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Abstract: Accurate estimation of wave and current parameters is a
prerequisite for ensuring navigational safety and improving operational
efficiency during towing ships into port. To address this problem, this study
proposes a hybrid filtering framework that integrates the Wiener principle with
the Kalman filter. Specifically, the Wiener principle is employed to evaluate the
reliability of the local spectrum, which is subsequently used to adaptively
update the measurement noise covariance matrix. Meanwhile, the Kalman
filter performs recursive state estimation to minimize the estimation error
between the model prediction and the measured data in real time. The
performance of the proposed framework is evaluated through MATLAB
simulations under three scenarios with progressively increasing levels of
disturbance complexity. Its effectiveness is assessed by comparing it with
adaptive Kalman filters, robust Kalman filters, and the square-root Unscented
Kalman filter using the root mean square error (RMSE) and mean absolute
error (MAE) as performance metrics. The simulation results demonstrate the
reliability and practical applicability of the proposed framework for maritime
monitoring systems operating in complex hydrodynamic environments,
particularly in port areas.
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Nang cao d6 chinh xac dir liéu do lwong séng
va dong chay dwa trén thuat toan Wiener-

Kalman cho an toan hang hai

Trwong P&rc Quynh'!, BDang Xuan Kién', B4 Viét Ding™, Ly Soi'3, Nguyén Duy
Quéc Thai'2

Nhém nghién ctru AIT, Trwerng Pai hoc Giao théng van tai Thanh phé H6 Chi
Minh, s6 2 dwdng V& Oanh, phwéng Thanh My Tay, thanh phé H6 Chi Minh,
Viét Nam

2Trwdng Cao dang Hang hai va Buong thuy I, s 232 duwdng Nguyén Van
Hwéng, phueng An Khanh, thanh phé H6 Chi Minh, Viét Nam

3Trwdng Dai hoc Kinh té — Ky thuat Binh Dwong, sb 333 dwdng Thuan Giao
16, phwong Thuan Giao, thanh phé HO Chi Minh, Viét Nam

Tom tat: Viéc wéc lwong chinh xac cac thdng s séng va dong chay la yéu td
tién quyét nhdm dam bao an toan va nang cao hiéu qua trong qua trinh lai dat
tau cap cang. Bé giai quyét bai toan nay, nghién ctru d& xuat mét cau tric loc
lai két hop gitra nguyén ly Wiener va b loc Kalman. Cu thé, nguyén ly Wiener
dwoc rng dung dé danh gia do tin cay ctia phé cuc b, tir d6 cap nhat thich
nghi ma tran hiép phwong sai nhiéu do. Bong thei, thuat toan Kalman thyc
hién qué trinh wéc lwong trang thai dé quy nham ti wu héa sai sbé gitra dw
doan tr mé hinh va di¥ liéu do theo thoi gian thwe. Chét lwgng cla giai phap
dé xuat dwoc moé phéng thir nghiém trén phan mém MATLAB théng qua ba
kich ban vé&i mirc dd phirc tap ctia nhiéu dong tang dan. Dé danh gia hiéu qua,
gidi phap dé xuét dwoc so sanh véi cac bo loc Kalman thich nghi, Kalman bén
virng va Unscented Kalman cdn bac hai dwa trén cac tiéu chi cdn sai sé binh
phwong trung binh (RMSE) va sai sé tuyét ddi trung binh (MAE). Két quéd mé
phdng da khang dinh d6 tin cay va kha ndng (rng dung cuta giai phap dé xuét
vao cac hé théng quan trac hang hai tai nhitng méi truéng c6 déc tinh thay
dong lwc hoc phire tap nhw khu ve cang bién.

Tw khéa: Loc Kalman, Loc Wiener, Quan trac thdi gian thwe, X& ly nhiéu, Cam
bién thuy van.

1. Gi&i thiéu

Swv gia tang kich thwéc va tai trong cua tau
bién dat ra yéu cau do bén, chiu tai dbi vdi co s&
ha tdng cang bién. Do d6, dé bado dam qua trinh
tau cap cang hiéu qua va an toan, can cé théng tin
moi trwd'ng giup ngwdi van hanh nhan thire rd bire
tranh téng thé dé thwc hién diéu dong tau cap/roi

cang. Cac théng sb6 quan trong gém thay triéu,
séng, dong chay va théng sé khi tau cap cang [1].
Trong d6, séng va dong chay anh hwéng truc tiép
dén qua trinh diéu déng va cap cang, déng thoi dw
bao nguy co méat én dinh khi tau neo dau [2]. Viéc
giam sat cac théng sb méi trwdng la co sé dé dam
bao an toan trong hoat déng hang hai, gidp diéu do
cang va thuyén trwdng dwa ra quyét dinh chinh
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xac, gidm thiéu rui ro va nang cao hiéu qua khai
thac [3], dwgc minh hoa nhw Hinh 1. Viéc wéc
lwong ludn la trong tdm nghién ctru nham bao dam
tau hoat déng 6n dinh [4]. Mot s nghién ctru bang
phwong phap do tai ché dwoc thwe hién théng qua
cac cdm bién nhw phao séng, thiét bj do séng am
Doppler, thiét bi do thiy &m va cam bién soi quang.
Cac phwong phap nay cé wu diém 1a dé trién khai
va cung cap chudi s6 liéu lién tuc tai mét vi tri cd
dinh. Tuy nhién, di¥ liéu thu dwo'c chi yéu phan anh
diéu kién séng cuc bd va coé thé chiu anh huéng
b&i dac tinh hinh hoc cta than phao cling nhw hé
thdng neo [5]. D liéu quan trac thwéng bi sai léch
do sai sb thiét bi va nhiéu méi trwdng, gy méo tin
hiéu va tdng nén phd. Cac sai s6 nay gay ra boi
nhiéu thiét bi xuat phat tr cdm bién, mach xu ly,
ngudn cép, &nh hwéng dién tlr. D& ddm bao wéc
lwong chinh xac, di¥ liéu cAn dwoc kiém soat chat
lwong béng cac phwong phap loc nhiéu. Trong

Nhiéu phwong phap wéc lwong hién dai
dwoc nghién ctru va ap dung. B loc Kalman mé&
rong (EKF) dwoc phat trién bang cach tuyén tinh
hoa mé hinh quanh trang thai wéc lwgng bang ma
tran Jacobian. Phuong phap nay gilp xt ly cac tin
hiéu phi tuyén, tuy nhién do sai sb tuyén tinh hoa
co thé 1on va phu thudéc vao mé hinh wéc lwong
ban dau [11]. B6 loc Unscented Kalman (UKF)
dwoc phat trién nham cai tién EKF théng qua viéc

Hinh 1. Qua trinh tau cap cang [10]

Truong & nnk

mién th&i gian, phwong phap trung binh truot gitp
gidm nhiéu cao tan véi chi phi thdp nhwng lam suy
gidam bién d6. Phwong phap xap xi da thirc bac
thap gitr dwoc hinh dang tin hiéu song phu thudc
thiét lap ban dau va kém hiéu qua khi nhiéu manh
[6]. M6t hwéng khac, theo phwong phap dap (rng
tan sé, cac bo loc théng thap, loc théng cao, loc
thdng dai va chan dai hep dé trién khai nhwng phu
thudc gia thiét phd tin hiéu va nhiéu. Do d6, cac bd
loc nay dé gay méo pha, suy gidm bién dd khi tin
hiéu phi tuyén hodc lién tuc [7]. Trong x(& ly s6, bd
loc dap &ng xung hiru han (FIR) it méo nhwng can
bac cao dan dén tinh toan I&n va do tré cao, con
bd loc dap rng xung vé han (lIR) dat suy hao tét &
bac thap nhung d& méo pha do héi tiép [8]. Nhin
chung, cac phwong phap cb dién nay dwa trén
tham s6 cb dinh, thiéu kha n&ng thich nghi khi tin
hiéu thu dwoc chira cac thanh phan khéng xac dinh
va nhiéu bién dbi theo thoi gian [9].

<y

st dung cac diém sigma dé& xap xi trung binh va
hiép phwong sai sau bién déi phi tuyén, qua do
gidm sai sb tuyén tinh hoa trong cac bai toan phi
tuyén. Tuy nhién, UKF van han ché khi chi phi tinh
toan I&n hoac khi phan bb trang thai sau anh xa phi
tuyén khéng con xap xi Gaussian [12]. Bd loc
Unscented Kalman can béac hai (SRKF) giup nang
cao tinh 6n dinh s6 ctia UKF bang cach lan truyén
can bac hai clia ma tran hiép phwong sai, qua dé
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han ché sai s6 tinh toan tich Ity va gidam nguy co
ma tran hiép phwong sai mét tinh xac dinh duwong.
Tuy nhién, phwong phap nay van chi yéu dwa trén
gia thiét nhidu Gaussian nén hiéu qua cé thé suy
gidm khi g&p nhiéu phi Gaussian hodc bién doéng
trang thai dét ngdt [13]. Bén canh do, bd loc thich
nghi Kalman (AKF) duwgc phat trién dwa trén
nguyén ly Q, R tw diéu chinh theo di¥ liéu. Diéu nay
gitp bd loc thich nghi tét véi diéu kién mai trudng
thay déi, nhwng c6 thé danh déi giam sw én dinh
do phép toan thich nghi phirc tap [14].

Mat khac, dé tang tinh bén virng, bod loc
Robust Kalman (RKF) dwoc xay dwng nham xd ly
cac truong hop cé bat dinh md hinh va nhiéu
khéng Gaussian [15]. Trong cac trwdng hop phi
tuyén manh giai phap bo loc hat dwoc sir dung dé
x ly c6 nhiéu phi Gaussian dé xap xi phan bb
trang thai bang tap hat va trong sé. Phwong phap
nay chinh xac nhung dé suy gidm méau [16]. Ddi

Truong & nnk

véi hé kich thwéce I&n, bd loc Ensemble Kalman
(EnKF) str dung moét tap hop mau trang thai dé tinh
x4p xi hiép phwong sai, c6 hiéu qua tinh toan cao
hon, nhwng dd chinh xac phu thuéc vao kich thuéc
cla tap hop mau [17]. Viéc két hop phwong phap
loc Wiener va Kalman da cho thay nhirng hiéu qua
trong x& ly nhiéu tin hiéu. Trong nghién ciru cla
Dietzen va cong sw, Kalman dwoc dung dé wéc
lwong dé quy cac bd loc khiy ddi am, triét nhiéu
giao thoa va gidm nhiéu, trong khi Wiener dong vai
trd hau xt ly phd lién hé véi trang thai hau nghiém
cta Kalman [18]. Bén canh do, Pearly va cong sw
[19] d& xuét bd loc Wiener—Kalman thich nghi cho
khe nhiéu tin hiéu, trong dé loc Wiener dwoc dung
dé tao wéc lwong khir nhiéu ban dau dwa trén déc
trwng théng ké cla tin hiéu, sau do6 loc Kalman
thwe hién wéc lwgng trang thai theo thoi gian cho
thdy dat SNR cao hon, RMSE thap hon so céac
phwong phap loc tirng phan.

T

Hinh 2. Vj tri d3t cam bién

Mac du mot s6 nghién ciru da két hop bd loc
Wiener va Kalman trong cac bai toan loc nhiéu, 1am
tron tin hiéu va wdc lwong trang thai. Tuy nhién,
cac nghién clru nay xem Wiener nhuv mot bwée tién
x@ ly, hodc chi khai thac médi lién hé ly thuyét voi
Kalman theo tiéu chuan sai s6 binh phwong trung

binh nhé nhét. Trong khi do, cac bd loc Kalman
thich nghi chd yéu cap nhat hiép phwong sai nhiéu
do dya trén sai sb ddi mai hodc thdng ké phan dw
trong mién thoi gian, nén cé thé bi anh huéng bdi
sai s6 mé hinh va bién dong thyc cla trang thai.
Déi véi tin hiéu séng—dong, nhiéu thworng khong
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dirng va phan bd khéng ddng déu theo dai tan,
nhwng théng tin phd cuc bd chwa dwoc khai thac
trong cap nhat hiép phwong sai nhiéu do. Do do,
nghién ciru nay dé xuét cu tric Wiener—Kalman,
trong d6 nguyén ly Wiener dwoc ding dé cap nhat
hiép phwong sai nhiéu do qua théng tin phé cuc
bd, gitp diéu chinh hé sb Kalman theo mirc nhiéu
phd tirc thdi, ddng thei duy tri cAu tric dé quy gon
nhe cho xtr ly thi gian thyc. Trong bai bao, ching
t6i d& xuat khung mé hinh héa va xt ly dir liéu cho
hé cam bién do vector dong chay (Hinh 2) va muc
nwéc, hwéng dén tng dung quan tréc cang bién
thoi gian thye. Cac kich ban mé phéng dwoc thyc
hién trén phan mém MATLAB nham kiém ching
chét lwong gidi phap dé xuat. Ngoai ra, cac kich
ban thir nghiém duwoc xay dwng trong diéu kién dac
thl tai cAng nham dam bao kha ndng trng dung va
phat trién dé tai khi trién khai buéc tiép theo cla
nghién clru.

CAu truc bai bao dwoc chia thanh 5 phan.
Phan 1 trinh bay tdm quan trong cla quan trac va
x@ ly tin hiéu séng - dong, tdng quan cac nghién
ctru lién quan va xac dinh muc tiéu nghién ctru clia
bai bdo. Phan 2 trinh bay co s& ly thuyét mé hinh
tin hiéu va dé xuét cau tric bo loc tich hop Wiener—
Kalman (WKF). Phan 3 mé t& cac kich ban md
phdng séng, dong tai khu vwc cang dé danh gia
hiéu qua bd loc. Phan 4 phan tich va thdo luan cac
két qua md phéng thu dwoc. Phan 5 trinh bay cac
két luan chinh cta bai bao va dé xuat hwéng phat
trién tiép theo.

2. Co s& ly thuyét va md hinh hoa
2.1. M6 hinh phé séng méi trwong

Trong cac bai toan quan tréc hang hai, séng
ngau nhién | ngudn chinh gay ra dao déng muc
nwéc va dao dong tau. D& mé hinh hoa, séng dwoc
xem nhw moét qua trinh ngau nhién dirng trong
khodng thoi gian dd ngén, déc trwng cla séng
duwoc mé ta bang ham phd song cé hudng S (w,0)
dwoc biéu dién qua bién tan sbé va hwéng lan
truyén. Phé nay duwoc xac dinh bang tich cia phd
mot huong Sc(w) phu thudc vao tan sb (1) va ham

Truong & nnk

phan bd hudng D(8) (2) [20]:
Sc(w,0)=D.(6).S(w) (1)

_ 2@ Dgi(s-1)1

Dg(e) m(2s-N!

Vi |e-§|<g

cos?(8-8) (2)

Trong do6, ham phan b6 hwéng D (6) dwoc
xac dinh [& ham cosine mi 2s; v&i s [a hé sb phan
bd hwéng soéng, s Ién thi phd cang hep va nang
lwong tap trung hon xung quanh hwéng trung binh
0, s nho thi mire d trai hwong Ién hon twong trng
v&i diéu kién bién da hwéng manh. Vi ndng luwong
tdng khong déi nén ham théa man:

/7 D(8)d8=1  (3)

Déi v&i khu vire cadng, md hinh phd séng phu
hop d& md phéng la phd JONSWAP duwoc tham sb
hoa bé&i cac dai lwong chiéu cao séng Hg, chu ky
dinh phd T, va hé sb tang cuwdng y. M6 hinh phd
1D nay khi két hop véi ham phan bb huéng sé thu
dwoc phd cé hwéng vira dac trweng theo tan sé viva
thé hién theo hwéng truyén. Trwdng séng dwoc roi
rac hoa nham muc dich mé phéng va kiém ching
thuat toan wéc lweng nghich dao, khi dé phd séng
dwoc roi rac hoa theo tan sb va huéng, dd cao mét
nwdc duwgce xac dinh theo phwong trinh (4):

g(t)= Zj”;‘; T, J 2S(w;,0m ) AwABCcos(wjt+em ) (4)

Trong dd, n, va ng biéu thi s6 phan t&r tAn sb
va s6 huéng roi rac; Aw, A6 va g lan luot twong
&ng v&i budc tan sb, budc huéng va pha ngau
nhién. Cac tham s6 séng dac trwng dwoc tinh qua
mé men phd. Chiéu cao séng duoc xac dinh
Hs=4,/My véi md men bac 0 dwoc dinh nghia (5):

Mo= f; Sc(w)dw  (5)

Khi cac cam bién dwoc gan trén cac thiét bi
ndi nhw phao hay tau, phé thu dwoc |1a két qua cla
séng t&i sau khi dwoc bién dbi théng qua ham
truyén dap trng bién dd RAO cua tau hay thiét bj
nbi dang khéo sat, dwoc xac dinh tir phd séng theo
cong thire (6) [21]:
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Sz(wj,em)=RA02(wj,Gm)Sg(wj,em) (6)

Tt phd chuyén dodng, chudi thdi gian chuyén
dong dwoc xac dinh theo (7) bang cach chéng
chap cac thanh phan diéu hoa rdi rac. Viéc tich hop
pha ngau nhién Pim gitp md hinh héa dung ban
chéat ngdu nhién cla song bién, trong khi pha cua
ham truyén O phan anh chinh xac dé tré déng

hoc gitra séng t&i va chuyén dong cla phao.

2(t)= 2 Yoo \/ZSZ(w,-,em)AwAecos (wjt+£jm+(pjm) (7)

2.2. M6 hinh tin hiéu do ctia cam bién doéng
chay

Tin hiéu do tlr cdm bién dwoc biéu dién bdi
phwong trinh trang thai mé ta sy thay ddi dong luc
cda trang thai hé théng va phwong trinh quan sat
mé t& cach thu nhan di¥ liéu quan sat tir hé théng
theo (8) va (9) [14].

Xk =AX1 +BU Wi (8)
Zk=HXk+Vk (9)

trong do, X, Uk, Zx biéu thi trang thai, tin hiéu
diéu khién va tin hiéu quan sat tai thoi diém k; w,,
vy twong (rng v&i nhiéu méd hinh va nhiéu quan sat,
cac dai lwong nay déu dwoc gid thiét phan bd
Gaussian; A, B, H twong &ng la ma tran chuyén
trang thai, ma tran dau vao diéu khién va ma tran
quan sat. Cac nhiéu duoc gia thiét 1a nhiéu trdng
va thda man phan bbé Gaussian. Hiép phuong sai
sd nhiéu mé hinh va nhiéu do dwoc xac dinh theo
(10) va (11):

Q=E[wwy | (10)

R=E[vvi ] (11)

Dé do tin hiéu dong chay tai khu vuc cang,
mot cdm bién dong chay Doppler am hoc (ADCP)
dwoc lap dat tai mot phao ¢6 dinh. Tin hiéu thé thu
dwoc tlr cdm bién chra sai s6 hé théng va nhiéu
moi trudng bdi cac nhidu bat thuwdng do diéu kién
bién cuc tri hay cac ngoai lai gay ra, diéu nay lam
sai léch tin hiéu do va can dwoc x ly. Bén canh
dé con c6 cac nhiéu thap tan do thay déi muc nén,
rung hodc nhiéu do ttr thiét bi do. Do d6 cac gia tri
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do can dwoc tién xt ly, hiéu chinh trwdc khi dwa
vao wdc lwong trang thai, trong phan tiép theo bd
loc Wiener va bo loc Kalman nham dam bao tin
hiéu dau ra co dd tré thap nhat, tao gia tri du vao
cho cac bai toan phan tich, dy bao hoac tin hiéu
tham chiéu.
3. Thuéat toan wéc lwong nhiéu dya trén bd loc
tich hop Wiener—Kalman

Quy trinh xay dwng mo hinh duwoc thye hién
theo cac bwdc gdbm: xay dwng tin hiéu mé phéng
tham chiéu gébm soéng nén, van téc nén, nhiéu
Gaussian va cac nhiéu cuc bd; xac 1ap phé tham
chiéu ttr tin hiéu ly thuyét; wéc lwong phd cuc bd
cua tin hiéu do bang phwong phap Welch trén cac
clra s trwot; xac dinh hé sb tin cay y, tr quan hé
gitra phd tham chiéu va phd cuc bo; cap nhat hiép
phwong sai nhiéu do thich nghi Ry; thuc hién loc
Kalman trong mién thai gian vé&i Ry bién thién theo
thoi gian; va cubi cung danh gia két qua theo cac
tiéu chi RMSE, hé sé twong quan, sai khac phé va
sai khac nang luvgng phé.
3.1. BO loc Kalman

Khi str dung bo loc Kalman, trang thai séng—
dong dwoc wéc lwong bang thuat toan dé quy dw
doan - cap nhat. O bwéc dau tién, phwong trinh
trang thai dwoc str dung dé dw doan trang thai tiép
theo va hiép phwong sai. Gia tri dy doan X'y va ma
tran hiép phwong sai sai sé P'y gitra gia tri dw doan
va gia tri do, dwoc xac dinh theo (12) va (13) [14]:

R =A% +Bl1 (12)

P=AP,AT+Q  (13)

Sau khi dy doan, bo loc sé& diéu chinh trang
thai dwa trén di¥ liéu quan sat maéi thu dwoc. Trong
bwdc nay, tuy thudc vao gia tri ciia hé sb Kalman
Ky, bd loc s& quyét dinh mirc d6 anh huéng cla
gia tri dw doan hay gia tri quan sat trong qua trinh
cap nhat theo (14):

. LT -1

K =Py HT (HPkH +Rk) (14)

Sau d6, trang thai wéc lwgng duwgc cap nhat
bang hiéu gia tri quan sat v&i gia tri dw doan thong

153



JSTT 2026, 6 (5), 148-165

qua hé sé K, (15) va ma tran hiép phuong sai sai
sb P, dwoc cap nhat dé chuan bj cho vong I&p tiép
theo (16).

=it (zHR ) (15)

P =(1-KH)Py (16)
3.2. Tich hop bd loc Wiener

Khi s&r dung b6 loc Kalman trong bai toan
wéc lwong nguwoc gap phai mot van dé vé hién
twong khuéch dai bat thwong nhiéu & ving tan sb
cao khi ham truyén co6 bién dd nhé. Van dé nay
twong tw hién twong khuéch dai nhiéu trong loc
nghich dao cla bai toan khéi phuc anh khi ham
truyén D rat nhd, phép nghich ddo 1/D sé& 1am nhiéu
tré nén khuéch dai dot bién va viéc st dung bo loc
Wiener gitp khac phuc han ché nay. Phwong trinh
quan sat cho bai toan trong hé tan s khéng gian
duoc xac dinh [22]:

G(u,v)=F(u,v)D(u,v)+N(u,v) (17)

trong 4o, G la di liéu quan sat, F 1a di liéu
gbc, D 1a ham l1am me, N la nhiéu cam bién. B6 loc
nghich dao dung 1/D dé khoi phuc F nhwng tir (17)
cho théy tai gia tri D nhé nhiéu sé& khuéch dai Ion,
vi vay bd loc Wiener (18) dwoc dung thay thé cho
bd loc nghich dao 1/D va dwoc xac dinh bang cong
thire:

D(u,v)"

sy (18)
|D(U,V)|2+W

W(u,v)=

Trong d6 S, va S lan lwot la phd cla cong
suéat nhiéu va cuda tin hiéu ly twéng. Khi tich hop bd
loc Wiener vao b6 loc Kalman théng qua hiéu chinh
ham truyén TF va dwoc thay thé bang mét ham
truyén hiéu chinh theo cdng thirc (19) dé triét tiéu
hién twong khuéch dai nhiéu qua mac. Diéu nay
gitp han ché hién twong wéc lwong qua mic &
phd va bién d6 & mién tan sb cao. Trong d6, hé sb
C dwoc lwa chon dé dam béo can bang gitra giam
nhiéu va bao toan nang lwong tin hiéu.

_(ITF2+C)

TFmodified= "= (19)

3.3. Bo loc tich hop Wiener—Kalman
Trong bd loc Wiener, gia tri wéc lvgng dwoc
dwa vao méi lién hé gitra phd cé ich va phé nhiéu.
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Trong khi d6, bé loc Kalman dwa vao hiép phuwong
sai nhiéu do dé diéu chinh hé sé Ky. Vi vay, mét bd
loc tich hop Wiener-Kalman dwoc dé xuét bang
cach cap nhat hiép phwong sai nhiéu do theo co
ché loc Wiener nham két hop wu diém cda hai bd
loc nay. Tai thdi diém k, mat dd phd céng suét cuc
bd S, k(w) dwoc woc lwong tlw chudi dir liéu do
trong ctra sb trwot " bang phuong phap Welch
[23], nhw biéu dién trong (20), trong d6 w 1a bién
tan sb va k biéu thj thdi diém cap nhat phé. Sau do,
phd nhiéu S,  dwgc xac dinh tir phd cong suét woc
lwong nay va phd tham chiéu.

S k(w)=PSDyeicn{zk"Hw)  (20)

Sn,k=maX(Sz,k(w)'Sref(w)10) (21)

Hé sb tin cay y, (w) theo co ché Wiener dwoc
xac dinh theo (22), sau d6 dwoc quy ddi vé gia tri
v6 hwéng y, bang phép tinh trung binh c6 trong sb
(23), v&i trong sb 1a phd tham chiéu S,(w):

— Sref(W)
V(W) g s (22
I Srr(w)y, () 23)

k Eri(f Sref(Wy)
v&iN,, 1a sb diém tan sb roi rac. Hé sb tin cay
dwoc lam tron nham gidm dao dodng tai cac thoi
diém lién tiép khi tinh mat d6 phd céng suét cuc bd
trén clra sb trwot. Sau dé phd dwoc lam tron (24)
dwoc st dung dé cap nhat hiép phwong sai nhiéu
do bang phwong trinh (25):

Vk,s=avvk-1,s+(1_av)vk (24)

Ny B

s 1-yk,s+£

Re=Ry ( s ) (25)

voi B, a,, Ry twong &rng la hé sé diéu chinh
dod nhay, hé sb lam tron cia hé sb tin cay va hiép
phwong sai nhiéu do ban dau. Hiép phwong sai
nhiéu do (26) dwoc lam tron bang hé sbé lam tron
hiép phwong sai nhiéu do og.

Ri=0rRk.1+(1-ar)Ry  (26)

Giai phap xay dung hé théng x(& ly tin hiéu
dwoc dé xuat theo Thuat toan 1.

Tin hiéu dwoc thu tlr cdm bién gan trén phao
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ndi, sau do truyén vé bd x& ly trung tdm noi giai
phap dwoc nhing vao gém thuat toan loc Wiener
va Kalman trong méi trwerng MATLAB. Két qua dau

Truong & nnk

ra la cac do thj thé hién tin hiéu da dwoc hiéu chinh,
cho thay kha nang gidm nhiéu va duy tri tinh lién
tuc ctia phwong phap.

Thuat toan 1. Udc luvong trang thai bang bo loc tich hop Wiener-Kalman
Pau vao: z, A, H, Q, Ser, Loy,Ro, Vi1 o Oy» OR, By €

DPau ra: RMSE, MAE, Corr, fi(t), G(t), §(w)

1 Khéi tao tin hiéu tién x( Iy va pho tham chiéu Srer, X0, Po, Ro, Vo
2 For (k =1 dén N) do

3 D bao &y, Py <(12), (13)

4 Uéce lwgng PSD theo Welch <(20)

5 Uéc lwgng phé nhiéu <(21)

6 Tinh hé sb tin cay <(23)

7 Lam tron hé sb tin cay €(24)

8 Cap nhat hiép phwong sai nhiéu do €(25)
9 Tinh hé s6 Kalman <(14)

10 Cap nhat trang thai <(15)

11 Cap nhat hiép phwong sai <(16)

12 End for

13 Uéc lwong chubi d6 cao, van tbc, phd

14 DPanh gia RMSE, MAE, hé sé twong quan

15 End

4. M6 phéng va thao luan
4.1. Thiét 1ap théng s6 mé phéng

Dé& mé phéng trang thai séng, ching t6i st
dung phé JONSWAP nhdm danh gia hiéu qua cla
bd loc tich hop trong woc lwong cac dac trwng
séng. V&i dong chay, mot mé hinh van téc dwoc
xay dwng dé tai tao phd thwc tai khu vuc ludng
cang Cai Mép - Thi Vai. Cac phd nay dwoc dung
dé kiém chirng dwéi nhiéu kich ban khac nhau. Gia
thiét sai s6 cdm bién da dwoc x&r ly, nhiéu moi
trwdng duwgc md phdng bang cach cong thém
nhidu Gaussian trang. Trong trwdng hop ¢ tau
hoat déng, c6 sy bb sung thém nhiéu cuc bd ngan
han va Gaussian d& phan anh tac déng trong
khodng thoi gian nhét dinh.

Ba kich ban dwoc thiét lap dé thwc hién mo
phdng: (i) méi trwdng yén tinh; (i) nhiéu tau hoat
dong lién tuc, tin hiéu chéng 1an va nhiéu lap lai;
(iii) md hinh van téc dong chay lubng gan thuc té
dé danh gia hiéu qua bo loc. Cac tham sb phd séng
thiét 1ap mdé phéng dwoc xac dinh theo Bang 1.

Trong d8, cac tham s6 Q, Ry dwoc lwa chon trén
co s& két hop gitra d&c trwng vat ly cha tin hiéu,
muc nhiéu do va qua trinh hiéu chinh cac kich ban
mo phéng. Cac tham sé dwoc thuc hién hiéu chinh
theo phwong phap thir-sai nham dat dwoc sy can
bang gitra kha ndng bam tin hiéu, mirc d6 1am tron
va dé 6n dinh wéc lwong.

Trong cac kich ban thl* nghiém gia tri cua
tham sé Q tr 10° dén 10 cho kénh d6 cao va 10™
dén 10 cho kénh van téc; gia tri R=0.32-0.3503
cho dd cao va Ry=0.35-0.3802 cho van tbc. Mbi
kich ban dworc 13p lai 50 Ian v&i pha va nhiéu ngau
nhién khac nhau, trong khi cac théng sé mé hinh
va bd loc duwoc gitv ¢d dinh. K&t qua céc tiéu chi
dwoc téng hop dwdi dang gia tri trung binh + do
l&ch chuén.

4.2. Két qua va thao luan
4.2.1 Kich ban mét

Trong kich ban mét (C1), van tdc cé thém mot
thanh phan dong nén yéu dwoc mé té nhw van tbc
trung binh nhd va bién thién cham theo thoi gian.
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Cac tham s6 va két qua cho mé phong kich ban 1 T, =5.48+0.11 s gan trung v&i gia tri tir tin hiéu
dugc mo ta chi tiét trong Bang 2 va cac Hinh 3a,  that va xap xi gia tri Iy thuyét, dwoc mé ta nhw Hinh
3Db, va 3c. 3a. Diéu nay chirng t& bo loc khong gay dich
Két qua ttr 50 1an md phong Monte Carlo cho  chuyén dang ké thanh phan tan sé chd dao cla
thdy chu ky dinh phé do WKF wéc lwong dat  phd séng.
Bang 1. Cac tham s thiét 1ap md phéng phd séng

Thong sb Gia tri
Chiéu cao séng Hs=0.6 m
Chu ky dinh phd T,=5.5s
Hé sb nhon phé y=2.2
Mién tan sb 0.2-2.5rad.s™
PO sau nuwéc h=8m
S6 diém r&irac N,,=256
Ctlra s6 Welch L = 1024
Sb bién déi Fourier (FFT) ng=2048
Bang 2. Théng s6 mé phdng kich ban mot
Mb ta Gia tri
Nhiéu Gaussian 0,=0.03
Nhiéu van téc 0,=0.05
Dong nén Up=0.1
Bién d6 dong nén A;=0.03
Thoi gian mé phdng T=1800s
Hé sb lam tron R ar=0.98
Hé sb lam tron y a,=0.97
Do nhay B=0.65
0.07 —
—Ph Iy thuyét
—Phd cé nhidu
0.06 . ~--Phd sau Wiener-Kalman|
°
@ 0.05
S
@
N 004
£
= 0.03
3
002
)]
0.01
0
04 0.6 0.8 1 1.2 1.4 1.6 1.8 2z

w (rad/s)
Hinh 3. Két qua kich ban mét — (a): So sanh phé
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—Ly thuyét
------ Tin hiéu do
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5 . - ' )
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—--Sai s6 tin higu do
— Sai s6 tin hiéu loc
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Hinh 3. Két qua kich ban 1 — (b): So sanh d6 cao mat nwéc

_ —Ly thuyét '
Q 24 0l Y A . Tin hiéu do

= . o . — - Wiener-Kalman
T 1] : ‘
X0

o+

C

<(O-

= 0.6 |

: ) —--Sai s tin hiéu do |
“ —-—Sai s6 tin hiéu loc
0.4 ¢

’E\ 4
= (2

<O

wv

‘© 0

v

0.2 ‘ ‘ '
t(s)

Hinh 3. Két qua kich ban 1 — (c): So sanh van téc

Ngoai ra, chudi do cao (Hinh 3(b)) va van téc
(Hinh 3(c)) thu dwoc bam tét véi chubi ly thuyét,
mac du mét sb diém van con dao déng xung quanh
tham chiéu. Tuy nhién, chiéu cao séng
H,=0.66+0.01 m cao hon gié tri ly thuyét 0.60 m,
cho thay bd loc van con lwu trir mot phan nang
lwong phd du tai cac dai tan vung phd chinh. Trong
mién thodi gian, WKF cho két qua tét nhat trong
nhém cac phwong phap dwoc kiém chirng. Cu thé,
RMSE dat 2.71+£0.03 cm, MAE dat 2.16+£0.02 cm
va dong thoi hé sb twong quan dat
Corr=0.99 + 0.03.

Két qua nay cho thdy WKF khéng chi 1am

gidm sai sb bién do ma con bao toan tét pha va cau
trdc dao déng cua tin hiéu séng. Cac phwong phap
SRKF, AKF va RKF déu cho két qua kém hon WKF.
M&c du SRKF van duy tri twong quan twong dbi
cao bdng 0.97 +0.06, nhung RMSE ting lén
4.22 + 0.04. So sanh v@&i cac nghién cru tredre day,
WKEF ciing cho sai s nhd hon dang ké. Cu thé,
phuwong phap dong hoa dir liéu bang bod loc
Kalman (KF-DA) trong dw b&o séng cuc bd cho két
qué RMSE béng 33.00 cm.

Déi v&i phwong phap két hop phan tich phd
don tri va bd loc Kalman mé rong (SSA-EKF) vé
wéce lwong trang thai bién tir video co gia tri RMSE
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bang 19.00 cm, trong khi EnKF trong wéc lwong
sy tién trién khong gian ctia séng mot hwéng cé
gia tri nay la 11.33 cm. Qua dé, cho thay phwong
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phap dé xuét dat mire sai sé thap va twong quan
cao trong mai trwérng moé phéng cé kiém soat, chi
tiét theo Bang 3.

Bang 3. Bang tdng hop két qua kich ban mot

Phuwong phap RMSE n/Hs (cm) MAE n/Hs (cm) Corr n/Hs
WKF 2.71+£0.03 2.16 £ 0.02 0.99 £ 0.03
SRKF 4.22 £ 0.04 3.37 £ 0.04 0.97 £ 0.06
RKF 18.54 + 0.25 12.06 + 0.29 0.31+2.01
AKF 7.50 £ 0.06 5.91+£0.08 0.90 £ 0.17

KF-DA [24] 33.00 22.00 0.96

SSA-EKF [25] 19.00 15.00 NA

EnKF [26] 11.33 8.89 0.93

4.2.2. Kich ban hai

Kich ban hai (C2) mé phéng diéu kién cé mat
do tau thuyén cao. Trong trwéng hop nay, tin hiéu
do ngoai séng nén con thém cac thanh phan vét
séng lién tiép, dong cuc bd bién thién 1ap lai va
nhiéu cuc bd xuét hién nhiéu Ian theo thdi gian. S
tau vao cang dwoc gia dinh la bén. Mbi tau tao ra
thanh phan vét séng dwoc mé ta bang mot phd hep
dang Gaussian tap trung quanh tan sb d&c trung.

Do vét séng chi xuét hién trong mét khoang thoi
gian hiru han, tin hiéu trong mién thoi gian dwoc
nhan v&i ham bao Gaussian, (rng véi thoi diém cac
tau lan lwot di qua trwdc cdm bién. Dong cuc bd
dwoc moé ta bang bién d6 va chu ky dic trung,
trong khi nhiéu ngan han dwoc bd sung dé phan
anh diéu kién thuc t& cia mdi trwdng cang bién.
Céc théng s6 thiét 1ap md phang cho kich ban hai
dwgc mo ta trong Bang 4.

Bang 4. Tham s& mé phéng kich ban 2

Mo ta Gia tri
Sb tau gia thiét 4 tau
Thoi gian mé phdng Tsim=1800s
Bién do vét séng A, m=0.18E,

Tan sb gdc trung tdm
D6 rong bang hep

Thoi diém do

Thoi gian vét song
Bién d6 dong cuc bd
Nhiéu cuc bd dd cao
Nhi&u cuc bd van téc
Nhiéu Gaussian dd cao
Nhiéu Gaussian van téc
D6 rong nhiéu cuc bd
Hé sé lam tron R

Hé sb lam tron'y

Hé sb d6 nhay

Wwm=1.2rad/s
Ow,m=0.08 rad/s
[300, 600, 900, 1200] s
Twm=90s
D=0.3m/s
anm=0.03m
aym=0.5m/s
0,=0.05 m
0,=0.08 m/s
T,=18s
ar=0.96
a,=0.91
=0.38
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Phé hiéu dyng
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Két qua cho thay trong sé clia cac vét séng
tang dan tir tau thir nhat dén tau thir tw, véi cac gia
tri 14n lwot 14 0.073852, 0.091577, 0.104955, va
0.113945. Piéu nay phan anh sy khac biét trong
mulrc déng gop nang lwong séng cla tirng tau va
mo ta thuc té hién twong chong 1an vét séng. Vé
dac treng phd, T, wéc luong bang 5.43+0.15 s,
gén tring voi gia tri ttr tin hiéu that, chirng td6 WKF
bao toan tét tan sb chi dao cla tin hiéu (Hinh 4(a)).
Tuy nhién, Hg wéc lwgng 0.69+0.01 m cao hon gia
tri hiéu dung 0.62 m, déng thoi sai khac nang
lwong phd 1a 24.79+3.76 %. Diéu nay cho thay bod
loc van con bao lwvu mét phan ndng lwong du
quanh cac dai tdn chiu anh hwéng clta vét tau.
Trong mién thdi gian, WKF van dat hiéu qua tbt
nhat trong nhém cac phuong phap dwoc kiém
chirng. Cu thé, WKF cho RMSE béang
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4.34 + 0.05 cm, MAE béng 3.46 £ 0.04 cm va hé
sb twong quan 0.970 + 0.001. Piéu nay cho thay
WKF c6 kha nang x( ly tt tin hiéu trong diéu kién
dong lwe hoc phirc tap hon, déng thdi bao toan tbt
xu thé bién thién va céu tric dao déng cia tin hiéu
tham chiéu. So v&i WKF, cac phwong phap con lai
cho thay han ché khi mrc d6 bién ddng cla tin hiéu
tang lén. Mac du SRKF cai thién phan nao kha
nang thich nghi, nhwung RMSE van & muc
5.92 + 0.08 cm, cao hon dang ké so véi WKF.

So sanh v&i cac nghién ciru khac, két qua
ctia WKF ciing cho thay sai s thdp hon trong ca
tiéu chi RMSE va MAE so v&i cac phwong phap
KF-DA, SSA-EKF, EnKF va b6 loc Kalman hiéu
chinh tap hop (EAKF) dé& déng hoa di liéu chiéu
cao song trong nghién ctru clia Sun va cdng s,
[27] chi tiét theo Bang 5.

Bang 5. Bang tdng hop két qua kich ban 2

Phwong phap RMSE n/Hs (cm) MAE n/Hs (cm) Corr n/Hs
WKF 4.34 £ 0.05 3.46 £ 0.04 0.970 £ 0.001
SRKF 5.92 + 0.08 472 +£0.07 0.947 + 0.002
RKF 15.51 £ 0.56 10.03 £ 0.37 0.574 £ 0.023
AKF 8.71+0.17 6.84 £ 0.15 0.869 + 0.002

KF-DA [24] 33.00 22.00 0.96

SSA-EKF [25] 23.00 19.00 NA

EnKF [26] 25.33 18.60 0.82
EAKF [27] 32.00 23.00 0.92

Nhin chung, trong diéu kién phtrc tap hon véi
nhiéu nhiéu déng tr tau thuyén, WKF van duy tri
khd nang gidm sai sb va han ché dao déng béat
thworng cla chudi wéc lwong dd cao (Hinh 4(b))
ciing nhw van téc (Hinh 4(c)), song mirc d6 twong
quan v6i di¥ liéu ly thuyét cé phan suy gidm. Diéu
nay cho thay trong mdi trwéng do c6 tinh déng cao,
WKF van thé hién wu thé nh& kha nang cap nhat
thich nghi hiép phwong sai nhiéu do theo d6 tin cay
phd cuc bd dé gidam anh hwdng cta cac phép do
kém tin cay va gidm sai sb wdc lwong trang thai.
4.2.3. Kich ban ba

Kich ban 3 (C3) chang t6i xdy dwng md
phdng phd dong cla lubng tai cang Céai Mép - Thi

Vai, thude dia phan Thanh phd H& Chi Minh. D&
xay dwng dwoc phd gan véi thue té, phd dong chay
dwoc gia thiét chiu tac dong clha cac thanh phan
khac nhau bao gébm: cac thanh phan ban nhat triéu,
cac thanh phan nhat triéu, cac thanh phan bdi tridu.
Ngoai ra, cac thanh phan diéu hoa thap tn mo ta
xu thé nén mang tinh thwc nghiém dwoc bd sung
nham thu dwoc phd phu hop véi thuc té quan tréc.
Phé dong thu dwoc 1a tdng hop clia cac thanh phan
diéu hoa, md ta nhw Hinh 5a. Phd nay duoc dung
mo phdng dong chay lubng theo diéu kién thuy van
va kiém tra hiéu qua cla bd loc khi wéc lwong van
tbc dong chay. Cac tham sb thiét lap mé phdng
dwoc mo ta nhw Bang 6.
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Bang 6. Thong s mo phdng kich ban 3

M6 ta Gia tri
Thoi gian mé phéng Tsim=10 ngay
Budc thei gian md phdng dt=600s
Van téc nén trung binh Vvp=0.85m/s
Nhiéu do dong 0,=0.08 m/s
Do dai ctra s6 Welch L=2048
Sé diém FFT N =4096
Hé sb lam tron R ar=0.994
Hé sb lam tron y 0,=0.991
Hé sb diéu chinh dd nhay 3=0.46

Hinh 5(b) cho thdy hiéu qua cua phwong
phap loc Wiener-Kalman théng qua hai biéu d6 van
tbc va sai sb trong khoang thoi gian 250 gid. Tin
hiéu sau loc Wiener-Kalman da gidm sai sé so v&i
dir liéu do, bién dd sai s tin hiéu dat gia tri nhé va
dn dinh hon so véi sai s6 tin hiéu do thé.

Két qua & Bang 7 cho thay WKF dat hiéu qua
tét nhat trong nhém cac phwong phap so sanh, véi
RMSE bang 5.83+0.55cm/s, MAE dat
472+050cm/s va hé sb twong quan la
0.970 + 0.004. Gia tri nay cho thdy WKF cé kha
nang giam sai sb van tbc tbt, ddong thdi van duy tri
dwoc mre twong quan cao vai tin hiéu tham chiéu.
So vé&i WKF, SRKF cho két qua gan twong duwong,
diéu nay cho thdy ca hai phwong phap déu phu
hop véi tin hiéu dong triéu bién thién cham. Trong
khi d6, RKF va AKF c6 sai s6 I6n hon, 1an lugt dat
MAE twong wng Ila 5.21+055cm/s va
6.49 £ 1.23 cm/s. So sanh v&i cac nghién clu

khac trwérc day cho thdy WKF cho sai sé thp hon
dang ké. Cu thé, EnKF dé& ddng bo dong chay bé
mat tlr di¥ liéu vé tinh c6 RMSE bang 19.00 cm/s,
phwong phap mang no-ron bé nhé dai-ngan han
(LSTM) trong dw bao van téc dong chay cho gia tri
RMSE bang 12.50 cm/s.

Ngoai ra, gidi phap SAR dé wéc lwong van
tbc dong chdy bé mat bién cho RMSE Ia
18.00 cm/s, Sun va cdng sw [31] s&*r dung mang
hoc sau truy xuat dong chay bé mat bién (OSCNet)
cho RMSE dat 19.00 cm/s. Ngoai ra, sai khac phd
theo tbng ndng lwong gidm tir 18.14+6.51 % xubng
9.81+2.74 %, phan anh kha nang bao toan tét hon
nang lwong téng thé cla tin hiéu van téc. Tuy
nhién, sai khac phd twong dbi tang tr 4.48+2.02 %
Ién 7.35+2.53%, cho théy bd loc van con lam suy
gidm mot phan phd cuc bd do co ché lam tron
manh trong qué trinh cap nhat do tin cay phd va
hiép phwong sai nhiéu do.

Bang 7. Bang tbng hop két qua kich ban 3

Phwong phap RMSE V (cm/s) MAE V (cm/s) CorrV
WKF 5.83+0.55 4.72 + 0.50 0.970 % 0.004
SRKF 5.85+0.64 4.80 £ 0.52 0.968 £ 0.004

RKF 6.52 £ 0.67 5.21+£0.55 0.962 £ 0.004
AKF 8.18 £ 1.56 6.49 £ 1.23 0.941 £ 0.012
EnKF [28] 19.00 NA NA
LSTM [29] 12.50 9.90 NA
SAR [30] 18.00 16.00 0.960
OSCNet [31] 19.00 15.00 NA
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Hinh 5. K&t qua mé phang kich ban 3 — (b): So sanh chudi van tbc

5. Két luan

Qua md phéng trén MATLAB vé&i ba kich ban,
nghién clru da chirng minh hiéu qua ctia bd loc tich
hop Wiener—Kalman trong diéu kién méi trwéong
cang khac nhau. O kich ban nén yén (C1), b loc
tai tao chinh xac chudi mwe nwédc va van téc bé
mat, phd wéc lwong gan khap ly thuyét. Trong kich
ban nhiéu tau hoat ddong (C2), bd loc van duy tri
phd séng nén va van tbc bé mat dang tin cay du
xuat hién nhiéu cuc bd lién tuc. Bbi v&i kich ban
dong chay gan thuc té (C3), bd loc cho thdy kha
nang lam suy gidm dang ké thanh phan nhiéu do,

déng thdi bao toan xu thé bién thién dong luc va
tai tao 6n dinh chudi van téc dong chay theo thoi
gian. Cac két qua cho thay bo loc tich hop khéng
chi hiéu qua trong wéc lwong phd séng, mwc nwéc
va van tbc, ma con hoat ddng 6n dinh trén tin hiéu
thoi gian thwc, cé thé trién khai trén hé théng
nhung tai cang. Tuy nhién, nghién cru méi dirng &
dir liéu mé phdng, chwa kiém ching trén div liéu
thuc té; cac thanh phan tan thp chwa duoc lién
hé rd v&i co ché vat ly; bd loc méi ap dung cho phd
mot hwéng. Do d6, hwéng nghién ctu tiép theo
can mé& rong cho phd da hwéng va kiém chirng
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trén di liéu do thuc t& dé danh gia tinh kha thi va

dd &n dinh trong méi trwérng van hanh.

L&i cam on

Cong trinh nay dwoc tai tro toan b bdi

“Nhiém vu thwc hién dé tai nghién ctru khoa hoc

cap Bo thudc Bo Xay dwng, Viét Nam”, ma sb

[RD76-26] do Trwdng Pai hoc Giao thdong van tai

thanh phé HS Chi Minh thwc hién.

Tuyén bé vé viéc str dung Al tao sinh

Trong qua trinh chuan bj bai bao nay, cac tac

gia da sir dung ChatGPT (OpenAl) nham cai thién

kha nang doc hiéu cac tai lieu tham khao béng

Tiéng Anh. Sau khi sir dung céng cu nay, cac tac

gia da ra soat dam bao sy chinh xac cla cac ndi

dung dwoc dé cap trong cac tai liéu tham khao,

ddng thoi chiu hoan toan trach nhiém vé ndi dung

cla bai bao dwoc cong bb.
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