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Tém tit

T6 chirc Hang hai Quoc té (IMO) gan ddy da ban
hanh Nghi quyét MSC.532, quy dinh cdc yéu cdu
nghiém ngat hon doi véi viéc gidm sdt va bdo cdo
cdc tham s6 on dinh cia tau trong qud trinh hoat
déng. Nghién ciru nay trinh bay viéc thiét ké va
trién khai hé thong giam sdt géc nghiéng (roll) cia
tau bién dira trén thudt todn loc Kalman nham dap
ung cdc tiéu chudn méi nay. Hé thong duwoc dé
xudt sir dung cam bién do heong qudn tinh 9 truc
(IMU), bao gom cam bién con quay hoi chuyén,
gia toc ké va tir ké dé lién tuc do cdc géc nghiéng
(roll), chui (pitch) va hwong (heading) cua tau. B
loc Kalman mé rong dwoc dp dung dé giam nhiéu
va dé tréi cua tin hidu cam bién, cung cap woc
leong chinh xdc va én dinh ciia géc nghiéng ngay
ca trong diéu kién séng va rung déng manh. Két
qua thir nghiém tir mé phong va thyc nghiém trén
bién cho thdy bo woc luong dwa trén Kalman cai
thién do chinh xac cua goc nghiéng hon 40% so
véi phwong phdp loc théng thdp bdc 2 truyén
théng (véi tan s6 cdt fe = 0,5Hz). Hé thong cé thé
dé dang tich hop vao mang giam sat tau hién co,
mang lai gidi phdp tin cdy va hiéu qud vé chi phi
nham dap vmg Nghi quyét MSC.532 ciia IMO.
Tfl: khéa: Loc Kalman, giam sat goc nghiéng tau
bién, cam lzién do hm"ng quan tinh (IMU), woc
luong tw tfzé, Nghi quyét MSC.532(107) cia IMO,
Nghi quyet MSC.363 (92).

Abstract

The International Maritime Organization (IMO)
has recently issued Resolution MSC.532, which
specifies stricter requirements for monitoring and
reporting ship stability parameters during
operation. This study presents the design and

implementation of a ship roll angle monitoring
system based on the Kalman filter algorithm to
meet these new standards. The proposed system
utilizes a 9-axis Inertial Measurement Unit
(IMU), consisting of a gyroscope, accelerometer,
and magnetometer, to continuously measure the
ship's roll, pitch, and heading angles. An
Extended Kalman filter (EKF) is applied to
effectively reduce sensor noise and drift,
providing accurate and stable estimation of the
roll angle even under strong wave and vibration
conditions. Experimental results from both
simulation and sea trials demonstrate that the
Kalman-based estimator improves roll angle
accuracy by more than 40% compared to the
conventional second-order low-pass filtering
method (with a cutoff frequency of fc = 0.5Hz).
The system can be easily integrated into existing
ship monitoring networks, providing a reliable
and cost-effective solution to comply with IMO
Resolution MSC.532.

Keywords: Kalman filter, ship roll monitoring;
inertial measurement unit (IMU), attitude
estimation, IMO Resolution MSC.532(107), IMO
Resolution MSC.363(92).

1. Gi6i thiéu

Trong nhimg nim gan day, yéu cau vé nhan thiic
tinh hudng va gidm sat an toan van hanh tau ngay cang
duoc nang cao. Viéc theo doi lién tuc céc tham )
dong luc hoc nhu goc nghiéng (roll), goc chi (pitch)
va huéng (heading) dong vai trd then chdt trong viée
danh gia 6n dinh dong va kiém soat chuyén dong cia
tau trén bién [1].

Dic biét, vé miat phap 1y, Nghi quyét
MSC.532(107) dugc IMO thong qua vao thang
6/2023 (stra d6i Quy dinh 19 Chwong V ciia Cong uée
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SOLAS) da chuyén tir khuyén nghi sang yéu cau bat
budc (mandatory). Cu thé, doan 2.12 quy dinh: Cac
tau container va tau hang rdi co tong dung tich tir
3.000GT tr¢ 1én, dugc dong méi vao hodc sau ngay
01/01/2026, phai dugc trang bi thiét bi do nghiéng
dién tir dé xdc dinh, hién thi va ghi lai chuyén dong
lic ctia tau [2]. Quy dinh nay dit ra yéu cau cap thiét
vé viéc phdt trién cc hé thong giam sat c6 do chinh
xac cao dé dap tmg thoi han hi¢u lyc dang dén gan.

Chuyén dong nghiéng qua mirc khong chi anh huong
dén sy thoai mai ctia hanh khach va hang hoa ma con ¢
thé gay rui ro nghiém trong dbi voi do 6n dinh cia tau,
tham chi dan dén cac tai nan 14t tau [3]. Do do, viéc udc
lugng chinh xac goc nghiéng cua tau trong thoi gian thuc
da tro thanh mot thanh phan quan trong trong cac hé
thong giam sat va diéu khién hang hai hién dai.

Céac phuong phap do goéc nghiéng truyén thong
thudong dua trén cam bién co hoc hodc cam bién gia
téc mot truc [4]. Tuy nhién, cic cam bién nay thudng
bi anh huéng boi nhiéu, sai 1éch va troi tin hiéu trong
diéu kién song bién dong. Gan déy, cam bién do ludng
quan tinh (IMU) tich hop con quay hdi chuyén, gia tbc
ké va tir ké da tré thanh mot giai phap manh mé cho
bai toan theo doi chuyén dong [3, 6]. Tuy nhién, mdi
loai cam bién déu c6 nhitng han ché riéng - con quay
hoi chuyén dé bi tréi theo thoi gian va nhay cam véi
nhiét do [7], gia toc ké nhay vdi rung dong, con tir ké
dé bi nhidu boi tir trudng xung quanh [8]. Bé khic
phuc nhimg vén dé nay, cac thuat toan hop nhat cam
bién (sensor fusion) di duoc nghién ciru nham két hop
dir liéu tir nhidu ngudn cam bién khac nhau, nang cao
d6 chinh xac va tinh 6n dinh ctia phép do [9].

Trong s& cac phwong phap hop nhét cam bién,
thudt toan loc Kalman dugc xem la mdt trong nhitng
ky thuat hidu qua nhat cho bai toan udc lugng “tu th””
theo thoi gian thuc [10, 11]. Bang cach gan trong s6
t6i wu cho cac phép do cam bién dya trén dic tinh
théng ké ctia chting, bd loc Kalman c6 thé giam nhiéu
va bu troi tin hiéu hiéu qua, ngay ca trong diéu kién
mdi truong bién dong manh. Trong nghién ciru nay,
mot h¢ thong giam sat goc nghiéng tau bién dya trén
b loc Kalman dugc phat trién, sir dung cam bién quan
tinh 9 truc gdm MPU6050 va HMC5883L. Hé thong
cho phép udc lugng cac goc roll, pitch va heading theo
thoi gian thuc, cung cip dit liéu chinh x4c va 6n dinh
nham dap ung yéu cau cia Nghi quyét MSC.532 clia
IMO. Phuong phap dé xuat da duoc kiém chimg thong
qua ca mo phong va thir nghiém thuc té trén bién, cho
thiy tinh hiéu qua va kha ning ing dung trong cac hé
thong giam sat tau hién co.

Ky thuat va Cong nghé Hang hai

2. Pit van dé

Mic du di c6 nhimng tién bo dang ké trong giam
sat lic tau dwa trén IMU va g dung b loc Kalman
[9, 10], van con nhiéu thach thirc k¥ thuat trong viéc
dat dwoc ude luong lac tau chinh xac, 6n dinh va thoi
gian thuc cho céc tau bién. Cac inclinometer co hoc
va gia toc ké mot truc thuong c6 sai sé do 1én t6i
+2+3° trong diéu kién bién trung binh (chiéu cao song
~2m) va rat nhay cam vai rung dong trén SHz [4, 8].
Ngay ca véi ky thuat két hop cam bién, gyroscope tich
lity troi véi the do 0,1+0,5°/phiit, gia toc ké van nhay
v6i rung dong tan sd cao, va la ban co thé bi bién dang
vuot qua 10° gén c4c cAu tric tir tinh [8, 9].

Hon nita, nhidu hé thong hién tai thiéu kiém chimg
hé théng qua thr nghiém bién thuc té. Vi duy, céac
nghién cuu chi dua trén mé phdéng thuong bao céo
RMSE (Root Mean Square Error) khoang 0,8+1,5°,
trong khi thir nghiém thyuc dia cho théy d0 1éch Ién toi
3° du6i diéu kién bién dong [11]. Nhirng khéc biét nay
cho thay nhu cau can mot hé thdng tich hop co thé:

- Uébc luong cac goc nghiéng (roll), goc chii
(pitch) va hudéng miii (heading) trong thoi gian thuc
vdi RMSE < 1°;

- Bu nhiéu, tréi cam bién va cac nhidu dong dong
hoc mdt cach on dinh;

- Ching minh hi¢u qua va tuan thu IMO
Resolution MSC.532 théng qua ca mo6 phong va thur
nghiém thuc té.

Nghién ctru ndy giai quyét nhimg khoang trong
trén bang cach trién khai hé thong két hop nhiéu cam
bién duya trén bo loc Kalman mé rong duoc rdi rac véi
IMU 9 tryc (MPU6050 + HMC5883L), cung cap do
chinh xac udc luwong dugc céi thién (<0,82° RMSE
trong thir nghiém bién) phui hop dé tich hop vao mang
giam sat trén tau phuc vu cho cong tac canh bao va do
tim chu ky lic cua con tau.

3. Phwong phap wéc lwong va hop nhit cam
bién

3.1. Lwa chon phan ciing va dé xudt phu’o’ng an
thu thip va tién xiv Iy dit liéu cam bién

Céc phép do thé tir IMU duoc hiéu chuén trude dé
loai bo sai s6 Bias va hé s ty 16. Nhidu tin s cao
duogc giam bang bo loc thong thip (cutoff SHz) dé it
lai dong lyc hoc cta lic va nghiéng tau trong diéu kién
bién thong thuong. Dir li€u tir la ban dugce hi¢u chinh
dé bu bién dang hard-iron va soft-iron dya trén quy
trinh hiéu chuén [8].

Hé thong giam sat lac tau dé xudt str dung IMU 9
truc bao gdom MPU6050 (gyroscope + accelerometer)
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va HMC5883L (Magnetometer) dé do dao dong tau
trong thoi gian thyc [5, 8]. So dd ludng dit lidu va kién
tric xur 1y tin hi¢u cua hé théng dugce mo ta chi tiét tai
Hinh 1, bao gdm 3 giai doan chinh: Thu thap dir liéu,
xu ly tin hi¢u, va udc luong trang thai béng bo loc
Kalman.

KHOI CAM BIEN TRAM GIAM SAT

IMU 9 truc

MPUG050 + HMC5883L LRI, L)

12C H Modbus RTU
(Raw) (Roll, Pitch, Heading

VI PIEU KHIEN (ATmega324)

A ¥

N Déng bé trang thai
Luong dy bao (200 Hz) 9.b.P
Fast Loop: Tich phan Gyro

Ludng cép nhat (5 Hz)
Slow Loop: Hiéu chinh EKF

Hinh 1. So dé luong dit ligu va kién tric xiv Iy da toc

dj ciia hé théng

Chip xtr 1y chon loai ATmega324 vdi tan sé xung
nhip 20MHz trén co s& phan tich so b thuét toan Dy
bao (Predict, chi cho gyro): Chay thudong xuyén
(200Hz) tich phan quaternion tur gyro. Thuat toan cap
nhat (Update, accel va mag) s€ chay cham 5SHz dé hiéu
chinh quaternion va bias bing EKF update. Viéc tich
Predict x1r Iy nhanh va Update xtr Iy chdm hon s€ giam
manh chi phi tinh toan.

Quy trinh thu thap dir liéu thé tir cac cam bién
thong qua giao thirc 12C duge md ta chi tiét qua luu
d6 thuat toan tai Hinh 2.

Initiate 12C

Read HMC5883L

Data
ready?

Hinh 2. Thugt todn truy xudt di¥ ligu voi giao thirc
nc

Ngoaira, dé thuc hién cac cai dat, giao dién nguoi
dung, thyc hién cac canh bao va luu nhat ky sy kién
chip ATmega324 thuc hién giao tiép truyén thong tin
hiéu v6i PLC/HMI qua giao thire Modbus RTU. So db
tong thé dwoc d& xuét nhu Hinh 3. Trén co s& thiét ké
nay, nhom tac gia da thi cong va hoan thién san pham.
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Hinh anh thuc té cua thiét bi giam sat goc nghiéng sau
khi ché tao va dong gbi dugc thé hién tai Hinh 4.

MPU6050 HMC5883L
Accelerometer Magnetometer
Gyroscope 12C: OX1E

T 12C Bus (SDA, SCL)
Y
[ ATmega324 (20MHz)

RS485 Physical
Layer

RS485 Physical
Layer N HMI Delta (Master)
| Visual Display, Alarm Log

PLC Delta (Master)
Logic Control

»

Hinh 3. Dé xuiit so' dé két néi tin hiéu phin citng

Khi cam
bién

Khéi hién thi

HEADING

prTCH, ROLL AND GFS NMEATIE: |

Hinh 4. Thiét bi gidm sdt géc nghiéng sau khi ché tgo

3.2. M6 hinh Roll, Pitch va Heading

Trong nghién ctru nay, bd loc Kalman mé rong
EKF dya trén biéu dién quaternion dugc sir dung dé
uoc lugng cac goc nghiéng (roll), chai (pitch) va
hudng (heading) cua tau.

3.2.1. Vector trang thai va mé hinh dong hoc

Pé dam bao tinh én dinh cua bd ude luong, diéu
kién quan sat dugc (observability) ciia hé thong can
dugc théa man. Trong cu hinh IMU 9 truc dé xut,
vector trang thai x (bao gdm quaternion va bias con
quay) 12 hoan toan quan sat dugc. Cu thé, vector trong
truong do boi gia tbe ké cung cip tham chiéu tuyét ddi
dé hiéu chinh sai sb tréi cho goc nghiéng (Roll) va goc
chui (Pitch). Pdng thoi, vector tir truong do bai tir ké
dong vai tro tham chiéu hudng Bic dé hiéu chinh sai
sO troéi cho goc hudng (Heading), dam bao ma tréan
hiép phuong sai sai s Py hoi tu theo thoi gian

Vector trang thai bao gdm quaternion va sai léch
ctia con quay hdi chuyén, dwoc dinh nghia nhu sau:

v =[0,0:0,00,,,:8,.5. ] (1)

Trong d6: ¢ = [q0, 91, 92, q3/ " 1a quaternion don vi
mo ta “tu thé” cia tau, b = /by, b, b.J7 14 vector sai
léch ctia cam bién con quay hdi chuyén. Pong hoc
quaternion duéi tac dong cua van toc goc do duge: @
= [w,, w,, ©]T dugc mod ta boi:
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1
q= 5 Qo - b)g 2

w =

true

+b+ 1, 3)
Trong d6 ma tran Q(w) dugc xac dinh nhu sau:

0 -o -0 -o
T Y z

10} 0 O -0

Q — xr z y 4
(@) o -0, 0 o, @
o -, 0

Dé trién khai trong mién rdi rac, phuong phap tich
phan bac nhét két hop voi chuan héa quaternion duoc
ap dung:

q,,, = normalize(q, + ¢, At) (%)

Sai léch cuia con quay hoi chuyén dwoc mé hinh
héa nhu mot qua trinh trdi ngau nhién:

b, =0 +tuw, (6)

Véi w;, 1a nhidu tring Gauss dé mo hinh hoa qua
trinh tr6i ngdu nhién cua bias con quay hoi chuyén.

Mo hinh Random Walk nay cho phép bo loc EKF
tu dong wdc luong va bu trir cac thanh phan sai sb bién
ddi cham theo thoi gian thuc, bao gém ca sai sb troi
diém khong (Zero-rate bias drift) do su thay doi nhiét
d6 cua cam bién trong qué trinh hoat dong lau dai, ma
khéng can thyc hién quy trinh can chinh bi nhiét tinh
(static thermal calibration).

M6 hinh do st dung truc tiép cac vector gia tc va
tir truong da duge chuén héa nham tranh cac van dé
ky di va hién twong quin goc khi st dung goc Euler.
Vector do dugc xac dinh nhu sau:

z=la, a, a m, aw m] (7)
Trong do:
i=—2h =" (8)
el [ ]

Lan luot 1a vector gia téc va tir truong da duoc
chuan hoa. Gia tri do ky vong dugc xac dinh bang
cach quay cac vector trong luc va tu truong tham
chiéu tir hé toa do quén tinh sang h¢ toa do than tau
thong qua quaternion udc lugng:

a~R(g)"g m=R@)m, )

V6i ¢ 1a vector trong luc don vi va m,.rla vector

Ky thuat va Cong nghé Hang hai

tir truong trai dat da duoc chuén hoa trong h¢ toa do
quén tinh. Ca hai déu phi tuyén theo ¢ nén can tuyén
tinh hoa dé 1ay Jacobian H.
3.2.2. Cac budrc thuc hién EKF
a. Bude du bdo

Pé thyc hién budc nay ta s dung dir liéu tir
gyroscope dé tich phan quaternion va du béo sai léch
bias. Tai tdn s6 200Hz, chi thuc hién tich phan
Quaternion (phuong trinh 5). Viéc du bao ma tran hiép
phuong sai sai s& P (phuong trinh 10) dwoc thyc hién
ddng bd voi chu ky cap nhat (5Hz) dé tiét kiém tai
nguyén tinh toan.

P=FPF" +Q (10)

Véi ma tran Jacobian F =0of (X,w)/dx (7x7) &
bude nay duoc tinh bang cach liy dao ham riéng cta
phuong trinh chuyén trang thai theo vector trang thai
tai thoi diém hién tai.

2=n(g)=[R(@)"g R(@)'m,] (11)

Ma tran Jacobian ctia mé hinh do dwoc suy ra bang
cach tuyén tinh hoa mo hinh do xung quanh trang thai
udc luong hién tai. Do mo hinh do khong phu thude
vao sai léch con quay hdi chuyén, cac phan tir twong
g trong ma tran Jacobian bang 0. Vector do z gdm
gia toc va tir truong da chuan hoa.

b. Budc cap nhat:

Dé tuyén tinh hda mo hinh phi tuyén, ma tran
Jacobian H (6x7) dugc xac dinh boi dao ham ctia ham
do luong theo trang thai q:

H 0
H:|: acc 3x3} (12)

Trong d6: Huc 1a dao ham cda vector trong luc
tham chiéu qua ma trdn quay R(q)”, Hyag 12 dao ham
clia vector tir trudng trai dat tham chiéu qua R(q)T.

Ngoai ra, dé thyc hién budc nay ta st dung dit liéu
tir gia tdc ké (accel) va tir ké (mag) dé hiéu chinh sai
$6 tich iy t budc du bdo. Qua trinh cép nhat dugc
thyc hién ¢ tan s6 thip hon (5Hz) dé giam chi phi tinh
toan ma van dam bao do chinh xac.

- Tinh toan sai I¢ch dyu bao trén co s¢ [12]:
y=z—2 (13)
- Sur dung ma tran Jacobian H da xac dinh & (12)
dé tinh toan mirc d9 tin tuong vao phép do:

S=HPH' +R, K =PH'S" (14)
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- Cap nhat vector sai s6 trang thai: Tinh toan d¢
hiéu chinh dya trén hé s6 ting va sai léch do ludng:

or =Ky (15)

Trong d6: 6x = [6q" &6bT]T chaa thong tin
hiéu chinh cho ca “tur thé” va sai léch cam bién. Cap
nhat trang thai va chuan hoa, d6i v6i Bias s& cap nhat
truc tiép:

b. =b +9, (16)

P6i véi Quaternion, do tinh chat dic thu cua
khong gian quaternion, viéc cdp nhat dugc thyc hién
qua phép nhan quaternion dé bao toan cau tric hinh
hoc:

a7

q,,, < normalize(g,,, ® &q)

Viéc chudn héa (normalize) 13 bit budc dé dam
bao ¢ ludn la quaternion don vi, giup thuat toan duy
tri tinh 6n dinh va chinh xac trong thoi gian dai. Ngoai
ra, cAp nhat ma tran hiép phwong sai sai s6 c6 dang:

P =(-KH)P, (18)

Trén co s& mo hinh toan hoc da xay dung, nhém
tac gia tién hanh 1ap trinh nhing cho vi diéu khién
ATmega324, bao gdm thuc thi thuat toan thu thap dir
liéu (nhu da trinh bay tai Hinh 2) va hién thuc hoa bo
loc EKF theo hé phuong trinh tir (1) dén (18).

3.2.3. Gidi thudt thuc thi trén vi diéu khién

Do vi diéu khién ATmega324 c6 ciu triic 8-bit va
tai nguyén tinh toan gidi han, viéc trién khai truc tiép
toan bo thuét toan EKF trong mdi chu ky 1dy mau l1a
khong kha thi. Do d6, nghién ciru dé xudt giai thuat
thuc thi theo kién trac "da toc do" (Multi-rate
implementation) dugc mo ta tai Hinh 5.

Quy trinh thuc thi dwoc chia thanh 2 ludng xt 1y
song song dya trén co ché ngit phan cing (Hardware
Interrupt):

- Ludng x1r Iy uu tién (Interrupt Service Routine -
200Hz): Bugc kich hoat boi sy kién tran Timer dinh
ky 5ms. Tai day, vi xu 1y thuc hién doc dir li€u con
quay hdi chuyén, trir sai s6 bias va thyc hién tich phan
s& quaternion (phuong trinh (5)). Budc nay yéu céu it
tai nguyén tinh toan nhung can tan s6 cao dé dam bao
d6 muot va giam sai s tich liy ciia goc nghiéng.

- Ludng xtr Iy nén (Main Loop - 5Hz): Pugc thuc
thi trong vong 13p chinh khi bién dém (Counter) dat
ngudng 40 chu ky (twong ung 0,2s). Tai day, vi xu ly
thyc hién céac tic vu ning vé tinh ton ma tran bao
gdm: doc gia téc ké/tir ké, tinh ma tran Jacobian H
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(phuong trinh 12), hé¢ s6 Kalman K (phuong trinh 14)
va cap nhat vector trang thai (phuong trinh 15-17).
bic biét, viéc dy bao ma tran hiép phuong sai P
(phwong trinh 10) ciing duoc hodn lai dé thyc hién
ddng bo tai budc nay nham tdi wu hoa higu nang CPU.

KHOI TAO HE THONG:
- Giao tiép 12C, Modbus RTU
- Ma tran EKF ban dau: P, Q, R
- Trang thai ban dau: g, b
- Cho phép ngit

VONG LAP CHINH

|

B9 dém Timer
phan cimg 5ms
(luén chay ngam)

- Reset Counter

-DBoc Acccl, Mag
- Chuan héa a, m

l Treo lubng
chinh
BUGC CAP NHAT: e -
- Tinh ma trén H (Eq. 12) e -

- Tinh hé s6 K (Eq. 14)

- Tinh sai s6 do y

- Cap nhat trang thai q, b (Eq. 15+17)

- Cap nhat P (Eq. 18)

- Chuan hoa Quaternion: g = normalize(q)

Reset co ngit

l CHUONG TRINH
NGAT:
- DPoc Gyroscope (gX,

- Tinh géc Euler (Roll, Pitch)
- Xuét di ligu (PLC, HMI) ay, 92)

- Trir Bias: w=g-b
- Du bao trang thai
- Tang bién dém
- Co6 co ding? Counter
b

v

Hinh 5. Lwu dé gidi thugt EKF da téc ¢ trén vi diéu
khién ATmega324

Co ché c& ding (Stop Flag) va giao thirc Modbus
RTU ciing dugc tich hop trong vong ldp chinh dé dam
bao kha nang giam sat va diéu khién tir xa thong qua
PLC/HML
3.3. Thiét lgp kich ban va méi trwong kiém
chirng

Qua4 trinh danh gia hé thdng duogc thyc hién qua
hai giai doan doc lap nham kiém chung toan dién hi¢u
nang cua thuat toan:

- Giai doan 1: M0 phong trén MATLAB/Simulink.
Dé danh gia kha ning khir nhiéu 1y thuyét, nhom tac
gia xay dung kich ban mé phong véi tin hidu dau vao
1a cac dao dong hinh sin (bién d6 +15 ) mo ta chuyén
dong l4c cta tau. Tin hi€u nay duoc cong thém nhidu
trdng Gauss v6i do 1éch chudn o =15 va sai sb troi
(bias) ngau nhién dé gia 1ap dic tinh sai sb cua cam
bién MEMS trong thuc té.
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- Giai doan 2: Thir nghiém thyc dia. H¢ théng ph?m
ctmg hoan thién duogc 1ap dat trén tau vo thép co chiéu
dai 50m hoat dong tai ving bién Hai Phong. Thir
nghiém dién ra trong diéu kién bién cdp 3-4, twong
g chiéu cao song tir 1-3m va bién d¢ lic cuc dai ghi
nhan téi. P& 1am co s& d6i sanh (Ground Truth), két
qua udc lugng tir bd loc Kalman duoc so sanh d@)ng
bo thoi gian véi dit liéu tir Inclinometer d§ chinh xac
cao (cho goc Roll/Pitch) va hé thdng la ban vé tinh
GPS Compass (cho géc Heading) [13].

3.4. Cic chi so danh gid hi¢u néing

Dé danh gia d6 chinh x4c va kha ning loc nhidu
clia thuat toan loc Kalman mé rong, hai chi sé quan
trong 1a sai s6 binh phuwong trung binh chan phuong
(RMSE) va ti s6 tin hiéu trén nhidu (SNR) duoc sir
dung:

Sai s binh phuong trung binh chin phuwong
(RMSE): Po luong do 1éch giira gia tri wdc luong va
gia tri tham chiéu thuc té:

N

%Z(xi -z ) (19)

RMSE =

Trong d6: x; 1a gi4 tri tham chiéu (tir inclinometer
hodc md phong); % la gid tri wéc lugng tir bo loc
EKF; N 1a s6 méu dit lidu.

Ty s6 tin hiéu trén nhidu (SNR): Panh gia mic do
cai thién chét luong tin hiéu sau khi loc:

2s
SNRdB = 10 |Oglo m (20)
Trong d6: s 1a tin hi¢u sau khi qua bd loc Kalman
(tin hiéu udc luong); § 1a tin hiéu thd do dugc tir cam

bién (bao gdm ca tin hi¢u thyc va nhiéu); Y (s—$)°

dai dién cho ning lugng cta thanh phan nhiéu da dwoc
loai b6 boi bd loc.
4. M6 phéng va thir nghiém kiém chirng

Hé théng giam sat lic tau dua trén bd loc Kalman
duoc danh gia toan dién thong qua hai giai doan: M6
phong trén phan mém MATLAB/Simulink va thi
nghiém thyc té trén tau bién.
4.1. M6 phong trén Matlab/Simulink

Qua trinh m6 phong dugc thuc hién véi tin hiéu
lic tong hop c6 bién dd +15°, cong thém nhidu tring
v6i d6 léch chudn o =1,5"dé gia lap moi truong bién
dong. B loc Kalman dugc ap dung dé danh gia kha
nang giam nhidu do va bu trdi cho cam bién con quay
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hoi chuyén (Gyroscope).

Két qué céc chi s6 hiéu nang bao gdm RMSE, sai
sO cuc dai va thoi gian phan hdi dugc tém tit trong
Béng 1.

Bing 1. Chi s6 higu niing ciia hé thong trong mé phong

A Thoi Cai
Sai s0 .
Tham  RMSE gian thién
c cuc
i) ) ; phan SNR
dai (°) As
hoi (s) (dB)
Roll 0,78 15 0,12 24
Pitch 0,82 1,8 0,13 21
Heading 0,85 2,15 0,14 22

Két qua cho thiy véi mirc nhidu dau vao 16n (
o=15"), bd loc van duy tri d6 chinh xac cao véi sai
s6 RMSE luén nhé hon 0,82°.

4.2. Két qud thir nghigm mé hinh trén bién

Hé théng giam sat dugc lép dat va thtr nghiém thyc
té trén tau vo thép dai 50m tai khu vuc Hai Phong
trong diéu kién bién cip 3. Tin hiéu tho tir IMU chtra
nhiéu nhiéu do rung dong co khi ctia may tau va va
cham song.

Goc nghiéng (Roll Angle) [deg]

I
0 10 20 30 W 50 60
Tho gian (Time) [s]

Hinh 6. Dap rng goc nghiéng (Roll) trwdc va sau lpc
Kalman. Piéu kién thir nghiém: Bién cip 3-4, chiéu
cao song Hs = 1-3 m, tau chiu tic dpng ciia song

ngang (Beam seas)

T
—— Géc do (Measurement)
|—— Géc loc Kalman (Estimatec

Géc nghiéng (Pitch Angle) [deg]

0 5 10 15 20 25 30 35 40
Thoi gian (Time) [s]

Hinh 7. Dap &rng goc chiii (Pitch) trudc va sau loc
Kalman. Diéu kign thir nghiém: Bién cip 3-4, chiéu
cao songHs = 1-3 m, tau chiu tic dpng ciia song
ngang (Beam seas)

Quan sat tin hiéu tai Hinh 6 va Hinh 7 cho théy:

+ V& bién do nhidu: Dit liu thé (duong mau dé va
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mau hdng) c6 dai nhidu dao dong quanh gia tri thuc
v6i bién d¢ khoang +0,4" dén +0,6", gdy ra boi
rung dong may va va cham soéng.

+ Hiéu qua loc: Tin hiu sau loc Kalman (duong
mau xanh va mau den) tré nén tron mugt va bam sat
xu hudng chuyén dong cia tau véi mot do tré pha nho
(khoang 0,12s), phu hop voi déc tinh cua cac b loc
thoi gian thyuc. P9 tré nay 1a chdp nhan dugc va khong
anh huong dén kha ning giam sat on dinh tau. Ning
luong nhidu da bi triét tiéu dang ké, thé hién qua chi
s0 SNR (Ti s tin higu trén nhidu) ting thém khoang
18dB dén 22dB sau khi loc. Diéu nay gitp hé thong
tranh dugc cac bao dong gia do xung nhiéu tirc thoi.

Biing 2. Téng hop chi s6 hiéu ning thuwc té trén bién

. Thoi Cai
Sai so .
Tham RMSE gian thién
5 © i hin  SNR
" ai() 5
hoi (s) (dB)
Roll 0,81 2,10 0,12 22
Pitch 0,82 2,20 0,13 18
Heading 0,89 2,15 0,14 20

4.3. Danh gia va thdo ludn

Duya trén dif liéu thuc nghiém va ddi sanh véi cac
phwong phép truyén théng, nghién ctru rat ra cac nhan
xét dinh lugng sau:

+ Tht nhét, vé mirc do cai thién sai s6: Thuét toan
Kalman d4 1am giam chi s6 RMSE xudng mtic rét thap,
tuong ng voi muc giam tir 70% dén 85% so vai dit
lidu tho ban dau. Sai s6 RMSE cho gbéc Roll/Pitch dat
duai 0,82° va Heading dudi 0,9°.

+ Thir hai, so sanh dinh lugng véi cac bo loc khac:
Dé 1am 13 hiéu qua, nhom tac gia so sanh két qua EKF
v6i phuong phap Loc thong thip (LPF) bac 2 (tan sb
¢t £,=0,5Hz). Két qua thuc nghiém cho thiy LPF c6
d6 tré 16m va sai sb cuc dai 1én t6i 3,7 d6 khi chiu tac
dong cua gia tbc ngang. Trong khi d6, bo loc EKF dé
Xuét gitip giam sai s cuc dai xuéng con 2,2°. Nhu vay,
mirc do cai thién sai s6 cuc dai dat khoang 40%. V&
sai s trung binh (RMSE), EKF dat 0,82°, tot hon dang
ké so v&i mure 1,5° caa LPF.

+ Thir ba, vé kha nang d4p ung tiéu chudn: Thoi
gian phan hdi cta bd udc lugng dat dudi 0,15s. Quan
trong hon, d§ chinh xac cua h¢ théng théa man tiéu
chudn tinh ning MSC.363(92) (dwoc tham chiéu boi
quy dinh trang bi MSC.532). Cu thé, sai s6 RMSE dat
0,82°, nam trong gidi han cho phép £1,0° dbi véi goc
nghiéng dudi 45° dugc quy dinh tai Muc 6.1 cua Nghi
quyét nay [14].
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5. Két luan

Trong nghién ctru nady, nhéom tac gia da xay dung
hé thé)ng giam sat lic tau bién dya trén bo loc Kalman
md rong, st dung IMU 9 tryc (MPU6050 +
HMC5883L) dé woc lugng cac goc roll, pitch va
heading trong thoi gian thuc. Phuong phap dé xut bu
tréi gyroscope, nhidu accelerometer va bién dang
magnetometer, cung cap udc lugng trang thai chinh
xéc va 6n dinh trong diéu kién bién dong.

Két qua mo phong va thir nghiém bién cho thay
RMSE dudi 0,82° cho roll va pitch, va duéi 0,9° cho
heading, véi sai sb cuc dai khong vuot qua 2,2° va
thoi gian phan hdi duéi 0,15s. So v6i phuong phép
truyén thong sir dung inclinometer, hé thong giam sai
s6 cuc dai khoang 35+40%, cho tha?iy su cai thién dang
ké vé d6 chinh xac va 6n dinh do ludong. Hé thong dap
g yéu ciu ciia IMO Resolution MSC.532 va c6 thé
tich hop vao mang giam sat trén tau.

Céc huéng nghién ciru tiép theo sé& tip trung vao
viéc tich hop tin hiéu van tdc tau tir GPS dé bu trir sai
sO gia tbc hudng tam khi tau quay vong gap, dong thoi
trién khai bo loc Kalman thich nghi (Adaptive Kalman
Filter) dé giam thiéu anh hudng cta rung dong tan sb
cao va nhiéu tir trudng, cling nhu mo rong pham vi
thir nghiém trén cac tau c6 tai trong 16n hon trong diéu
kién bién khic nghiét.

Lo&i cdm on

Nghién clru nay duoc tai trg boi Truong Pai hoc
Hang hai Viét Nam trong dé tai ma s6: DT25-26.69.
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