.58 (thay vi 0.707) giup
hé théng co thoi gian tang téc (rise time) nhanh
hon dé& bam sat cac thay dbi hwéng di dot ngot,
chap nhan mot ty 1& vot 16 nhd ndm trong gi&i han
cho phép.

Luat diéu khién T dwoc chia thanh hai thanh
phan chinh:

1., © Luat diéu khién tvong duong. Day la

thanh phan diéu khién can thiét dé git hé théng
trén mat truot.

1., : Luét diéu khién chuyén mach. Pay la
thanh phan dung dé kéo quy dao trang thai vé phia
mat trwot va chéng lai nhiéu loan.

Luat diéu khién tdng hop:

T=T, T, (19)
bé tim 7, , ta bat dau bang cach lay dao ham

mat trwot:
(20)

T (10), ta c6 thé biéu dién ¢ theo 7 va giai

s=e+Ae+Ae
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phuong trinh $=0 dé tim t__, két qua la:
T, =C(V)V+D(V)v+g(n)—

) : . . (21)
M () (J (v = 5, + A&+ Age)

Luat diéu khién chuyén mach t_, dwoc thiét
ké dé& dam bao diéu kién tiép can (s.s < 0), néi cach
khac thanh phan T, budc quy dao trang thai phai
hwéng vé mét trwot. Trong nghién clru nay, dé
gidm hién twong chattering (dao dong tan sé cao),
chung t6i str dung ham bao hoa sat(s/®), ham
nay dwgc dinh nghia la:

sgn(s) if [s| > @
sat(s/ @) = s ) | |
s/®@ ifls|<®
voi ® 13 mét hang sb6 dwong, duoc goi l1a do day
cla |&p bién. ® dwoc tinh chinh thwe nghiém, bat
dau tw gia tri Ion dé gidm chattering, sau d6 giam
dan ® cho dén khi dat dwoc sai s bam yéu cau
ma tin hiéu diéu khién van nam trong gi¢i han bao
hoa ctia co cau chap hanh.
Luat diéu khién chuyén mach t_, khi do
duwoc xac dinh béi phwong trinh:
T, = K-sat(s/ D) (22)
trong d6 K =diag(k,.k,,.k;.k,.ks.k;) & ma trén

dweéng chéo véi cac phan tir dwong. K dwoc chon
bang thwc nghiém trong qua trinh mé phdng. Cac
gia tri ctia K phai dwoc chon di Ién dé vwot qua
anh hwéng clia nhiéu va bat dinh cia mé hinh.
3.2. Chirng minh tinh 6n dinh

DPé chirng minh tinh én dinh cda hé théng
diéu khién trwot tich phan, ching ta sé si dung
phwong phap 6n dinh Lyapunov [3]. Chon ham
Lyapunov:

V= %STMS (23)

trong d6 M 1a ma tran khéi lwong va quan tinh cta
tau, viéc dwa M vao ham Lyapunov khéng phai la
bét budc, tuy nhién né giup don gian héa dang ké
qua trinh chirng minh tinh 6n dinh bang cach tranh
dwogc phép tinh ma tran nghich dao.

Theo ly thuyét 6n dinh Lyapunov thi hé théng
sé 6n dinh khi dao ham cta V Ia xac dinh am. Tw
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(23), ta cé:
V=s"M3 (24)
Gidi thiét rang cac thanh phan i,,] déu bj
chan trén. Didu nay ciing dam bao rang bod diéu
khién co thé tinh toan dé bu lai cac thanh phan bat
dinh. Khi d6 dao ham mat trwot co the viét lai
thanh:

S=e+Ac+Ae~Jv (25)
Tw (2) va (30) ta co:
Ms=J"(t—1,-Cv-Dv-g) (26)

Thanh phan 7., da duoc thiét ké dé triét tieu
chinh xac cac thanh phan déng lwc hoc cla hé
thong tirc 1a (Cv—Dv—g=0)néu t,_ duoc thiét
ké dung. Do d6, sau khi thay thé va rut gon, ta thu
duwoc:

Ms§ =-K-sat(s/ D)+ 1, (27)
Trong d6 7, dai dién cho nhiéu va cac thanh phan
bat dinh ctia md hinh. Thay thé (27) vao (24) thu
duwoc:

V=-s"K-sat(s/ @) +s"%, (28)

Thanh phan —s'K -sat(s / ®)trong biéu thirc
cla VIudn I&n hon hodc bang 0 do K 1a ma tran
dwérng chéo véi cac phan tir dwong. Thanh phan
ther 2 1a s"%, dai dién cho anh hwéng cla nhiéu.
N6 c6 thé la dwong hodc am va c6 kha nang lam
tang gay mét 6n dinh. D& dam bao V ludn am, ta
can thanh phan diéu khién di manh dé loai bd anh
hwéng cta nhiéu. Tire la:

iki s, |>s'T, (29)

o
Gia st nhiéu bj chan, tirc la [T, [< 8, v&i 5,

la mét hang sbé dwong. Khi dé:

s'T, =) 8T, < D S 1T I<D08, I | (30)
Vay, diéu kien dé V <0 la:

V<K s [+2.8 s, == (k,=8) s, | (31)
Noi cach khac, d& V <0 ching ta phai chon

hé sb khuéch dai K du Ién sao cho:
k >5 Vi=l..6
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Néu diéu kién trén dwoc thda man, ta sé co
V<-nD_k, | d&m bao rang V la xac dinh am.

4. Két qua méd phéng va thao luan

Dé danh gia hiéu qua cua bd diéu khién
ISMC, mét kich ban mé phéng dwoc xay dwng
trong MATLAB/Simulink. Mé hinh déi twong la tau
KVLCC2 6-DOF phi tuyén day du, trong khi bo diéu
khién ISMC duwgc thiét ké dwa trén moé hinh
Nomoto rat gon. Md hinh nhi&u gém dong chay va
mé hinh gié dwoc thém vao hé théng dé kiém tra
kha nang khir sai sb xac 1ap. Két qua cla bo diéu
khién ISMC dwoc so sanh véi bo diéu khién SMC
truyén théng va bd diéu khién PID v&i cac tham sb
da dwoc tdi wu hoa.

Trong kich ban mé phdng dau tién, con tau
bat dau véi hwdng di 0°, dén thoi diém 100 s, tién
hanh bé lai sang trai 35° va gitr nguyén cho dén
thdi diém 2000 s. Tai thoi diém 2000 s bé lai ngwoc
lai 35° va duy tri dén khi két thic mé phéng. Trén
Hinh 3 la hwéng tau trong kich ban mé phdéng thi
nhat. Dua trén db thi, co thé thay trong diéu kién
khéng c6 séng, gid cac bd diéu khién déu cho thay
kha nang lam viéc viéc hiéu qua bam theo huéng
dat (dwong nét lién). Tuy nhién, diéu khién ISMC
(mau cam) thé hién kha nang té6t hon & kha nang
han ché dd quéa diéu chinh so vé&i PID (5.7%) va
SMC (3.1%). B& diéu khién SMC bj dao déng manh
do ban chét chuyén mach d6t ngét va tire thei cua
luat diéu khién. B diéu khién ISMC c6 mirc do dao
dong thap hon rat nhiéu so véi SMC. Ban than
thanh phan Tich phan trong ISMC khéng phai truc
tiép khir dao dong. Tuy nhién do d&c tinh cha khau
tich phan Ia tich Iy sai sé theo thoi gian, diéu d6
dan t&i tin hiéu diéu khién cta ISMC cham hon
nhwng chinh xac hon, khéng gay ra viéc chuyén
mach dét ngdt nhu SMC.

Trong kich ban mé phdng th& 2, nhiéu dong
chdy va gi6 dwoc dwa vao. T 0 dén 2000 s con
tau chi chiu anh hwéng clia gi6 c6 téc do twong ddi
la 15m/s, théi t&i véi goc 120° so véi mi tau. T
khoang thoi gian 2000 s, con tau chiu thém mé
men can do séng c6 dd cao 1m, chu ky la 8 s. Két
qua mo phdéng kha nang gilr hwéng di cda tau trong
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kich ban nay dwoc thé hién nhw trén Hinh 4.

T Hinh 4, c6 thé thay ré rang véi bo diéu
khién SMC truyén théng, géc huéng di cia tau on
dinh nhwng tdn tai mot sai s6 xac 1ap so véi gia tri
dat. Nguoc lai, bo diéu khién ISMC da thanh cong
dwa dap wng cua tau bam sat vao gia tri dat. Mac
du van con tén tai mot sai léch nho do sai sb cla
s6 hoc va ban chét cta diéu khién trwot, nhung
mirc sai s6 nay (~2.27m) 1a khéng dang ké so voi
kich thwéc tau dai hang trdm mét va nhd hon nhiéu
so v&i PID va SMC. Bo diéu khién PID v&i thanh
phan tich phan duy tri dwoc sai sé xac 1ap bang 0,
tuy nhién vi 1a mot bo diéu khién tuyén tinh 1én toc
dd phan ng v&i nhiéu cham, diéu nay cé thé thay
thdng qua thoi gian xac 1ap ctia PID dai 1400 s so
v&i ISMC chi la 300s. Tinh toan sai sb tuyét déi
trung binh MAE (Mean Absolute Error) trong
khodng th&i gian md phéng cho thdy MAE cua
ISMC la 2.27 (m) nhé hon dang ké& so véi SMC
(5.57) va PID (3.75). Diéu nay khang dinh rang
thanh phan tich phan da thwc hién dung chirc nang
clia né la bu triv nhiéu loan khéng dbi.

Trong kich ban mdé phdng thi 3, con tau
dwoc dat quy dao dang hinh sin véi chiéu dai mot
chu ky A = 20000m va bién dé A = 400m.

Két qua mé phang Hinh 5, cho thay sy khac
biét rd rét vé hiéu ndng gitra ba bo diéu khién. Bd
diéu khién ISMC (nét dirt) thé hién kha ndng bam
quy dao vuot trdi, chinh xac va én dinh hon han so
véi PID (nét gach) va SMC truyén théng (duéng
chdm-gach). V&i ISMC, sai s6 gitra quy dao thuc
clia tau va dwong quy dao dat (nét lién) 1a rat nhé
trong sudt qua trinh di chuyén. Tai cac doan cé do
cong lén (tai cac dinh va day cla hinh sin), noi yéu
cau sy thay déi hwéng di nhanh va chinh xac.
Khéng c6 hién twong vot 16 hay dao dong dang ké.

V&i bd diéu khién PID c6 hién twong qua diéu
chinh rd rét tai hai dinh (5000m va 1500m), quy dao
cla tau vuot 1én cao hon ca bién d6 400m. Ngoai
ra, bd diéu khién c6 xu huéng cat géc, khéng bam
sat dwoc nhirng doan cong cuia quy dao.

Quy dao clia SMC luén nam bén trong quy
dao dat. Tai cac dinh va day, tau khéng thé dat t&i
bién d6 +400m ma chi dat khoang +380m.
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Pay la biéu hién dién hinh cla sai s xac lap
trong diéu khién trwot. M&c du bén viing, SMC
truyén théng khong thé triét tiéu hoan toan sai sé
khi c6 cac yéu td dong hoc hodc nhiéu khéng dwoc
bu trir. K&t qua nay chirng té sw can thiét ctia thanh
phan tich phan ma ISMC d3 bd sung. Mé&c du ISMC
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yéu cau khdi lwong tinh toan Ién hon SMC truyén
thdng do thém bién trang thai tich phan, nhwng véi
nang lwc x& ly cla cac vi diéu khién hién nay, sw
gia tdng nay |a khong dang ké&. Déi lai, dd chinh xac
cao hon |a sy danh déi x(rng dang cho cac nhiém
vu yéu ciu khét khe vé quy dao.

Jod-o —psid ==-psi(ISMC) -+ psi(SMC) = -psi(PID)
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Hinh 5. Quy dao chuyén dong cua tau khi khi st dung ISMC, SMC va PID véi quy dao dat cé dang hinh

5. Két luan

Bai bao da trinh bay thanh céng viéc thiét
ké va (rng dung bd diéu khién trwot tich phan
(ISMC) dé giai quyét bai toan khir sai sbé xac lap
trong diéu khién quy dao tau thdy. Bang cach bd
sung thanh phan tich phan vao cu trac mat truot,
bd diéu khién dé xuét da chirng té kha nang loai bé
hoan toan sai s6 & trang thai xac 1ap gay ra b&i cac
nhiéu loan khéng déi, mét han ché cta bo diéu
khién SMC truyén théng. Két qua md phéng cho
thdy ISMC gidm sai s6 MAE xubng con 2.27 so VOi
5.57 cua SMC.

Két qud md phéng trén md hinh tau
KVLCC2 phtrc tap da xac thwe tinh hiéu qua va wu
viét clia phwong phap ISMC. B6 diéu khién khéng
chi ddm bao hé théng bam chinh xac quy dao
mong muén ma con gilr dwoc tinh bén virng vén
c6 cla phwong phap diéu khién truot. Hwéng phat
trién trong twong lai c6 thé bao gébm viéc két hop
ISMC vé&i cac giai thuat téi wu dé tw dong lwa chon
tham sé diéu khién hodc cac bd quan sat d& wéc
lwgng nhiéu loan mét cach chinh xac hon.
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