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Tém tit

Bai bdo trinh bay tong quan, phdn tich cdc thach
thire va dé xudt khung danh gid cho bdi todn t6i
wu héa nang leong trong diéu khién phdn bé ciia
phuong tién ngﬁm ty hanh (AUV). Khdc voi cac
tong quan triede ddy thuong xem riéng bdi todn
bdam quy dao, phdn bé liec hodc khéang 161, bai bdo
lién két ba I6p van de: mé hinh dong luc hoc va
actuator, thudt toan phan b6 ¢ rang bugc, va kha
nang duy tri nhiém vu trong diéu kién suy giam co
cdu chdp hanh. Cac nhém phwong phap gom gia
nghich dao/WLS, quy hoach bdc hai (QP),
SOP/MPC va cac huong dya trén AI/RL dwoc so
sanh theo wu diém, han ché, diéu kién ap dung,
yéu cau thoi gian thiee va mire dg phit hop véi muc
tiéu tiét kiém nang lwong. Bai bdo ciing lam ré cdc
thach thitc trién khai gom phi tuyén actuator, bio
hoa hie, giGi han cong sudt pin, nhiéu dong chay,
sai 6 mé hinh thity dong, dé tré chan dodn 16i va
thiéu bé chuan danh gia chung. Trén co sé do,
khung danh gia dva trén kich ban dwoc dé xuat
cho mé phong s6, mé hinh bdn tw nhién va phan
cieng trong vong lap, voi cdc chi tiéu nang luong,
cong sudt dinh, 1y 1é bdo hoa, thoi gian tinh todn
va kha nang hoan thanh nhiém vu. M6 phong 3-
DOF duge trinh bay dé minh hoa kha nang phan
logi thudt todan cua khung danh gia.

T khéa: AUV, diéu khién phdn bo”; 16i uu héa
nang lwong, thdach thirc, khang loi, hoc tang
cuong.

Abstract

This paper reviews energy optimization in control
allocation for autonomous underwater vehicles

framework. Unlike previous reviews that often

fault tolerance separately, this paper connects

framework is then proposed for numerical

(AUVs), analyzes key implementation challenges,
and proposes a scenario-based evaluation

treated trajectory tracking, force allocation, or

three layers of the problem: AUV and actuator
modeling, constrained allocation algorithms, and
mission preservation under degraded actuation.
Pseudo-inverse/WLS, quadratic programming
(OP), SOP/MPC, and AI/RL-based approaches
are compared in terms of advantages, limitations,
applicability,  real-time  requirements, and
suitability for energy-aware allocation. The paper
also identifies practical challenges, including
actuator nonlinearities, saturation, battery power
limits, ocean-current disturbances, hydrodynamic
model uncertainty, fault-diagnosis delay, and the
lack of common benchmarks. A scenario-based

simulation, semi-natural testing, and hardware-
in-the-loop experiments, using metrics such as
mission energy, peak power, saturation ratio,
computational time, and mission completion
capability. A 3-DOF numerical case study is
included to illustrate how the proposed metrics
can distinguish allocation algorithms under
current disturbance and actuator degradation.

Keywords: AUV, control allocation, energy

optimization, challenges, fault-tolerant control,
reinforcement learning.

1. Mé diu

Phuong tién ngdm ty hanh (Autonomous

Underwater Vehicle - AUV) hoat dong trong mdi
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truong c6 nhiéu dong chay, tham sé thity dong bién
thién theo van tbc, d6 sau va cau hinh tai, dong thoi b
giéi han boi truyén thong dudi nudc va dung lugng
pin. Trong bdi canh d6, diéu khién bam quy dao khong
chi can bao dam sai s6 nho ma con phai sir dung nang
lwong hop 1y va duy tri nhiém vu khi mot phan co cau
chép hanh suy giam hiéu lyc [1, 8-10].

Dbi v6i AUV qué co cdu chip hanh, bd diéu khién
cép cao thudng chi sinh lyc va mé men tong quat, con
khéi diéu khién phan bd chuyén yéu ciu nay thanh
1€nh riéng cho dong co déy, canh lai hodc co ciu
huéng luc. Cac tong quan kinh dién cta Fossen,
Johansen va Perez d3 dinh hinh control allocation nhu
mot bai toan toi uu ¢ rang budc vé bién do, toc do,
cong suat va cau hinh actuator [2-4]. Tuy nhién, cac
tong quan nay chua dit trong tim vao so sanh ning
lugng nhiém vu cua AUV pin, chua phan tich sau tac
dong cua 16i actuator va chwa bao quat vai trd méi ciia
hoc may trong giai doan 2021-2026.

Khoang tréng chinh cua tai liéu hién tai nam & chd
cac thuat toan WLS, QP, SQP, MPC va Al thuong
dugc danh gia trong cac mo hinh, kich ban va thudc
do khac nhau. Vi vay, rat kho két ludn thuat toan nao
phit hop cho mét cdu hinh nhiéu co céu lai, mot AUV
nhiéu dong co ddy hoic mot nhiém vu khao sat dai
ngay. Bai bao nay chuyén trong tam tir “liét ké phuong
phap” sang “tong hop”: mdi nhom thuat toan dugc
xem xét theo cuing cac tiéu chi gdm do chinh xac phan
bd, ning luong tich lity, d6 nhin 1énh, kha ning tranh
bao hoa, kha ning tai phan bd khi 18i va chi phi tinh
toan thoi gian thuec.

Pong gop cua bai bao duge xac dinh theo hudng
tong quan dinh huéng danh gia, khong tuyén b mot
thuat toan diéu khién mdi. Cu thé, bai bao gém: (i)
téng quan va so sanh c6 cau triic cic nhom thuat toan
phan bé WLS, QP, SQP/MPC va AI/RL theo tiéu chi
ning luong, rang budc va khang 15i; (ii) lam 13 cac
thach thire k¥ thuét khi dua t6i wu hoa nang lugng vao
control allocation, bao gdm phi tuyén actuator, bio
hoa, gii han pin, dong chay, sai s6 mo hinh va d¢ tré
FDD; (iii) dé xuat khung danh gia dwa trén kich ban
v6i cac chi tidu dinh lugng thdng nhit; va (iv) minh
hoa khung danh gia bang mot case study mo phong sd
dé chirng minh kha nang phan loai thudt toan, thay vi
xem case study nhu mot két qua thuc nghiém méi.

So voi cac tong quan nén ting vé& control
allocation [2-4], phan cap nhat 2021-2026 cho thiy
trong tim nghién ctru da dich chuyén tir nghiém phéan
bd kha thi n6i chung sang phan bd ¢ xét ning luong
nhiém vy, dong hoc actuator, suy giam co céu chip
hanh va céc 16p hd tro dya trén AI/RL. Vi vay, bai bao
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khong chi cap nhat danh muc tai li€u ma con dung
cing mot bo tiéu chi dé chi ra khi nao két luan kinh
dién “nghiém nhanh nhung it rang budc” cia WLS
can dugc thay bang QP/SQP/MPC hoic cdu trac lai
c6 lop giam sat hoc may.

2. Co sé'md hinh va bai toan tdi wu ning lwong

Bai bao duwoc xdy dung theo hudng nghién curu
AUV hogc UUV c6 nhiéu co céu tao luc; c6 bai toan
control/thrust/rudder allocation; xét rang budc nang
lugng, bdo hoa, tdc do actuator hodc cong suét; ¢o co
ché khang 16i, FDD hoic tai cAu hinh; hodc st dung
hoc tang cuong, mang no-ron, PINN hay hoc may cho
diéu khién/chan doan AUV. Giai doan 2021-2026
duoc nhin manh vi day la giai doan xuét hién nhiéu
nghién ciru két hop X-rudder, t6i wu ning luong,
actuator dynamics va Al-based control [5-19].

Mbi cong trinh dugc doc theo sau truc phén tich:
(1) loai co cdu chip hanh; (2) mé hinh hiéu dung va
mirc phi tuyén; (3) ham muc tiéu ning lugng hodc nd
luc diéu khién; (4) loai rang budc; (5) co ché xur 1y 16i
actuator; va (6) mic chimg minh, gdm mé phong, HIL,
thi nghiém bé hodc thir nghiém bién. Khung nay cho
phép so sanh cac nghién ctru von ding mé hinh va
thuat ngit khac nhau, dong thoi chi ra cong trinh nao
thuc sy danh gia trade-off giita nang luong va chat
lwong diéu khién.

Viée “t6i wu ning lugng” trong control allocation
khong nén dwoc hiéu don gian la giam bién d6 1énh
actuator tai tung thoi diém. Néu qua tiét kiém luc, sai
s6 bam quy dao tang, thdi gian hoan thanh nhiém vu
kéo dai va tong ning luong toan hanh trinh c6 thé tang.
Vi vay, thudc do chinh cia bai bao 1a nang lugng
nhiém vu c6 diéu kién theo sai sb bam, thay vi nang
lugng ture thoi tach roi khéi quy dao.

2.1. Co' s6 mé hinh AUV va ciu triic diéu khién
phén bo

Vé6i AUV séu bac tu do, véc to vi tri - tu thé trong
hé quan tinh dugc ky hiéu 1a n=/x,y,z,¢,0,wJ"T, con
véc to van tdc trong hé gén than 1a v=/u,vw,p,q,r]"T.
Quan hé dong hoc va dong luc hoc c6 thé viét dudi
dang [1]:

i =Jny (1)

My +C(v)v+ Dy +g(n) =t +7, ()

Trong do M gém khéi lugng vat ran va khéi luong
nudc kem, C(v) 1a ma tran Coriolis - ly tdm, D(v) la
can thuy dong, g(n) 1a trong luc va lyc ndi, 7 1a véc to
luc/mo men diéu khién tong quét, con 74 1a nhiéu moi
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truong. B di€u khién cap cao sinh yéu cau lyc do z.
duya trén sai sO trang thai:

& =N=n, € =V-V, T, =f(eq,€v,7]d,l/d) )

Khéi phan bé diéu khién tinh véc to lénh
u=[unuz,...,un]T cho m actuator sao cho luc/mé men
thuc gﬁn v6i 7. Quan hé hiéu dung dugc biéu dién boi
ma trdn B(a, V), phu thudc vi tri le‘ip dat, hudng luc,
goc bé lai a, van tdc tién ¥ va doi khi phu thudc trang
thai dong chay tuong dbi:

r=B(a,V)u “)

Khi m 16n hon b béc tu do duoc diéu khién, hé 1a
qué co cau chap hanh va c6 nhiéu nghiém u cho cling
7. Ban chit cua control allocation 1a chon nghiém tot
nhét trong tip nghiém kha thi, khong chi ding mot
nghiém gia nghich ddo. Khi xét 16i hoidc suy giam higu
Iuc actuator, ma tran A dugc dua vao mo hinh:

T= B(a,V)Aqurf, A =diag(4,4,,...,4 ),0< A <1 (5)

O day A=1 biéu dién actuator 1am viéc binh
thuong, 4,=0 la mat hoan toan hiéu luc, con 0< L<I
la suy giam mot phan. Trong trién khai thuc té, 4
khong biét chinh xdc ma dugc wdc lugng bai bo FDD.
Do d6 cén xét do tré va sai sb ude luong:

Ak)= Ak —d )+ AAK), d, = {%w (6)

Trong biéu dién trén, drpp duge hiéu 1a do tré roi
rac twong duwong cua chudi do - chan doan - truyén
1énh, con 44 (k) gom sai s6 nhan dang va nhiéu do. Do
d6, phuong trinh (6) khong nham mé ta day du dong
hoc cua by FDD ma dugc dung nhu mgt mo hinh sai
1éch hiru hiéu dé danh gia tac dong cua viéc cip nhat
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c4o riéng thoi gian lay mau, do tré chan doan va bién
sai s6 udc luong 4; dé bao dam kha ning tai 1ap.

Phuong trinh (6) cho thdy néu bo FDD cham hozc
nhiéu, khdi tai phan bd co thé ding ma tran 13i thoi.
biéu nay ddc biét nguy hiém khi actuator bi ket hodc
suy giam dot ngot, vi bd phan bd van yéu cau luc tir
phé‘m tr dd mét hiéu luc, dan t6i sai s6 7 va co thé lam
bo diéu khién cép cao tang Iénh qua murc. Vi vay, thuat
toan khang 16i nén dung ving tin cay cho 4;, bo loc tré
hiru han va co ché chuyén tiép mém thay vi thay d6i
A mot cach gian doan.

Hinh 1 nhin manh rang khéi phan b 1a noi hoi tu
ctia ba ludng thong tin: Yéu ciu z. tir bd bam quy dao,
md hinh nang luong/ rang budce actuator va udc luong
A. Cach tach 16p nay gitip thay ddi thuat toan phan bd
ma khong can thiét ké lai toan bo bo diéu khién cip
cao.

2.2. Bai todn t6i wu nang lwong va rang bujc

Dang ham muc tiéu tong quat cta phan bd tbi vu
nang lugng c6 thé viét:

2

2 2
min,, J(u) = ||WT(Bu - rc)" + ||Wu(u - uO)" +pE(u)+ o “Au

(7)
Hang thir nhét giam sai s6 phan bd lyc/md men;
hang thr hai gitr 1¢énh gﬁn gia tri uu tién up hoac 1énh
chu ky trudc; E(u) 1a md hinh nang luong; con ||4ul|?
giam dao dong 1énh, qua d6 giam mon co khi va cong
suit dinh. Ma tran W, cho phép uu tién céc bac tu do
quan trong theo nhiém vu, vi du yaw va depth khi khao
sat tuyén, hoic roll restriction d6i voi X-rudder AUV
[11,15].
Dbi v6i dong co ddy dung chéan vit, luc diy va
cong suét thuong duoc xap xi theo toc do quay n; nhu
sau:

A cham [én bai toan phén bo. Khi trién khai, nén bao T=kn|n| P=k |n |3 +P ®)
i T i il i P i 0
i i ;
Quy dao B diéu khién T Phan bd = Co cdu
tham chiéu bam quy dao diéu khién chdp hanh/AUV
n,v
/
E, P, gidi han
Mb hinh nang lugng FDD +
va rang buéc ma tran A
7 -

Hinh 1. Ciu triic diéu khién phin tang cé khoi phin b, mé hinh ning lirgng va FDD cho AUV
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Néu bién diéu khién 1a lyc day 7; thay vi toc do
quay, c6 thé ding P~aq [T [ +P, sau khi hi¢u
chinh bang dir liéu bé thu hoac di heu nha san xudt.
V6i canh l4i, phin ning luong truc tiép cua servo
thuong nho hon cong suat day, nhung goc 1ai tao luc
can phu va c6 thé lam tang ning lugng toan nhiém vu.
Xap xi thuong dung cho goc nho dén trung binh la:

1 2 ~2
~ 5,0“‘1/ SICD’ (9), P =D V+eo ()

Mb hinh (9) 1am 15 gia thiét ciia phuong trinh tén
that thiy dong: Thanh phan can ting theo binh
phuong goc 1ai khi goc khong qua 16n va dong chay
bam twong dbi tot trén bé mit canh. Véi cAu hinh X-
rudder hodc canh 1ai lam viéc ¢ goc 16n, hé s6 k phai
dugc hiéu chinh bang CFD, thir nghiém bé kéo hodc
dir liéu van hanh; néu khong, mo hinh ning lugng co
thé d4nh gia thap ton that khi canh 1ai gan bio hoa.

Nang lugng tich lity trén chu ky nhiém vu [0,T] 1a:

E= IOTZP,'(t)dt = %ZPZ-(/@)At (10)
[ b1

Dé giai thoi gian thue, E(u) thuong dugce thay bang
xép xi 16i cuc bo. Khi dung dang bac hai, ham muc
tiéu tro thanh:

T T
J(u)=(Bu-r7,)" QBu-7,)+(u-uy)" Rlu-up) (1n
T
+p(u-ugp) Wplu-up)

Trong d6: O=W. W+ R=W,”. W,. Néu khong xét

rang budc, nghi€m giai tich c6 dang:

=0 (12)

H=BTQB+R+ iV,
. (13)
h=B"Qr, + Rug + pWpup
Tuy nhién, nghiém nay chi c¢6 y nghia néu nam
trong mién kha thi. AUV thyc luén ¢6 gi6i han bién
do, tbe do thay ddi, cong suét, goc bé 1ai, vung chétva
d6i khi gioi han nhiét cua dong co:
<ugu Au_ <u(k)-

min ~ ‘max’ ‘min

ulk-1)<du_ (14)

Z P/(uv) S Pmax’ 5min < 5 S 5

max

‘ 6 | é‘Hld‘( (1 5)

Khi xuét hién 151, mién kha thi phai dwoc cap nhat
theo A. Néu actuator bi ket & uy; rang bude u = =
phai duogc dua tryc tiép vao bai toan; néu actuator mat
hiéu luc, c6 thé dat 4,=0 hoic loai cot tuong ung trong
B. Véi suy giam mot phin, co thé giam u; e, ting
trong so Ri.

DPé nhit quan v6i ham muc tiéu tong quat (7),

Ky thuat va Cong nghé hang hai

nghiém WLS trong (16) duoc hiéu la dang rit gon khi
W, = I'hodc sau budc tién xir 1y trong sb theo B, va 7,,.
Vi truong hop W, khac ma tran don vi, cong thurc
tuong (mg phai dugc viét trén B,, va 7,; khi W, rat 16n
theo mot sb bac tu do, bai toan tién gf?m dang rang
bugc cung cho cac bac tu do do.

3. Thuit toan phan b, khang 15i va xu hwéng
hién dai

Nhom dai s6 gdm gia nghich dao va binh phuwong
tbi thiéu co trong sb (WLS). Uu diém la tinh nhanh,
d& cai dit va phi hop lam thuét toan nén. Nghiém
WLS thudng viét:

1
g =W BT (BW 1BT) ‘, (16)

Han ché cia WLS 4 rang budc bio hoa, toc do va
cong suat thuong chi dugc xir Iy hau nghiém bang cat
bién hodc logic wu tién. Pidu nay c6 thé gay sai sb
phan bd dot ngdt khi actuator cham giéi han. Nhom
t6i wu hoa 10i, ddc biét 1a quy hoach bac hai (QP), khic
phuc diém nay bang cach dua rang budc truc tiép vao
bai toan:

min,, %uTHu + fTu, Aeq” = beq’ Aineq“ < bineq a7

Nhom phi tuyén va dy bao gdm SQP, phan b
dong va MPC. Cac phuong phap nay phu hop khi B
phu thudc phi tuyén vao goc hudng lyc, van tdc, hodc
khi can xét trude gidi han tdc do actuator trén mot
horizon Np:

mmZ[ u(k +j) +|| (k+4)- (k+j)u(k+j)||;} (18)

Céc nghién ctru gan ddy cho thdy SQP c6 thé xur
1y truc tiép bdo hoa phi tuyén va 15i canh l4i dién hinh
nhu mat, ket hoic bién dang canh 1ai [12]. Tuy nhién,
chi phi tinh toan va do nhay véi diéu kién khdi tao
khién SQP/MPC can duoc danh gia ky trén phan cling
nhung. Pay 1a Iy do khung danh gid cua bai bao yéu
cAu bdo cdo tepus s6 lan khong hdi tu va bién an toan
so voi chu ky diéu khién.

Su phat trién dang cha y trong giai doan 2021-
2026 la su xuét hién cua Al-based approaches. Hoc
tang cuong (RL) c¢6 thé hoc chinh sach anh xa trang
thai hoac 1énh 6-DOF truc tiép sang lyc actuator:

2 2
u) = ||WT(BAu - rc)" + ||Wu(u - uo)" (19)
+pE(u) + y"([ - A)u"2

SO 87 (07-2026)



TAPCHi  ISSN: 1859-316X, e-ISSN: 3093-3161

KHOA HOC CONG NGHE HANG HAI

Ky thuat va Cong nghé hang hai

LJOURNAL OF MARINE SCEENCE AND TECHNOLOGY-

Bing 1. So sanh cdc nhém thugt todn phin bé diéu khién cho AUV giai dogn 2021-2026

Nhém phwong phap Uu diém chinh

Han ché can lvu Ung dung/ ngudn tiéu biéu

Pseudo-inverse/WLS
khién dy phong.

Tinh toén rat nhanh; d& nhung; | Kho xtr 1y rang budc clng; cét|Baseline cho AUV qua co
phu hop 1am baseline va diéu|bdo hoa hau nghiém c6 thé lam|céu; nén tang trong cac tdng

tang €tau,RMS.

quan [2-4].

Pua duogc bao hoa, giéi han

Can xép xi 10i; chat lugng phu

AUV nhiéu chan vit, bai

trén horizon.

QP 15 tbc do, can bang tai va xép xi| . I toan thoi gian thyc ¢ ring
B o .., |thudc trong so va solver. .
nang luong vao cung bai toan. budc 19 [5,6].
Xir 1y phi tuyén, bdo hoa phi| , . = . ., |Tai phan bd khi mat/ ket
ke Ton tinh toan hon QP; can kiém| ) ..
SQP/SC-SQP tuyén va 10i canh 1ai; phu hop ) . /bien dang canh lai X-AUV
soat hoi tu va khaoi tao.

X-rudder. [12].

Xét trude tde d0 actuator, cong | Phu thuéc mo hinh; khé chimg|Nhiém vu dai, quy dao c6
MPC/phan bd duy bdo |suat dinh, d6 tré va ning lugng | minh thoi gian thyce trén vi didu|rang budc céng sudt hodc

khién nhé.

dong chay bién thién [9,10].

Thich nghi véi phi tuyén, bat

AI/RL/NN lai

chinh séch tryc tiép.

dinh va 18i; ¢6 thé hoc trong Can dit liéu, kiém chiing an toan,

s6, mo hinh ning lwong hodc | giai thich va rang budc én dinh.

RL khang 16i, RL 6-DOF,
RBFNN/PINN va hybrid
control [14,16-19].

Trong bai toan phan bd, 47 khong nhét thiét phai
thay thé QP/SQP. Mot hudng thuc dung hon 1a ding
mang no-ron hoic RL lam 16p gidm sat dé chon trong
s0 O, R, Wi, du bao mo hinh nang luong, phat hién 15i
actuator, hodc sinh nghiém khéi tao cho bo t6i wu. Cac
nghién ciru RL cho AUV/UUY cho thiy tiém ning xtr
1y phi tuyén, nhidu va sim-to-real, nhung van con
thach thuc vé bao dam 6n dinh, dir liéu 16i hiém, kiém
chung an toan va kha nang giai thich [16-19].

Tir Bang 1 c6 thé thiy khong ton tai thut toan
chiém wu thé tuyét d6i. WLS phu hop véi hé yéu cau
tinh toan rat nhanh, OP thich hop cho bai toan 15i c¢6
rang budc rd, SOP/MPC c6 loi khi md hinh actuator
phi tuyén hodc can du bao, con AI/RL cb gia tri khi
duge ghép vai bo t6i ru cd bao dam rang bude. Do do,
bai bao dé xuét danh gia theo quan diém Pareto roi rac
gitta eRMS, etau, RMS, E, Ssat va tcpu: Mot thuat toan
duoc xem la khong bi tri néu khong c6 thuat toan
khac dong thoi t6t hon hodc bang & moi chi tiéu va tot
hon & it nhat mot chi tiéu. Véi case study minh hoa,
thuat ngit Pareto dugc dung theo nghia so sanh da tiéu
chi roi rac trén tap thuat toan thir nghiém, khong phai
tinh toan mit Pareto lién tucTir Bang 1 c6 thé thy
khong ton tai thudt toan chiém wu thé tuyét dbi. WLS
phit hop véi hé yéu cau tinh toan rat nhanh, OP thich
hop cho bai toan 16i ¢6 rang budc rd, SOP/MPC c6 loi
khi mé hinh actuator phi tuyén hodc cin dy béo, con

AI/RL c6 gia tri khi dugc ghép véi bo tdi wu ¢6 bao
dam rang bugc. Do d6, bai bao dé xuét danh gia theo
mit Pareto gilta erus, € rms, E, Ssar va tope thay vi xép
hang don tiéu chi.

4. Khung danh gia, thach thirc va case study
mo phéng

Mot khung danh gia c6 gié tri tham chiéu cin mé
ta r0 mo hinh, thuat toan, kich ban va chi ti€u. Bai bao
dé xuit bon 16p. Lop thir nhét 1a mé hinh, gom dong
lyc hoc AUV, mo hinh B(a, V), m6 hinh ning lugng,
gidi han actuator va mo hinh FDD. Lép thu hai 1a
thuét toan, gdm it nhit WLS, QP OP-E, SOP/MPC va
mot phuong 4n khang 16i. L6p thir ba 1a ma tran kich
ban thir nghiém. L6p thr tu 1a hé chi tidu va quy tac
xép hang.

Céc chi tiéu dinh lwong gdm sai sb bam quy dao,
sai s6 phan bd, nang luong nhiém vy, ty 1€ bdo hoa,
thoi gian tinh toan, do nhan lénh va kha ning hoan
thanh nhiém vu:

(20)

[

1
Crass = N;Hﬂ(k) -1,(k)

1
€rus = \/ﬁz};

H2

7 (k) - B(k)u(k)

¢

@n
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Bing 2. Ma trin kich bin thir nghiém dé xudt cho khung danh gid control allocation AUV

Kich bén Muc tiéu kiém tra

CAu hinh thir nghi¢m dé xuit

Chi tiéu nhay nhit

S0 - Binh thuc ase’
IR TIUONE y hong ¢6 nhidu/1Bi.

Xac lap baseline khi|Quy dao khao sat théng, vong tron hodc chi
S; actuator khoe.

CRMS, E, tcpu

S1 - Dong cha ~
g chay véi nhiéu mdi truong.

Panh gia tinh bén viing|Dong chay ngang hang + thanh phan xody
sin; thay déi sau 30-60 s.

erms, E, Ppeak

S2 - Béio ho )
aohoa bién do/tbc do.

Kiém tra x@r 1y gioi han|Gidm umex hodc ting t _c trong doan ddi
huéng gip.

Ssat, €tau,RMS

S3 - Ket canh 14i

actuator gitr tai uf. cb tré.

Panh gia tai phan bd khi|Dat si=u_f tir thoi diém t_f; FDD c6/khong

Trec, €tau,RMS, ERMS

S4 -
dong co diy A. ky.

Suy giam |Danh gi4 sir dung ma tran | Ai giam tir 1 xudng 0.3-0.5; xét depp=0-5 chu

E, Ctau,RMS, Smission

30%.

hinh thily dong lyc.

S5 - Sai léch mé|Dénh gia d6 nhay voi B va |Nhidu tham s6 B, M, D trong khodng +10- | Chénh léch Pareto, s6 lan

khong hoi tu

N 1
§ = q00%, t =—Yt (k 22
N' m 0 cpu NAZ sol\'e<> ( )

sat

N 1
S, = ﬂ x100%, 1 = Nzk:tm(k) (23)

Dé lugng hoa cac thach thic da néu, khung danh
gi4 khuyén nghi béo céo it nhét cac dai luong sau:
Bién sai 1éch mo hinh B, M, D theo phén tram; do tré
FDD theo s6 chu ky diéu khién; ty 1¢ thoi gian actuator
bao hoa; murc tang nang luong do dong chay so véi
kich ban SO; va khoang cach twong ddi cua timg thuat
toan so voéi thuat todn khong bi trdi theo cac chi tiéu
erms, €raurms, E, Ssar va tepu. Cac dai lugng nay giup
chuyén phén thao luan dinh tinh thanh tiéu chi kiém
tra co thé tai lap.

T = %EHU(@ (k- 1)||2, n, = B ~Pucans 1; Foius 100

base
(24)

Ngoai céc chi tiéu trén, kich ban khang 16i can bao
cao thoi gian phuc hdi Tee, mire sut chit lugng cuc dai
sau 16i, ty 1& hoan thanh nhiém vu Syission VA s6 chu ky
khong hdi tu cta solver. V&i HIL hodc thir nghiém bé,
can do dong dién timg dong co, dién ap pin, phan hoi
actuator, d6 tré truyén thong va sai 1éch gilra A that
v6i A.

Dé tranh két luan thién léch, thuat toan chi nén
dugc xem 1a “tiét kiém nang lugng” néu 7z dwong
trong khi erus VA Swmission VAN Nam trong ngudng
nhiém vu. Néu mot thuat toan 1am giam E nhung
tang erms qué gidi han, két qua nay phai dugc phan

SO 87 (07-2026)

loai 1a danh d6i khong chip nhan dwoc, khong phai
céi tién nang lugng.

Cic thach thirc trién khai thyc té

Vé do phtre tap tinh toan, WLS cé thé tién tinh ma
tran va thuong chi can cac phép nhan ma tran kich
thuéc nhé & mdi chu ky; QP phu thudc vao solver
nhung c6 chi phi ting nhanh theo sé actuator va sd
rang budc hoat dong; SOP/MPC con chiu thém chi phi
lap va chiéu dai horizon N; trong khi AI/RL c6 thoi
gian suy luan nhanh sau huin luyén nhung chuyén chi
phi sang giai doan huin luyén va kiém chtng an toan.
Vi vay, khi d4nh gia trén phan cimg nhiing, cin bao
CA0 t¢py trung binh, #.,, 16n nhat, ty 1¢ chu ky vuot han
va céu hinh b xir 1y thay vi chi néu thdi gian tinh ton
trung binh.

Dé minh hoa cach ding khung danh gia, bai bao
xay dung mét mo phong 3-DOF gidn lugc ¢ mat
phing ngang. M6 hinh nay chua phan anh day du 6-
DOF, phi tuyén thity dong va twong tac chan vit - than
tau cia AUV thuce té; muc dich cta né 1a ching minh
céc chi tidu (20)-(24) c6 thé phan loai thuat toan trong
cing mot kich ban va chi ra nhitng thong tin tdi thiéu
can bao cdo trude khi chuyén sang mé phong do trung
thuc cao, HIL hodc thir nghiém bé.

Théch thirc thtr hai 13 mau thuan giira tiét kiém
nang luong tic thoi va hiéu qua nhiém vu. Mot thudt
toan giam cong suit tai timg chu ky diéu khién c6 thé
lam tang sai s bam quy dao, kéo dai thoi gian khao
sat hodc 1am tang sd 1an hiéu chinh quy dao, dan dén
téng nang lwong nhiém vu khong giam. Vi vdy, danh
gid can xét dong thdi E, Ppeak, erus, €raurus, Ssa Smission
thay vi chi bao cdo mdt chi ti€u nang lugng don 1¢&.
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Bing 3. Két qua mé phéng minh hoa cho kich bin dong chdy két hop suy gidm mét dong co diy

Thuit toan erms €lauy RMS E e so voi WLS Sear (%0) tepu (MS)
WLS 0.174 0.378 207.19 0.0% 0.146 0.033
QP 0.163 0.179 283.49 -36.8% 0.208 0.455
QP-E 0.173 0.317 196.41 +5.2% 0.229 3.772
QP-E-FTC 0.166 0.136 185.73 +10.4% 0.250 2.319

Théch thirc thir ba lién quan dén khang 15i thoi
gian thyc. Ma tran A thuong duogc udce lugng boi FDD
tir dong dién, toc do quay, phan hoi goc 1ai hoic sai s6
dong luc hoc. P9 tré va nhiéu trong wéc luong 4 co
thé 1am bo phan bd tiép tuc cap 1énh cho actuator di
suy giam, gdy lang phi ning luong va lam ting sai s6
phéan bd. Do d6, cac thir nghiém can dua vao kich ban
FDD c6 tré, 16i ket, 15i suy giam mot phén va sai sb
nhén dang.

Théch thirc cudi cing 14 thiéu benchmark thong
nhit cho AUV qua co cdu chap hanh. Cac nghién ctru
hién nay thuong ding mé hinh, cdu hinh actuator,
nhiu va chi tiéu khac nhau, khién viéc so sanh WLS,
OP, SOP/MPC va AI/RL chua that cong bang. Khung
danh gia trong bai bao hudng t6i giam khoang trong
nay bang cach chuin hoa kich ban, rang budc, tiéu chi
nang luong va cach bao cao két qua.

Case study md phéong s6 minh hoa

Pé minh hoa cach dung khung danh gia, bai bao
xay dung mdt mo phong 3-DOF gian lugc ¢ mat
phing ngang. M6 hinh khong nhim thay thé moé
phong AUV @6 trung thuc cao, ma dung dé chimg
minh céc chi tiéu (20)-(24) c6 thé phan loai thuat toan
trong cung mot kich ban. Bong luc hoc dugc viét:

Mv+Dv=t +7, 1 =BAu (25)

AUV gia dinh c¢6 bbn dong co ddy, gdm hai chan
vit doc va hai chén vit ngang. Ma tran phan bd duoc
chon:

0
1

!

i

11 0
B=10 0 L}, 1 =055m, lu =0.32m (26)

-1 -1

y Y z
Két qua topu trong Bang 3 1a gia tri trung binh cua
mot cai dat minh hoa, khong phai két luan téng quat
vé do phec tap 1y thuyét. QP-E-FTC nhanh hon QP-E
trong m6 phong nay vi solver dugc warm-start tir
nghiém chu ky trude va, sau khi phat hién suy gidm,
mién kha thi duoc thu hep/giam tai cho actuator 15i
nén sb rang budc hoat dong can xir 1y it hon. Trong

trién khai khac, thtr ty thoi gian tinh toan c6 thé thay
d6i; do d6 khung danh gia yéu ciu bio cao cé £, trung
binh, 7., 16n nhat va sb 1dn khong hoi ty.

Quy dao tham chiéu 1a tuyén khao sat dang sin
trong 120s. Tir 30s xuat hién dong chay ngang bién
thién cham dugc mo phong bang thanh phan v, = 0,12
+ 0,06sin(2rt/45) m/s; tir 70s dong co doc thir hai suy
giam con 4,=0,35. Rang budc actuator 1a |u;]<2,2,
|4u;|<0,55 mdi chu ky diéu khién. Bon thuat toan dugc
so sanh gdm WLS, OP wu tién chinh xac, OP-E ¢6
trong s6 ning luong va QP-E-FTC cp nhét A khi co
16i. Cong suit moé phong dung  dang

?, trong d6 hé sb a; phan anh

P=a|u " +0.05| Au

khéc biét hiéu suat gitra cac chan vit.

Béng 3 cho thay WLS c6 thoi gian tinh toan rat nho
nhung sai s phan b cao sau khi actuator suy giam.
QP uu tién chinh xac lam giam ey, rusnhung tiéu thu
nang lugng 16n hon do ¢b duy tri lyc ao trong diéu
kién 16i. QP-E giam ning lugng nhiém vu 5,2% so véi
WLS nhung phai chap nhan sai s6 phan bé cao hon QP
OP-E-FTC dat e, rus nho nhat va giam ning lwong
10,4% so v6i WLS nho cap nhat ma tran va tranh st
dung qua mirc actuator suy giam. Két qua nay minh
hoa ring chi tiéu don 1¢ khong du: Thuét toan tot can
dugc danh gia bang tap chi tiéu dong thoi va theo kich
ban.

Case study ciing chi ra vai tro cia FDD. Néu 4
khong dugc cap nhat, bo phan bd c6 thé tiép tuc yéu
cau lyc tir dong co da suy giam, 1am ting sai s6 va
nang luong lang phi. Trong hé thuc, can bd sung tré
FDD, nhiu do dong dién, do tré truyén thong va gidi
han dong hoc actuator dé d4nh gia day du hon.

5. Két ludn

Bai bio di hoan thién van dé t6i wu hoa ning
lwong trong diéu khién phan bd cho AUV theo huéng
téng quan, phan tich thach thirc va xay dung khung
danh gia. Thay vi chi xem control allocation 1a khdi
chuyén ddi lyc/md men sang Iénh actuator, bai bao
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nhin manh vai trd cta phan bd trong quan 1y ning
lwong, xir Iy rang budc, can bang tai va duy tri nhiém
vu khi co cau chap hanh suy giam hi¢u Iyc.

Céac nhom thuat toan WLS, QP SOP/MPC va
AI/RL duge so sanh theo vu diém, han ché, didu kién
ap dung va mirc d6 phu hgp thoi gian thuc. WLS phu
hop lam baseline; QP 1 lya chon cén bang cho rang
budc 16i; SOP/MPC ¢6 wu thé khi mé hinh phi tuyén
hodc can xét trude gidi han actuator; con AI/RL c6
tiém ning trong thich nghi, chon trong s6, uéc lugng
md hinh va hd tro ra quyét dinh, nhung can co ché
kiém chimg an toan trudc khi ding truc tiép trén hé
that.

Khung dénh gia d& xuét da dugc cu thé hoa bang
ma tran kich ban gdm nominal, dong chay, bio hoa,

ket canh 14i, suy giam dong co day va sai léch mo hinh.

Case study mo phong sé 3-DOF cho thay céc chi tiéu
ermS, €iau, RMS, E, Ppeak, Ssar va tepu €6 khé nang phan biét
rd gitta thudt toan nhanh, thuét toan wu tién chinh xac
va thuat toan uu tién niang luong/ khang 16i. Cac
huéng tiép theo can tap trung vao benchmark ma, thu
nghiém HIL, mo6 hinh pin-actuator c¢6 d¢ trung thuc
cao va tich hgp FDD d9 tré thap dé danh gia cong bang
gifra cac thuat toan ¢ dién, t6i wu 16i, MPC va Al-
based allocation.
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