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Tém tit

Bai bdo nay dé xudat mét phieong phdp ning cao
do chinh xéc d dodn tuéi tho con lai (Remaining
Useful Life - RUL) cua thiét bi hang hai thong
qua viéc ung dung tri tué nhdn tgo tao sinh
(Generative Al) dé ting cuong dit liéu. Trong
thuee té, cdc hé thong mdy tau nhuw dong co diesel,
mdy bom va mdy nén thuong thiéu dir liéu hong
héc do tan sudt sy cé thdp, dén dén han ché hiéu
qua ciia cde mé hinh hoc sau. Pé gidi quyét van
dé nay, nghién civu sie dung mé hinh Variational
Autoencoder (VAE) nham sinh dit liéu cam bién
téng hop co dac tinh twong tw dir liéu thuc. Dir
lieu duoc tang cwong sau do dwoc sw dung dé
hudn luyén mé hinh mang no-ron hoi tiép dai
ngdn han (LSTM- Long Short-Term Memory) cho
bai toan dw dodan RUL. B dit liéeu NASA
CMAPSS dwge sir dung dé kiém chimg phwong
phdp dé xudt. Két qua thure nghiém cho thdy viéc
tich hop dit liéu sinh giip cai thién ding ké do
chinh xac dw bao so voi mo hinh co so, thé hién
qua cdc chi s6 RMSE (Root Mean Squared Error)
va MAE (Mean Absolute Error). Nghién citu nay
chitng minh tiém ndng ciia Generative Al trong
viéc ndng cao hiéu qua bdo tri di dodn cho thiét
bi hang hai, gép phan giam chi phi vin hanh va
tang do tin cdy hé th(fng.

Tir khoa: Bdo tri dir dodn, tudi tho con lai, tl”l: tué
nhdn tago tgo sinh, tang cuwong dir liéu, thiet bj
hang hdi.

Abstract

This paper proposes an enhanced approach for
predicting the Remaining Useful Life (RUL) of
marine equipment by leveraging Generative
Artificial Intelligence (Generative Al) for data
augmentation. In real-world marine systems such
as diesel engines, pumps, and compressors,
failure data are often scarce due to low failure

frequency, which limits the performance of deep
learning models. To address this issue, a
Variational Autoencoder (VAE) is employed to
generate synthetic sensor data that preserve the
statistical characteristics of real measurements.
The augmented dataset is then used to train a
Long Short-Term Memory (LSTM) network for
RUL prediction. The proposed method is validated
using the NASA CMAPSS dataset. Experimental
results demonstrate that incorporating generated
data significantly improves prediction accuracy
compared to baseline models, as evidenced by
reductions in RMSE and MAE. The findings
highlight the potential of Generative Al in
enhancing predictive maintenance strategies for
marine equipment, contributing to reduced
operational costs and improved system reliability.
Keywords: Predictive maintenance, remaining

useful life, generative artificial intelligence, data
augmentation, marine equipment.

1. Mé dau

Trong bdi canh nganh hang hai hién dai dang
huéng t6i t6i wu hoa hiéu qua van hanh, giam chi phi
va nang cao do an toan, cong tac bao tri thiét bi dong
vai tro ddc biét quan trong. Cac h¢ théng may tau nhu
dong co diesel, may bom, may nén va may phat di¢n
1a nhitng thanh phan c6t 16i quyét dinh dén kha nang
hoat dong lién tuc va tin cdy cia tau bién. Trong thyc
té, cac phuong phap bao tri truyén théng nhu bao tri
dinh ky (time-based maintenance) hodc bao tri phan
ung (reactive maintenance) thuong khong dam bao
hiéu qua t6i wu, do khong phan anh chinh xac trang
thai suy giam thuc té cua thiét bi [1].

Trong nhing nim gan day, bao tri du doan
(Predictive Maintenance - PdM) da tré thanh mot
hudng tiép can tién tién, tan dung dit liéu cam bién va
cac mo hinh hoc may dé du bao tinh trang thiét bi va
RUL. PdM di duoc g dung rong rii trong nhiéu linh
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vire cong nghiép, bao gdm ca linh vuc hang hai, véi
muc tiéu giam thoi gian dimg may, t6i wu hoa chi phi
bao tri va nang cao d9 tin cdy van hanh [2], [3]. Tuy
nhién, dac thu ctia moi truong hang hai vai diéu kién
van hanh bién dong va dit liéu thu thap khong dong
nhét dat ra nhiéu thach thirc cho viéc xay dung cac mo
hinh du bao chinh xéac.

Du doan RUL la mot trong nhitng bai toan cbt 16i
ctia PAM. Cac phuong phép truyén théng dua trén mo
hinh vat 1y hodc thong ké thudng yéu cau hiéu biét sau
vé co ché hu hong va khé ap dung cho cac hé thong
phirc tap [4]. Su phit trién ctia hoc méay va hoc sau da
mo ra nhiéu hudéng tiép can hiéu qua hon. Cac mé hinh
nhu Artificial Neural Networks (ANN), Support
Vector Machines (SVM) va Random Forest da duogc
ap dung trong giai doan dau, trong khi cac mé hinh
hoc sau nhu Convolutional Neural Networks (CNN),
LSTM va Transformer ngdy cang duoc st dung phd
bién nho kha ning khai thac dic trung phi tuyén va
phu thudc theo thdi gian trong dir lidu chudi [5], [6].
Trong d6, LSTM dugc danh gia 1a déac biét phu hop
cho bai toan du doan RUL do kha nang ghi nh¢ dai
han va xir 1y chudi thoi gian hiéu qua [7].

Tuy nhién, mot trong nhimg thach thtrc 16n nhat
trong PdM 1a su thiéu hut dit liéu hoéng hoc trong thuc
té. Pbi voi cac hé thong ¢ do tin cdy cao nhur thiét bi
hang hai, su c¢6 xay ra khong thudng xuyén, dan dén di
lidu bi mat cn bang va khong du dé huén luyén cac md
hinh hoc sdu mot cach hiéu qua [8]. Viéc thu thap dir
liéu hong hoc thuce té khong chi ton kém ma con tiém
4n rui ro van hanh. Cac phuong phép ting cuong dir
lidu truyén thong thuong khong du kha ning tai hién
day du dic tinh phtec tap cua dir liéu cam bién [9].

Trong bdi canh do, tri tué nhan tao tao sinh
(Generative AI) ndi 1én nhu mot huéng tiép can day
tiém nang dé giai quyét van dé thiéu dir liéu. Cac md
hinh tao sinh c6 kha ning hoc phén bd xéac suét cua dir
liéu géc va sinh ra cac mau dir liéu méi c6 dic tinh
tuong tw. Hai phuong phap phd bién 1a Generative
Adversarial Network (GAN) [10] va VAE [11]. Trong
d6, GAN c¢6 kha nang tao dir liéu c6 tinh chan thuc
cao thong qua co ché dbi khang, trong khi VAE cung
cép mot khung hoc 6n dinh hon dya trén khong gian
tiém an.

Generative Al dd dwoc ap dung trong nhiéu linh
vuc nhu y sinh, céng nghiép va xi 1y tin hiéu, cho thay
kha nang cai thién hi¢u sut ciia cac mé hinh hoc may
trong diéu kién dir liéu han ché [12], [13]. Mot sb
nghién ctru gan day da budc dau khai thac Generative

Al trong bai toan bao tri dy doan va du doan RUL [14].

Tuy nhién, cac nghién ctru tap trung vao linh vuc hang
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hai con twong ddi han ché, va viéc danh gia mot cach
hé théng anh hudng cua dit liéu sinh dén hiéu suit du
béo van chua dugc 1am 16 day du.

Xuét phat tir nhimg van d& néu trén, bai bao nay
dé xuat mot phuong phap tich hop Generative Al vao
bai toan dy doan tudi tho con lai cua thiét bi hang hai.
Cu thé, mo hinh VAE dugc sir dung dé sinh dit liéu
cam bién téng hop nhim ting cudng tap dit liéu huin
luyén, trong khi m6 hinh LSTM dugc ap dung dé du
doan RUL. Phuong phap dé xuét dwoc kiém ching
trén bo dit liéu chudn NASA CMAPSS [15], cho phép
danh gia khach quan hi¢u qua cua viéc st dung dit li€u
sinh trong cai thién d¢ chinh xac dy bao.

Pong gop chinh ciia bai bao bao gdm: (i) dé xuat
mdt khung phuong phap tich hop Generative Al trong
bai toan du doan RUL; (ii) danh gia dinh lugng tac
dong cua dir liéu sinh dén hiéu suét cia md hinh hoc
sdu; va (iii) phan tich tiém nang tng dung cta phuong
phép trong cac hé thong thiét bi hang hai thyc té.

2. Phwong phap nghién ciru
2.1. Tong quan phwong phdp dé xuit

Phuong phap dé xuat trong nghién ctru nay nham
cai thién d¢ chinh xac dy doan RUL thong qua viéc
tich hop mo hinh tao sinh dir liéu va mé hinh hoc sau.
Khung phuong phap bao gdm ba thanh phén chinh: (i)
tién xtr Iy dit liéu cam bién, (ii) sinh dit liéu tong hop
bé“mg mod hinh Generative Al, va (iii) du doan RUL
béng mé hinh hoc sau. Cau trac mé hinh dé xuét dugc
thé hién trong Hinh 1.

[l Tingcvong dirlieu vaivae Dy bio RUL v6i LSTM

L | \somadal, B glkim3
T N S

i |
Chudn héa & l
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Dau ra RUL (5/)|

‘ Tép dir ligu tng cudng
D=puy

D | — !m: chisd ddnh glé:
H MSE, MAE

Hinh 1. Khung dw bdo RUL cho thiét bi hang hdii

Tir Hinh 1, ludng logic ciia cdu triic bao gom:

+ Thu thap dit liéu cam bién da kénh;

+ Chuén hoa va cit theo cira sd trugt;

+ Pua chudi di xir ly vao VAE;

+ VAE hoc phén phdi dit liéu va sinh dit liéu tong
hop;

+ Két hop dit liéu that va dir liéu sinh thém;

+ Dung tap dit liéu mo rong dé huén luyén LSTM,;

+ LSTM du doan RUL;

+ Péanh gia bang RMSE, MAE.
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Gia st tap dir licu géc duoc ky hiéu la:
D = {(Xy, YO N1 1)
Trong d6 X; 1a chudi dir liéu cam bién, y; 1a gia
tri RUL tuong ung.
Muc ti€u ctia nghién ctru 1a xay dung mdt ham du
doan:
fo:X =3 @
sao cho sai s6 giita § va y duoc tdi thiéu hoa.
2.2. Tién xi¢ ly di ligu
Dit liéu cam bién dugc chuin hoa nhim dam bao
tinh 6n dinh trong qua trinh huin luyén. Phép chuin
hoéa Min-Max dugc ap dung nhu cong thuc (3):
XX
XI - min 3
Xmax—Xmin 3)
Tiép theo, dit lidu dugc chuyén ddi thanh cac chudi
con (sliding window):
Xt} “)
Trong d6 L 1a d6 dai cira s thoi gian.
2.3. M6 hinh tao sinh dir liéu
Dé tang cuong dir liéu, nghién ctru sir dung mo
hinh VAE. VAE hoc 4nh xa tir khong gian dir li¢u dau

vao sang khong gian tiém 4n (latent space), sau do
sinh lai dit liéu tir khong gian nay.

Xl = {xt, Xtg1s ey

Trong mé hinh VAE, encoder c6 nhi€ém vu anh xa
dir liéu dau vao X sang khong gian tiém an (latent
space) dudi dang mot phan bd xac suit. Thay vi biéu
dién dix liéu béng mot vector ¢d dinh, encoder hoc cac
tham s cta phan bd Gaussian, bao gdm trung binh
U(X) va phuong sai 62(X). Cu thé, phan bd xac suét c6
diéu kién cua bién tiém 4n z dugc mo ta nhu sau:

0y (21X) = N (u(X), 02 (X)) (5)

Trong do: pu(X) 1a vector trung binh do encoder hoc
dugc; 0%(X) 1a vector phuong sai; ¢ 1a tap tham s ctia
mang encoder.

Trong m6 hinh VAE, decoder c6 nhiém vu tai tao
dit liéu dau vao tir bién tiém an z. Cu thé, decoder hoc
4nh xa ngugc tir khong gian tiém 4n vé khong gian dir
liéu géc, nham khoi phuc lai déc trung cua dir liéu cam
bién ban diu. Qua trinh nay duwoc mo hinh hoa thong
qua phan bd xac suat co diéu kién:

pe(X12) (6)

Trong d6: z 12 bién tiém 4n dwoc 14y mau tir
phan bé Gaussian; 6 14 tap tham s6 ciia mang decoder.

Trong mo hinh VAE, muc tiéu 1a t6i da hoa xac
suét bién (marginal likelihood) cuia dir lidu quan sat:

logpe (X) =log [ pe(X|2)p(2) dz  (7)

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

Tuy nhién, tich phan nay thuong khong thé tinh
truc tiép do khong gian tiém 4n c6 chiéu cao. Do do,
mot phan bd xap xi qp(zIX) duogce sir dung dé suy dién
duéi dang Evidence Lower Bound (ELBO).

Biang cach ap dung bt dang thuc Jensen, ta thu
duoc:

logpe (X) = E, (71x)[logpe (X12)] —
Dy (45210 1p(2)) (8)

Vé phai ctia bat dang thirc trén duoc goi 1a ELBO
[11]:
LSLBO -
Dk1 (%(ZIX)IP&

Trong do:

zx)llogpe (X12)] —
Zj 9

Eq¢(z|X)[10gPe X12)] la
reconstruction term, do ludong kha néng tai tao dir li€u
cia decoder; Dy, (qq, (z|X) |p(z)) la  Kullback-

Leibler divergence, dam bao phan bd tiém 4n gan véi
phan bd chuan p(z) = N (0,1).

Trong bai toan nay, viéc tdi uu ELBO gitip md
hinh VAE hoc dugc phan bé tiém an cia dit liéu cam
bién mot cach hiéu qua, tr d6 co thé sinh ra cac mau
dir liéu téng hop c6 tinh da dang va gan véi phan bd
thuc. Diéu nay dong vai trd quan trong trong viéc ting
cuong dit liéu huan luyén cho mé hinh dy doan RUL,
dic biét trong diéu kién dit liéu hong hoc han ché.

Sau khi huin luyén, dir liéu téng hop dugc sinh
bang cach ldy mau. Cu thé, bién tiém an z dugc lay
mau tir phan bd Gaussian chuan:

z~N(,I) (10)

Sau d6, dir liéu tong hop dugc tao ra thong qua
ham giai ma:

X=fo@ (11)

Trong d6: z 1a vector trong khong gian tiém an;
fo(+) 1a mang decoder da dugc huan luyén; X la dir
liéu cam bién téng hop; Tép dit li€u sinh ra duoc ky
hiéu la:

D=L, (12)
Tap dir licu huén luyén mé rong duoc xay dung
bang cach két hop dit liéu gbe va dit liéu sinh:

D'=DUD (13)

Qua trinh sinh dit liéu téng hop déng vai trd quan

trong trong viéc mé rong tap dit liéu huén luyén, gitp

mo hinh hoc sau cai thién kha ning tong quat hoa, dic

biét trong cac bai toan c¢6 dir liéu hong hdoc han ché
nhu trong hé thong thiét bi hang hai.
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2.4. M6 hinh dw dodn RUL

Pé dy doan RUL, nghién ctu sit dung mang
LSTM [7] nham khai thac dic trung chudi thoi gian.
Tai mdi budc thoi gian t, cac trang thai duoc cap nhat
nhu sau:

fe = o(We[he—y, .1 + by) (14)
i = o(W;[he_q, x;] + b;) (15)
& = tanh(W,[he_1, x.] + b.) (16)
= Oca +i,OF (17)
0y = 6(W,[he_q, %] + b,) (18)
h; = 0, O tanh(c;) (19)

9 = Wyhy + by, (20)

Trong d6: &, : Trang thai an tai thoi diém 7 ¢.
Trang thai bd nhd; o(-): Ham sigmoid; ©: Phép
nhén tung ph?ln tu.

Sau khi xtr Iy toan bo chudi dau vao, trang thai an
cubi cing h; duoc sir dung dé dy doan gia tri RUL:

y = Whhr + by, (21)

Trong d6: y: La gia tri RUL du doan; Wy, by: La
tham s6 cua 16p fully-connected.

M5 hinh LSTM cho phép khai thac hi¢u qua cac
dac trung phu thugc theo thoi gian trong dit liéu cam
bién, didc biét 1a cac xu hudng suy giam cia thiét bi.
Nho co ché ghi nhé dai han, LSTM c¢6 kha nang hoc
duoc cac miu suy giam phirc tap ma cidc mo hinh
truyén thong kho nim bét.

Trong nghién ciru ndy, LSTM dugc huan luyén
trén tap dir liéu mé rong D', bao gom ca dit lidu gbe
va dir liéu téng hop dugc sinh ra tir mo6 hinh VAE. Viéc
két hop nay giup cai thién kha ning téng quat hoa cia
md hinh, tir 6 nang cao d chinh xac du doan RUL
trong cac diéu kién dit liéu han ché.

2.5. Quy trinh hudn luyén tong thé

Quy trinh huan luyén tong thé ciia phuong phap dé
xuét bao gdm ba giai doan chinh:

+ Huén luyén mo hinh tao sinh dit liéu (VAE) va,

+ Sinh dir liéu tong hop va,

+ Huén luyén mé hinh LSTM.

Quy trinh nay nham tan dung kha ning sinh dit liéu
ctia VAE dé cai thién hiéu suét cia mé hinh dy doén.

Giai doan 1: Hudn luyén mé hinh VAE
M6 hinh VAE dugc huin luyén trén tap dir liéu gbc D
nham hoc phan bd xac sudt cia dir lidu cam bién. Qua
trinh t6i wu duge thuc hién bé‘mg cach cuc tiéu hoa
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ham mét mat ELBO (22):
Lyae = Eq(z)x)llogpe (X12)] —

Dy (4421 X)p(2)) (22)
Sau khi hudn luyén, encoder va decoder c6 kha
nang anh xa dit lidu vao khong gian tiém an va tai tao
dit liu twong ung.
Giai doan 2: Sinh dit ligu tong hop
Dir liéu tong hop duoc tao ra biang cach 1dy mau
tir phan b6 chuan z ~ N(0,1) va dua qua decoder
X = fy(2). Tiép theo, xay dung tap dit liéu mo rong
D'=DuUD.
Giai doan 3: Huén luyén mé hinh LSTM
M0 hinh LSTM duoc huén luyén trén tap dir li€u
mo rong D' dé hoc anh xa tir dir liéu cam bién sang
gia tri RUL. Ham méat mat duogc sir dung 1a Mean
Squared Error:

1w .
Ly = NZ(%’ -%)
i=

Thuét toan tong thé cta quy trinh hudn luyén co
thé duoc mo ta béng so dd thuat toan nhu Hinh 2.

AU VAO:
Tap di ligu gde D = {(Xi, yi))2L,

GIAI DOAN 1: HUAN LUYEN VAE

Khdi tao: Tham s8 Encoder ¢, tham s6 Decoder 6
theo epoch:
theo mdi batch X trong D:
- Ldy mAu bién tiém &n: z ~ ge(z|X)
- Téitao dirlidu: X = fy(2)
- Tinh ham mét mat ELBO:
Lyag = Eq,z1x) (108 Po(X12)] = Dk (g0 (21X) || p(2))
- Cép nhét tham s8 ¢, # bang phuong phap t5i uu (vi du: Gradient Descent)

)

U0 GIATDOAN2:SINH DU LIEUTONG HOP

véii=1dén M:
- Ldy mAu vector tiém 4n: z ~ N(0,1)
- Sinh m3u tdng hop: X = fo(2)
Tao tép dir liéu mé& rdng:

D'=DuX

GIAI DOAN 3: HUAN LUYEN MO HINH LSTM

Khéi tao: Tham s6 mé hinh LSTM ¢

theo epoch:

Lép theo mdi batch (X, yi) trong D":
- Dydodn RUL: §; = fi(Xy)
- Tinh ham mét mét (MSE):
N
Lpyr = %Z:,I i - 90)?
- Cép nhét tham s8 ¢ bing phuong phép t6i wu (vi du: Gradient Descent)

'

DAU RA:
M hinh dy doan RUL da dugc hudn luyén f,,

Hinh 2. Quy trinh huén luyén dw dodn RUL sir dung
VAE-LSTM
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3. Thi nghié¢m va két qua
3.1. B¢ di liéu va thiét lgp thi nghiém

Dé danh gia hiéu qua ctua phuong phap dé xuit,
nghién cuou st dung bo di li¢u chudn NASA
CMAPSS, mdt benchmark phé bién trong bai toan du
doan RUL. Méc du nghién ctru hudng téi tng dung
cho thiét bi hang hai, bo dir liéu kiém chimg duogc sir
dung 1a NASA CMAPSS - mdt benchmark phé bién
trong bai toan du doan RUL. Viéc lya chon nay dya
trén hai co s& chinh.

Thir nhit, CMAPSS cung cip cac chudi tin hiéu
cam bién da bién phan 4nh qua trinh suy giam cia hé
thong theo thoi gian, dic diém vén ciing ton tai &
nhiéu thiét bi hang hai nhu dong co diesel, may bom
va may nén. Do @6, vé mit ban chat, bai toan du doan
RUL duogc tiép can dudi goc do khai thac dic trung
suy giam trong dir liéu chudi thoi gian, thay vi phu
thudc vao loai thiét bi cu thé.

Thir hai, CMAPSS 1a bg dir liéu chudn duoc sir
dung rong rii trong cong ddng nghién ciru, cho phép
dam bao tinh khach quan va kha nang so sanh véi cac
phuong phap hién c6. Pidu nay dic biét quan trong
khi danh gia tac dong cua ky thuét tdng cuong dit li¢u
duya trén Generative Al

Tuy nhién, can thira nhan sy khac biét gitra di lidu
md phong va dit liéu thyc té hang hai. Do do6, két qua
nghién ciru nén dwoc xem 1a bang ching ban dau, va
viéc kiém chimg trén dit liéu thuc té 1a huéng nghién
ctru can thiét trong tuong lai. B dit liéu nay bao gdm
nhiéu chudi van hanh cua dong co phan luc, voi cac
thong s6 cam bién dugc ghi nhan cho dén khi xay ra
hong héc.

Nghién ctru nay st dung tap dir liéu FDOOI cua
NASA CMAPSS, bao gdm:

+ 100 chudi huin luyén (train trajectories) voi tong
s6 khoang 20,631 chu ky vén hanh;

+ 100 chudi kiém tra (test trajectories) voi khoang
13,096 chu ky;

+Mbi chu ky bao gdm 21 tin higu cam bién; 3 diéu
kién van hanh;

+ Chudi thoi gian tir trang thai binh thuong dén
suy giam.

Dir liéu duoc chia thanh:

+ Tap huén luyén (train set);

+ Tap kiém tra (test set);

+ Gia trf RUL dugc tinh theo sé chu ky con lai
trude khi thiét bi hong.

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

MJi trajectory 1a mot chudi van hanh theo thoi
gian cia mot dong co gia 1ap. Sau budce tien xur Iy bang
ctra sO trugt, cac trajectory nay dugc chuyén doi thanh
nhiéu mau huan luyén dang chuoi dé dua vao mo hinh
LSTM.

3.2. Thiét Igp mé hinh

- M6 hinh VAE duogc thiét ké voi cdu tric:

+ Encoder: 2 16p fully-connected;

+ Latent dimension: z € R'6;

+ Decoder: 2 16p fully-connected.

- Ham mAt mat duoc ti uu theo:

Lyspe = Lyec + B Dk

Trong do = 1.

- Mb hinh dy doan RUL st dung LSTM véi céu
hinh:

+2 16p LSTM;

+ S6 hidden units: 64;

+ Dropout: 0,2;

+ Fully-connected output layer.

- Ham mét mat: Mean Squared Error (MSE).

- Tham s huén luyén

+ Epoch (S6 vong lp huén luyén): 100;

+ Batch size (Kich thudc 16 dir liéu): 6,4;

+ Optimizer (thuat toan toi uu): Adam;

+ Learning rate (téc d6 hoc): 0.,001.

Trong nghién ciru nay, thudt toan t6i uvu Adam
duoc luya chon do kha nang hdi tu nhanh va 6n dinh
trong cac bai toan hoc sau. Gia tri learning rate dugc
thiét 1ap & mirc 10 nham cén bang giira tdc do hoi tu
va kha néng tranh roi vao cuc ti€u cuc bd.

Batch size duoc chon la 64 dé dam bao su can
bang gilra hi€u qua tinh toan va d§ oOn dinh cua
gradient. SO epoch dugc dat 1a 100 nham dam bao mo
hinh c6 du thoi gian hoc cac dac trung quan trong tir
dit liéu huan luyén ma khong gay hién tuong
overfitting nghiém trong.

Céac tham sb nay dugc lya chon dua trén thyuc
nghiém va tham khao tir cac nghién ctru trude do trong
linh vuc du doan RUL [2], [5], [14].

3.3. Thiét ké thi nghiém

Dé danh gia tac dong cua dir liéu sinh, nghién ciru

thuc hién hai kich ban:
Kich ban 1: Baseline (md hinh co s&)

+ Huén luyén LSTM trén dit liéu gbc D.
Kich ban 2: Proposed method (mé hinh dé xuét)

+ Huén luyén VAE,
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+ Sinh dit liéu D,
+ Tao tap dit lisu mo rong D’ = DU D,
+ Huén luyén LSTM trén D’.
3.4. Chi so ddnh gid
Hiéu suit md hinh dugc danh gia bang cac chi s
Sai 56 cin béc hai trung binh (RMSE - Root Mean
Squared Error):

RMSE =

N
1 )2
NZ(yi -%)
=1

Sai s6 tuyét ddi trung binh (MAE):

N
1 o
MAE =5 1y~

i=1

Ham dénh gia theo chuidn NASA [15]:

N i L 0
e3—1e¢<
Score = { :

i )
mile 1—1e2=0

Trong d6 e; =y, — y;.

Trong nghién ctru nay, RMSE va MAE duogc tinh
trén thang do gbc ctia bién myc tiéu RUL, v6i don vi
la chu ky van hanh. Do d9, gia tri RMSE khong phai
1a mdt dai lwong khong thir nguyén trong khoang [0,1],
ma phan anh tryc tiép sai s6 du bao trung binh theo s6
chu ky con lai cua thiét bi. Cu thé, RMSE cang nho
thé hién mé hinh du bao cang chinh xac; tuy nhién, d
16n tuyét d6i cia RMSE phu thudc vao mién gia tri
cua RUL trong b dir ligu.

3.5. Két qua thwe nghi¢m

Dé danh gia higu qua cua phuong phap dé xuat,
nghién ciru tién hanh so sanh hiéu suét giita mé hinh co
sO (baseline) va moé hinh st dung dir liéu sinh tir
Generative Al Cac chi sb danh gia bao gdbm RMSE va
MAE. Két qua so sanh dugc trinh bay trong Bang 1.

Bdng 1. So sanh hié¢u sudit mé hinh

Phwong phap RMSE  MAE
LSTM (baseline) 24.85 18.42
STM + VAE (Pé xudt) 20.31 15.76

Két qua cho thdy mo hinh d& xuét dat hiéu suit
vuot troi so véi md hinh co sé. Cu thé, gia tri RMSE
giam tir 24,85 xudng 20,31, twong Ung véi mic cai
thién khoang 18,3%. DPdng thoi, MAE ciing giam tir
18,42 xudng 15,76, twong tmg v6i muc cai thién
khoang 14,4%.

Su cai thién nay cho théy viéc str dung dit li€u sinh
tir mo hinh VAE giip mo rong phan bé dir liéu huén
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luyén, tir d6 hd trg mo6 hinh hoc sdu nam bt tot hon
cac dic trung suy giam cua thiét bi. Nho d6, mé hinh
du doan RUL ¢6 kha nang tong quéat héa cao hon va
dua ra két qua chinh xac hon trén tap kiém tra.

Ngoai ra, két qua ciing cho thidy mé hinh co so ¢6
xu hudng sai léch 16n hon trong cac giai doan suy
giam nhanh ctia thiét bi, trong khi mé hinh dé xuat duy
tri duoc d6 6n dinh va d6 chinh x4c cao hon. Didu nay
dac biét quan trong trong cac ing dung bao tri du doan,
noi ma sai sé du béo co thé anh huong truc tiép dén
quyét dinh bao tri va chi phi van hanh.

Hinh 3 minh hoa két qua dy doan ciia mé hinh co
s0 (LSTM) va mé hinh d& xuit (LSTM két hop dit liéu
sinh tir VAE) dbi v6i mot s mau dai dién. Két qua
cho thiy mé hinh co s& ¢6 xu hudng sai 1éch dang ké
tai cac giai doan cudi ciia vong doi thiét bi, dic biét
trong vung suy giam nhanh.

150 (5

— RUL thyc t&
==+ LSTM (Cd s0)

100 LSTM + VAE (P& xuét)

N
Dy béo thap hon A\
50 thyc t& Y

Tudi tho hitu ich con lai (RUL)

0 50 100 150 150
S6 chu ky

Hinh 3. Két qué dw bdo RUL

Cu thé, mo hinh co so (baseline) thuong danh gia
thdp gia tri RUL khi thiét bi tién gn dén trang thai
hong, dan dén sai s6 16n trong du bao. Nguyén nhan
chu yéu 1a do dir 1iéu hudn luyén khong du da dang dé
phan anh diy du cac trang thai suy giam phi tuyén cua
hé thong. Nguoc lai, mo hinh d& xuat thé hién kha
nang bam sat duong cong thyc té tot hon trén toan bd
chudi thoi gian. Nho viée bd sung dir lidu sinh, mo
hinh ¢6 thé hoc dugc nhiéu trang thai suy giam khac
nhau, tir d6 cai thién kha nang du doan trong cac vung
dit liéu khan hiém. Dic biét, tai cac thoi diém cudi
vong doi, sai s6 du doan duogc giam ro rét, cho théy
hiéu qua cuia phuong phap tang cuong dir liéu.

Ngoai ra, phan tich phan bd sai s6 cho thiy mé
hinh dé xuit c6 d6 phan tan sai s6 nho hon so v6i md
hinh co s&, thé hién qua viéc cac diém du doan tap
trung gan dudng chéo Iy tuong y = §. Diéu nay
chung to6 md hinh khong chi cai thién do chinh xac
trung binh ma con nang cao tinh 6n dinh cta du bao.

Dé danh gia anh huong cua dit lidu sinh, cac thi
nghiém dugc thuc hién véi céc ty 1€ tang cuong khac

SO 87 (07-2026)



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

KHOA HOC CONG NGHE HANG HAI
JOURNAL OF MARINE SCENCE AND TECHNOLOGY-|

nhau (0%, 50%, 100%, 150% va 200%). Két qua dugc
thé hién trén Hinh 4.

RMSE / MAE
NASA Score

0 25 S0 75 100 125 150 175 200
Ty & tang cudng dir liéu (%)

Hinh 4. Phédn tich dj nhay theo ty I¢ ting cuong

dit liéu

Hinh 4 thé hién mdi quan hé giita ty 1¢ ting cuong
dir liéu (%) va ba chi sb danh gia sai s6 quan trong:
RMSE, MAE (truc trai) va NASA Score (truc phai).

Giai doan cai thién manh (0% - 100%): Khi bat
dau thém dir liéu tir GAN/VAE, ca ba chi s6 déu giam
manh. Diéu nay chimg to dir liéu tong hop da gitip md
hinh hoc dugc cac dac trung (features) ma dir liéu thuc
té con thiéu hodc bi thwa thot, giup giam hién tuong
thiéu thong tin.

Diém cyc tiéu (150%): Day 1a "diém ngot" (sweet
spot), noi tAt ca cac duong dd thi dat gia tri thép nhét.
Tai day, mo hinh dat d¢ chinh xac t6i wu.

Giai doan bdo hoa va suy giam (Sau 150%): Khi
tang ty 16 1én 200%, cac chi s6 bét dau c6 xu huéng di
1én (sai sb ting). DAy 1a hién tuong dién hinh khi dir
liéu gia 1ap chiém ty trong qua 16n, ¢ thé gay nhiéu
hodc khién mé hinh b "léch" (distribution shift) so vaoi
phan phdi thyc té.

+ RMSE: Gia tri bat ddu ¢ mirc kha cao (~24,8)
khi khong c6 ting cudng dir liéu (0%). Sau d6, chi s6
nay giam manh va dat diém t6i wu tai mirc 150% véi
gia tri khoang 20,0. Sy sut giam khoang 19% nay cho
thay dir lidu tao sinh gitip mé hinh xir 1y tot hon cac
sai s6 16n (vi RMSE rat nhay cam véi cac gié tri ngoai
lai - outliers).

+ MAE: Tuong tu nhu RMSE, MAE giam tu
~18,4 xudng mirc thip nhét 1a ~15,6 tai diém 150%.
Viéc MAE giam déu din cho thdy sai s6 trung binh
trén toan bo tap dir liéu da dugc cai thién mot cach on
dinh.

"Ving t6i wu" (100% - 150%), trong Hinh 4 13
ving c6 sy chénh léch vé sai sé giita cac muc ting
cudng 1a khong qua 16n, cho thay sy 6n dinh ctia thuat
toan. Pong thoi NASA Score ciing ¢6 sy sut giam 4n
tuong nhat, tir mirc gan 245 xudng con khoang 175.
Tir d6 ta c6 thé nhan xét ring NASA Score nhay cam

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

hon RMSE/MAE (d9 ddc cta dudng nét dirt 1on hon).
Nguyén nhan 12 do NASA Score phat rit ning cac sai
s6 du béo tré (late prediction) trong k¥ thuat h¢ thong.
Diéu nay cho thay dit liéu ting cudong dic biét hiéu
qua trong viéc giup mod hinh tranh cac sai sot nguy
hiém trong du bao k¥ thuat.

Két qua thyc nghiém nay khang dinh rang viéc tich
hop Generative Al vao quy trinh huan luyén giup mo
hinh hoc sau khai thac hiéu qua hon thong tin tur di
lidu cam bién, dic biét trong cac diéu kién dir liéu han
ché. Pay 1a mot yéu t6 quan trong gop phan nang cao
hiéu qua cua hé thng bao tri du doan trong céc g
dung thuc té.

Trong nghién ctru ndy, chit lwong cua dit liéu sinh
tir m6 hinh VAE duoc danh gia chu yéu theo cach tiép
can dinh hudng nhiém vu (task-oriented evaluation),
thong qua tac dong cua dir liéu sinh 1én hiéu suét dy
doan RUL. Két qua thuc nghiém cho thdy viéc bd
sung dit liéu tong hop giup giam dang ké sai s6 du bao
(RMSE va MAE), qua d6 gian tiép phan anh rang dir
lidu sinh d4 cung cip théng tin hitu ich cho qua trinh
huén luyén mé hinh.

Tuy nhién, can thira nhan ring viéc dénh gia chét
luong dit liéu sinh chi dya trén hiéu suit ctia md hinh
du doan 1a chua du dé khing dinh mé hinh VAE da
hoc day du phan bd thong ké cua dir lieu gbe. Cac
phuong phap danh gia tryc tiép & mirc phan phdi, nhur
so sanh dac trung théng ké (mean, variance), do do
trong dong phan bd (Kullback-Leibler divergence,
Wasserstein distance), hoac truc quan hoa khong gian
dic trung (PCA, t-SNE), ¢6 thé cung cp cai nhin toan
dién hon vé murc d6 phu hop cuia dir liéu sinh.

Trong pham vi cua nghién ctru nay, muc ti€u chinh
la danh gia hiéu qua cua ting cudng dit liéu dbi véi
bai toan du doan RUL, do d6 cac phan tich ¢ muc
phan phdi chua dugc trién khai chi tiét. Tuy nhién, do
phuong phéap dé xuit hoat dong & cap do dit liéu (data-
level augmentation), viéc két hop cac tiéu chi danh gia
truc tiép chit lugng dit liéu sinh s& 1a huéng mé rong
quan trong trong cac nghién ciru tiép theo, nhim dam
bao tinh tin cdy va kha nang g dung thyc tién cia
mo hinh trong cac hé théng thiét bi hang hai.

3.6. Ung dung trong thiét bi hang hii

Phuong phép d& xut trong nghién ciru nay c6 tiém
nang tng dung rong réi trong cac hé thong thiét bi trén
tau bién, noi yéu cdu cao vé do tin cdy, tinh lién tuc va
an toan van hanh. Cac thiét bi quan trong nhu dong co
diesel tau thay, bom, may nén va may phat dién déu
la nhitng hé théng ¢6 dic tinh lam viéc theo chudi thoi
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gian va chiu anh hudong 16n tir diéu kién van hanh khéc
nghiét, do d6 rat phu hop dé ap dung céc k¥ thuét bao
tri dy doan dya trén hoc may.

Déi voi dong co diesel tau thuy, dy 1a hé thong
trung tdm quyét dinh kha nang van hanh cta tau. Viéc
4p dung mo hinh dy doan RUL cho phép giam sat
trang thai suy giam cuia cac thanh phan quan trong nhu
piston, xy-lanh, hé théng nhién liéu va hé théng boi
tron. Nho d6, cac hu hong tiém 4n c6 thé dwoc phat
hién sém trude khi xay ra sy ¢d nghiém trong.

Trong cac hé théng bom va may nén von hoat dong
lién tuc trong cac hé théng phu tro nhu 1am mat, cip
nhién liéu hodc khi nén, phuong phap dé xuét gitp
theo di su thay ddi ctia cac tin hidu rung, ap suét va
lwu lugng. Didu nay cho phép du doan chinh xac thoi
diém suy giam hiéu suét hodc hong hoc, tir 6 1ap ké
hoach bao tri hop ly.

Dbi v6i may phat dién, viéc du doan tudi tho con
lai ctia cac thanh phan nhu cudn déy, 6 truc va hé
théng 1am mat dong vai trd quan trong trong viéc
dam bao cung cap dién lién tuc cho toan bo hé thdng
tau. M6 hinh dé xuét c6 thé khai thac dit liéu cam
bién dé phat hién cac dAu hiéu bat thuong va dua ra
canh bdo som.

Viéc tich hgp mé hinh VAE-LSTM vao hé thong
giam sat thiét bi trén tau mang lai nhiéu loi ich thiét
thuc. Trude hét, kha nang du doan chinh xac RUL
gitp giam thoi gian ding may (downtime) khong
mong muén, tir d6 nang cao hiéu qua khai thac tau.
Thr hai, phuong phap nay hd trg t6i wu hoa chién lugce
bao tri, chuyén tir bao tri dinh ky sang bao tri dy doén,
gitip giam chi phi va ning cao hiéu qua st dung ngudn
luc. Cudi cing, viée phat hién sém cac hu hong tiém
4n gop phan ting do tin cay (reliability) cta hé thong,
dam bao an toan cho con tau va thuyén vién trong qua
trinh van hanh.

Toém lai, phuong phép dé xuét khong chi co gia tri
v& mat hoc thuat ma con c6 tiém nang ung dung thuc
tién cao trong nganh hang hai, dic biét trong bdi canh
chuyén ddi s6 va phat trién cac hé thong tau thong
minh (smart ships).

4. Két ludn

Trong nghién ctru nay, mot phuong phép tich hop
tri tu¢ nhén tao tao sinh (Generative Al) va md hinh
hoc sau da duogc dé xuit nhim cai thién do chinh xéc
cua bai toan dy doén tudi tho con lai RUL trong bao
tri du doan (Predictive Maintenance - PdM). Cu thé,
mo hinh VAE duoc sir dung dé sinh dir liéu tong hop
nham khac phuc van dé thiéu hut dir liéu hong héc,
trong khi mé hinh LSTM duoc 4p dung dé khai thac
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dic trung chudi thoi gian va thyuc hién du doan RUL.

Két qua thyc nghiém trén bd dit liéu chuédn NASA
CMAPSS cho thdy phuong phap dé xuat giup cai
thién dang ké hiéu suét du doan so v&i cdc mod hinh
truyén théng. Viéc sir dung Generative Al da gop phan
lam phong phu tap di liéu huén luyén, tir 46 nang cao
kha ning tong quat hoa ctia mo hinh va giam sai s6 du
doan. Piéu nay khing dinh tiém ning cua cac k¥ thuat
tao sinh trong viéc giai quyét bai toan thiéu dit liéu
trong linh vuc bdo tri du doén.

Bén canh nhiing két qua dat dugc, nghién ctiu
cling mé ra mot sb hudng phat trién trong tuong lai.
Trude hét, viee két hgp mo hinh dy doan RUL véi
cac hé thong ban sao s6 - digital twin co thé giup
moé phong trang thai thiét bi theo thoi gian thyc va
nang cao kha nang ra quyét dinh trong bao tri. Thi
hai, can tién hanh kiém chtng phuong phap trén dit
liéu cam bién thuc té tir tau bién, nhim danh gia
tinh kha thi va d¢ tin cdy trong diéu kién van hanh
thuc. Cudi cung, viée tich hop cac phuong phap hoc
tang cuong (reinforcement learning) vao chién luogc
béo tri c¢6 thé gitp tdi wu héa quyét dinh bao tri theo
thoi gian, hudng t6i cac hé thong bao tri thong minh
va tu thich Gng.

Tém lai, nghién ctru ndy khong chi chung minh
hi€u qua cua Generative Al trong viéc cai thién do
chinh x4c du doan RUL ma con goép phan dinh huéng
phat trién cac hé thong bao tri thong minh trong nganh
hang hai trong tuong lai.

Lo&i cdm on
Nghién ctru nay duoc ta}i tro boi ,Truc‘mg Pai hoc
Hang hai Viét Nam trong dé tai ma s6: DT25-26.33.
TAI LIEU THAM KHAO
[1] Jardine, A. K., Lin, D., & Banjevic, D. (2006), 4
review on machinery diagnostics and prognostics,

Mechanical Systems and Signal Processing,
Vol.20(7).

[2] Kouraichi, M., et al. (2025), Deep learning for
fault diagnosis in power transmission lines:
Current trends, limitations, and future directions,
IEEE Access, Vol.13.

[3] Mobley, R. K. (2002), An introduction to
predictive maintenance, Elsevier.

[4] Pecht, M. (2008), Prognostics and health
management of electronics, Wiley.

[5] LeCun, Y., Bengio, Y., & Hinton, G. (2015), Deep
learning, Nature.

[6] Krizhevsky, A., et al.

(2017), ImageNet

SO 87 (07-2026)



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

KHOA HOC CONG NGHE HANG HAI
JOURNAL OF MARINE SCENCE AND TECHNOLOGY-|

classification with deep convolutional neural

networks, Communications of the ACM, Vol.60(6).

[7] Hochreiter, S., & Schmidhuber, J. (1997), Long
short-term memory, Neural Computation.

[8] Saxena, S., et al. (2008), Damage propagation
modeling for aircraft engine run-to-failure
simulation, NASA CMAPSS Dataset.

[9] He, H., & Garcia, E. (2008), ADASYN: Adaptive
synthetic sampling approach for imbalanced
learning, IEEE Xplore.

[10] Goodfellow, 1., et al. (2014), Generative
adversarial nets, NIPS'14: Proceedings of the 28th
International Conference on Neural Information
Processing Systems, Vol. 2.

[11] Kingma, D. P., & Welling, M. (2014), Auto-
encoding variational Bayes, 2nd International

Conference on
(ICLR2014).

Learning  Representations

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

[12] Esteban, T., et al. (2017), Real-valued time series
generation with recurrent conditional GANs,
NeurIPS Workshop.

[13] Wen, C., et al. (2017), A new convolutional
neural network based data-driven fault diagnosis
method, IEEE Transactions.

[14]Jo, H. S., et al. (2026), Deep learning-based RUL
prediction with uncertainty quantification for
photocouplers in reactor protection systems,
Nuclear Engineering and Technology, Vol.58(4).

[15] NASA (2008), C-MAPSS dataset, Prognostics
Data Repository.

Ngay nhén bai: 03/04/2026
Ngay nhan ban stra: 23/04/2026
Ngay duyét dang: 09/05/2026

SO 87 (07-2026)



