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TOM TAT

Trong boi canh nhu cau ndng lwong tdi tao ngdy cang gia ting, cdc tuabin gié hién dai
c6 xu hiedng phdt trién véi kich thude 16m hon, dan dén sw gia tang dang ké vé tdi trong dong va
dé phike tap trong ieng xir két cdu cua thap. Do dé, viéc wée tinh chinh xdc dg bién dang cua thap
tuabin gié dong vai tré quan trong trong hé thong quan trdc két cau céng trinh, danh gid hiéu ning
van hanh va kiém chitng cdc mé hinh sé. Bai bdo nay dé xudt mét phwong phdp do khéng tiép xiic
nham xdc dinh a6 bién dang ciia thdp tuabin gié diea trén cong nghé quét laser mdt dat (Terrestrial
Laser Scanning — TLS). Phwong phdp cho phép dong thoi xdc dinh chuyén vi theo phwong truc va
phirong ngang chi tir mot vai vi tri quan sdt, khong yéu cau gdn thiét bi hodc sira doi két cau. Chién
lwoc quét duoc xdy dung dé thu nhdn céc mdt cdt ngang cua thap, tw do do bién dang dwoc xac dinh
théng qua kj thudt xap xi dwong cong. Cdc thi nghiém thiee dia dwege thwe hién trén tuabin gié dang
vdn hanh nham déanh gid tinh kha thi va ¢ chinh xdc ciia phwong phdp. Két qua cho thdy phirong
phap TLS co kha nang do dac dang tin cdy ¢ khoang cdch lon (trén 128 m) va phu hop cho giam
sdt tir xa. Phirong phdp dé xudt mé ra tiém néng vmg dung hiéu qud trong cdc hé thong gidm sat két
cdu va tich hop voi mo hinh s6 hién dai.

Tir khéa: Thap tuabin gi6; Hé thong quan trdc két cau cong trinh; Quét laser mat dat; Do
bién dang khong tiep xiic.

ABSTRACT

With the increasing demand for renewable energy, modern wind turbines are being
designed with larger dimensions, resulting in significantly higher dynamic loads and more complex
structural responses of the tower. Accurate estimation of tower deformation is therefore essential
for structural health monitoring, performance evaluation, and validation of numerical models. This
study proposes a non-contact measurement method for wind turbine tower deformation based on
terrestrial laser scanning (TLS). The proposed approach enables the simultaneous identification of
both axial and lateral displacements from a single observation point, without requiring any physical
modification or instrumentation of the structure. A dedicated scanning strategy is developed to
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acquire cross-sectional profiles of the tower, and the deformation is subsequently determined
through a curve-fitting procedure. Field experiments are conducted on an operating wind turbine
to evaluate the feasibility and accuracy of the method. The results demonstrate that the TLS-based
approach provides reliable deformation measurements at long distances exceeding 128 m, with
good agreement compared to reference data. The proposed method offers a practical and efficient
solution for remote structural monitoring of large-scale wind turbine towers. Its non-invasive nature
and high measurement capability make it a promising tool for integration into advanced structural
health monitoring systems and digital twin frameworks for wind energy applications.

Keywords: Wind turbine tower; Structural health monitoring (SHM), Terrestrial laser

scanning (TLS); Non-contact measurement.

1. GIOI THIEU

Sy gia tdng nhu cau ning luong va cac
cam két giam phat thai khi nha kinh da thuc
day qué trinh chuyén dich sang cc ngudn ning
luong téi tao trén toan thé gio1, trong d6 nang
luong gid dong vai tro dac bi¢t quan trong.
Trong nhitng ndm gan day, cac tuabin gié hién
dai c6 xu huéng ting dang ké vé kich thudc
nham nang cao hiéu sut khai thac ning luong.
Chiéu cao thap va duong kinh roto ngiy cang
16n gitp tuabin tiép can cac 16p gi6 on dinh
hon, tir d6 cai thién san lugng dién nang. Tuy
nhién, su gia ting vé quy mé nay dong thoi lam
gia tang tai trong khi dong va tai trong dong
tac dong 1én két cAu tuabin, dic biét 1a thap
tuabin gio, von dong vai tro 13 bd phan chiu luc
chinh cua hé théng [1-3]. Do d6, viéc theo déi
bién dang va dao dong cua thap tuabin trong
qué trinh van hanh 13 yéu t6 quan trong nham
dam bao do tin cdy, an toan va tudi tho cua
cac hé thong dién gié hién dai. Tai Viét Nam,
nang luong gié dang tré thanh madt trong nhitng
ngudn ning luong tai tao cd tiém nang phat
trién 16n nho diéu kién gi6 thuan loi va duong
bo bién dai hon 3.000 km. Theo cac nghién
ctru danh gia tai nguyén gio, nhiéu khu vuc ven
bién mién Trung va Nam B c6 téc do gio trung
binh phu hop cho phat trién céac trang trai dién
gié quy md 16n [4]. Trong nhitng nim gan day,
cong suét lép dat dién gio tai Viét Nam da tang

nhanh véi nhiéu du an tuabin gi6 trén dat lién
va ngoai khoi dugc dua vao van hanh. Sy phat
trién nhanh chong nay dit ra yéu cau cip thiét
d6i v6i cac phuong phap giam sat va danh gia
trang thai két cdu cua céc tuabin gié, dac biét 1a
d6i v6i cac thap tuabin c6 chiéu cao 16n. Trong
bbi canh do6, viéc phat trién cac phuong phap
do khong tiép xtic dya trén TLS nham xac dinh
chinh x4c bién dang cua thap tuabin gié theo
nhiéu phuong khéc nhau c¢6 ¥ nghia quan trong,
g6p phan nang cao hiéu qua van hanh, dam bao
an toan két cau va hd tro kiém chung cac mé
hinh mé phong cia tuabin gi6 trong diéu kién
van hanh thuc té. Trong bdi canh dé, cac hé
thong quan tric két cdu cong trinh (Structural
Health Monitoring — SHM) da dugc nghién ctru
va trién khai nham dénh gia trang thai lam viéc
cua tuabin gi6 thong qua viéc do cac dai lugng
nhu bién dang, dao dong va cac dac trung dong
luc hoc cua két cau [5, 6]. Cac phuong phap
SHM truyén thong thuong st dung cam bién
nhu cam bién bién dang hodc gia tde ké duoc
lap dat truc tiép trén cau trac thap. Mic du cac
phuong phap nay co thé cung cap dit liéu chinh
xac tai cac vi tri do cu thé, chung lai bi han ché
boi pham vi do cuc b, yéu cau lap dit phirc
tap va chi phi bao tri cao, dac biét ddi véi cac
tuabin gi6 c6 chiéu cao 16n. Do d6, cac phuong
phap do khong tiép xtic dua trén ky thudt quang
hoc da thu hiit nhidu sy quan tdm trong nhing
nim gan day. Trong s& d6, quét laser mat dat

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
TAP CHI CO KHI VIET NAM, S6 341, thang 5 nim 2026
cokhivietnam.vn



NGHIEN CU’U - TRAO DBOI

(Terrestrial Laser Scanning — TLS) dugc xem
1a mot giai phap day tiém niang nho kha ning
thu thap dit liéu hinh hoc ¢6 d6 chinh xac cao tu
khoang cach xa va khong yéu cau lip dit cam
bién truc tiép trén két cdu [7, 8, 9, 10]. TLS da
duoc tng dung thanh cong trong vi¢c theo doi
bién dang ctia nhiéu cong trinh quy mé 16n nhu
cdu, dap va thap cao. Tuy nhién, cic nghién
ctru trude ddy cha yéu tap trung vao viée do
bién dang theo phuong truc cta thap, trong khi
chuyén dong thuc té ctia thap tuabin gi6 thuong
xay ra theo nhiéu huéng khac nhau do su bién
thién lién tuc cua tai trong gio.

Pé danh gia kha ning tng dung cta
phuong phap dé xuit, mot thi nghiém thuc dia
da duoc thuc hién trén mot tuabin gid thuc té
¢6 chiéu cao truc quay 128 m bang cach tién
hanh ca quét ngang va quét doc nhim phéan
tich hinh dang duong bao cua thap. Nguyén
1y ctia phuong phap do va thiét 1ap thi nghiém
lan luot dugc trinh bay trong Phan 2. Cac phép
do TLS duogc thuc hi¢n trén tuabin gié dang
van hanh véi chiéu cao truc 128 m. D¢ lam dit
liéu tham chiéu, chuyén dong hai chiéu cta vo
tuabin dugc do bang cach quan sat video tir
mot camera dit tai chan thap hudng lén phia
v6 tuabin, két hop voi phan mém theo dai diém
anh. Cac két qua do tir TLS sau d6 dugc so sanh
v6i dit liéu tham chiéu trong Phan 3. Ngoai ra,
cac duong dong mirc do dugc cua thap tuabin
gi6 cao cling dugc trinh bay va kha nang do
ludng ciia phuong phap duoc thao luan. Cubi
clng, cac két luan chinh va huéng nghién ciru
trong tuong lai dugc trinh bay trong Phan 4.

2. DU LIEU VA PHUONG PHAP NGHIEN
cUU

2.1. Vi tri thuc hién

Nghién ctru dugc thuc hién tai Khu
cong nghiép Deep C, tip trung vao thap tude

bin. Ban d6 vi tri nghién ctru dugc trinh bay
trén Hinh 1.

(b) Hinh anh thép tuéc bin gié
Hinh 1. Hinh anh thap tuoc bin gio va vi tri
nghién ciru

2.2. Thiét bi thye hién

Thiét bi can thiét cho viéc thu thap va
xur ly dir li¢u trong nghién ctiru nay dugc liét ké
0 bang Bang 1 nhu sau:

Bdng 1. Thiét bj thuc hién

May quét laser mit dat Faro

Phan ciing Focus 3D Premium
a) Faro Stream dung dé xur ly
dam may diém tur cac phép do
bang may quét laser mat dat.
Phan mém c¢) Faro Scene dung d¢ xu 1y va

ghép dir licu.
d) Polyworks Inspection dé
phén tich ddm may diém.
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2.3. Qua trinh thuc hién nghién ciru

Dir liéu TLS duogc xir 1y bang k§ thuat
dang ky dam may, gitip dong b hoa nhiéu thiét
1ap may quét dua trén cac diém chong chéo. Dé
dam bao quy trinh lam viéc hi¢u qua, mot quy
trinh thu thap dir lidu co cau trac da dugc phat
trién. Quy trinh 1am viéc cho qua trinh thu thap
dir liéu trong nghién cutu nay dugc minh hoa
trong so do khdi & Hinh 2.

? Lira el i Ui d'a Kac dinh chuydn s

Lip 4§t va hif= chinh
may quaat Laser

Ay dyfng it cosg
Eriin phiis mdm

Thidi U chif 85 quit Lot nhity v huypis

A5 toa dG
Thu thfip dir B du guaa Tpn ddm
Ao guk 1rink Rage midry diém
ddng cim tus Bn D ol thaip

Hinh 2. So dé qud trinh thuc hién
2.4. Phwong phap nghién ctru
2.4.1. Nguyén ly do cua may quét laser

K§ thuat quét laser mat dat (Terrestrial
Laser Scanning — TLS) x4c dinh khoang céach
s gitra may quét va déi tuong dua trén nguyén
Iy thoi gian bay cua tia laser (time-of-flight —
ToF).

Hinh 3. Hinh chiéu canh can chinh ngang ciia mdy

quét laser voi mot goc nghiéng o.

Trong phuong phap nay, cac xung laser
duogc phat ra tir may quét hudng téi bé mat muc
tiéu. Thoi gian can thiét dé tin hiéu laser truyén
tr may quét dén muc tiéu va phan xa tro lai
dugc do va ghi nhan. Khoang céach s tor may
quét dén muc tiéu co thé dugce xac dinh theo
biéu thirc:

SZ? (1)

Trong do: t 1a thoi gian lan truyén khir
hoi cua xung laser va ¢ 1a van toc anh sang.

Trong ché do quét theo dudng thang
(line-scanning mode), may quét laser mat dat
str dung mot guong quay dé quét chum tia laser
phat ra trén mot goc quét xac dinh 0 voi N bude
gia tang. Tu cac khoang cach do duoc s(n) véi
n=1,...,N, va budc goc da biét AO = /N, céc
diém trén bé mit thap duoc xac dinh ban dau
trong hé toa do cuc. Sau do, cac toa do nay
dugc chuyén doi sang hé toa do Descartes hai
chiéu dé phuc vu cho viéc phan tich hinh hoc va
bién dang cta théap.

2.4.2. Phuwong phadp do

Nhu d3 trinh bay trong [6], phép do bién
dang cua thap c6 thé duoc thuc hién bang may
quét laser mat dat hai chiéu sir dung nguyén
1y thoi gian bay. Trong qua trinh do, may quét
laser ¢6 thé duoc cdn chinh theo hai cach khéc
nhau so véi truc cua thap, bao gdm can chinh
theo phuong thang dimg va cin chinh theo
phuong ngang. So d6 b tri thi nghiém may
quét laser dugc minh hoa trong Hinh 3.
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Hinh 4. Thiét ldp may quét laser dé do bién dang

thap tuabin gio tai hién truong

Chuyén dong cua thap tuabin gid dugc
phan tich bang cach st dung ca hai cdu hinh
can chinh ctia may quét laser. My quét s€ duogc
can chinh theo phuong thing dtmg va phuong
ngang, may quét dugc b tri sao cho mit phing
quét song song véi muc nude bién nhu Hinh 4.
Viéc két hop hai cdu hinh do nay cho phép phan
tich chuyén dong cua thap tuabin gi6 theo ca
phuong truc va phuong ngang. Nho do, phuong
phap TLS c6 thé cung cap thong tin hinh hoc va
dong hoc chi tiét cua thap tuabin gio tor mot vi
tri quan sat dat trén mat dét, hd trg hiéu qua cho
cac nghién ctru hé théng quan tric két cdu cong
trinh cta hé théng tuabin gio.

2.5. Xir Iy dir liéu TLS va xac dinh bién dang
thap

Dir liéu thu duogc tir hé théng quét laser
mit dat bao gom tap hop cac diém do khoang
cach cung vdéi céc goéc quét tuong tng. Tu
cac thong tin nay, toa do cua cac diém trén
bé mit thap duoc xac dinh trong hé toa do
Descartes hai chiéu. Cu thé, d6i v6i mdi diém
do n, khoang cach do duoc s(n) va goc quét
0(n) duoc st dung dé chuyén ddi sang toa do
Cartesian thong qua cac quan h¢ hinh hoc thich
hop. Két qua 1a thu duoc mot tap hop cac diém
biéu dién hinh dang mit cat cia thap tai vi tri
quét.
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Hinh 5. Vi tri dat may scan dé thu thap dit liéu tai
hién truong

Pé xéac dinh vi tri hinh hoc dic trung
clia mat cat thap, cac diém do duoc xir Iy bang
phuong phéap khép duong cong theo nguyén ly
binh phuong tbi thiéu (least-squares fitting). Do
mit cat cua thap tuabin gi6 c¢6 dang gan tron,
mot duong cong thich hop (vi du cung tron hodc
duong cong bac hai) dugc khédp voi tap hop cac
diém do trén bé mit thap. Tir duong cong khdp
nay, vi tri dac trung ciia mat ct thap, chéng han
nhu tdm hodc diém cuc tiéu cua duong cong,
duoc xac dinh va duogc su dung lam dai dién
cho vi tri ctia thap tai thoi diém quét twong tmg.

Hinh 6. Hinh anh ghép dir li¢u cua cac phép quét
lién tiep va sai so ghép dir liéu

Bing cach thyc hién phép quét lién tiép
theo thoi gian, su thay d6i vi tri ciia mat cat thap
¢6 thé duge xac dinh. Tir d6, chuyén dong cua
thap theo phuong truc (doc theo dudng ngim)
va phuong ngang (vudng goc véi duong ngim) &
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duogc tinh toan. Phuong phép nay cho phép xac
dinh bién dang va dao dong cua thap trong qua
trinh van hanh cua tuabin giéo ma khong can lap
dat cac cam bién truc tiép trén cau trac.

b) Hinh chiéu bang

a) Hinh chiéu dirng
Hinh 7. Dam may diém thu dwoc bang TLS

Ngoai ra, dé giam nhiéu do va cai thién
d6 chinh xac cua két qua, cac bude xur Iy dir
liéu bo sung nhu loc nhiéu, loai bo cac diém
ngoai lai va lam mugt dir li¢u theo thoi gian co
thé duoc ap dung. Thong qua qua trinh xtr Iy
nay, cac dac trung dong luc hoc cua thap, bao
gdm bién d6 dao dong va tan sé rung, co thé
duoc xéac dinh tir dir 1iéu TLS thu dugc. Phuong
phap dé xuat do d6 cung cap mot cong cu hiéu
qua dé theo ddi va danh gia bién dang cua thap
tuabin gi6 trong diéu kién van hanh thyc té.

Angie Tarbare cylisl ¥e 5ass plare
P Faabrn Coler e burbora
Fager ma ples
e ims P Toma

30 Ang 1 1)

WV e AN

VT drg LI

208 ke 1004
g dean ¢ 4

Hinh 8. Hinh anh danh gia hinh hoc cua thdp

Turbine

3. KET QUA VA THAO LUAN
3.1. Két qua xir Iy dir liéu TLS

Dir liéu dam may diém TLS thu dugc
tai hién truong da dugc xir Iy bang phan mém
Faro Stream thong qua quy trinh dang ky dam
may diém. Tong cong ¢ 11 vi tri thiét 1ap may
quét duoc st dung, bao g6m 9 vi tri thiét lap
cho Turbin gi6. Sau khi dang ky, tap dir li¢u
dugc xir Iy trong phan mém Faro Scene dé loai
b6 cac dbi tuong khong can thiét. Quy trinh xur
1y nay da tao ra tap dir liéu dam may diém cudi
cung cho Turbin gi6 nhu Hinh 7.

Sau khi dir liéu d3 loai bo cac ddi tuong
khong can thiét s& dugc dwa vao phan mém
chuyén dung dé phan tich va danh gia cac thong
s6 hinh hoc cua thap Turbine.

3.2. Danh gia do chinh xac

Danh gia do chinh xac hinh hoc 13 diéu
can thiét trong cac hoat dong do luong dé dam
bao d¢ tin cdy cua dir li¢u thu thdp dugc. Mot
phuong phéap thuong dugc st dung 13 Sai sb
binh phwong trung binh gbc (RMSE), tinh toan
su khac biét binh phuong trung binh gitra cac
gia tri do duoc va gia tri tham chiéu. RMSE
cang nhd thi d6 chinh xac cang cao. Cac cong
thirc danh gia do chinh xac dugc sir dung trong
nghién ctru nay dugc trinh bay bén dudi.

iz (Vi — 91)?
n

RMSE = )

Két qua danh gia hinh hoc cta thap sau
khi hoan hién dugc trinh bay ¢ hinh 8.

4. KET LUAN

Hé théng do luong dua trén TLS duoc
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dé xudt c6 kha ning mé ta chuyén dong cua cac
thap tuabin gi6 cao theo hai hudng va tan sb
cha dao cua chuyén dong dé tir mot diém truy
cap duy nhét. Didu nay dat dugc bing cach dat
may quét laser & khoang cach do hon 128 m so
v6i thap. May quét laser dugc nghiéng lén trén
dé do bién dang ¢ dau trén cung cua thap. Vi
su trg gitp cua phuong phap khép binh phuong
nho nhét thong qua cac diém dit liéu do dugc va
trich xuét cac gia tri cyc tiéu cho mdi lan quét,
c¢6 thé xac dinh chuyén dong cua thap khong
chi theo hudng tryc (dudng ngdm) ma con theo
huéng ngang (vudng goc voi dudng ngim). <
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