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Tom tit: Hé théng treo chu dong duoc xem la mot nén tang quy chiéu quan tinh thiét
yéu, dam bdo sw on dinh cho cac cam bién nhén thire trén xe tw hanh. Cdc thudt toan diéu
khién phan hoi mé hinh truyén théng thwong vdn hanh véi bo trong 50 phat tinh, dén dén Su
thiéu linh hoat trude cdc bién dong cia diéu kién mdt dwong va thwong bo qua tdc dong tiéu
cuee ciia dong hoc tré tir co cdu chap hanh. Nehién ciru nay dé xudt mot gidi phdp diéu khién
phan tang mdi, tich hop giita Model Predictive Control (MPC) va tdc tir hoc sdu ting cuong
théng qua thudt todn Soft Actor-Critic (SAC). Trong cdu triic ndy, ma trdn trong sé ciia MPC
dwoc diéu chinh lién tuc theo thoi gian thuc dwa vao dit liéu du bao mdt duong. Cot 16i khoa
hoc cua bai bao la viéc ap dat mot rang budc Lyapunov cung lén qud trinh cdp nhdt chinh
sdch ciia Deep Reinforcement Learning (DRL), qua d6 dam bdo tuyét doi tinh 6n dinh tir ngo
vdo dén trang thdi (Input-to-State Stability - ISS) cho toan hé thong, két hop véi ky thudt mo
réng vector trang thdi nham bi ddp tré pha. Cdc thir nghiém mé phong ¢é phan cimng trong
vong ldp trén hé thong dSPACE MicroLabBox da minh chitng rd rét tinh kha thi va wu viét
ciia phwong phdp. S6 liéu cho thdy hé thong dé xudt giam thiéu t6i 53,0% chi s6 RMS gia toc
thdn xe so voi hé tho‘hg thu dong, va cdi thién 23,9% so voi MPC tiéu chudn, déng thoi bao
ddam tudn thi nghiém ngdt moi giéi han vat Iy cia hé thong.

Tir khéa: hé thong treo chii dong, hoc ting cwong két hop hoc sdu, mé phong cé phan ciimg
trong vong Idp, bir tré co cau chdp hanh, 6n dinh ISS

L. Pit van dé

Déi v6i cac phuong tién ty hanh hién
dai, su 6n dinh cua khung than xe dong vai
tro tién quyét nhim dam bao do tin cdy va
d6 chinh xac cta cac hé théng cam bién
nhan thirc méi trudng xung quanh, dién
hinh 1a camera 1ap thé va LiDAR (Bao,
2020; Wang & cong su, 2022). Theo cac

"' Truong Pai hoc Mé Ha Noi, Ha Noi, Viét Nam

phan tich dong luc hoc chuyén sau, nhiing
dao dong nho nhu chui doc hay nhip nhd
cia than xe hoan toan c6 thé bi khuéch
dai thanh cac sai s6 16n & khoang cach xa
trén mat phang anh, gy gian doan nghiém
trong cho cac thuat toan dinh vi, 1ap ban dd
d6ng thoi va nhan dang vat thé (Dong &
cong su, 2019; Nguyen & cong su, 2023).



Dé khic phuc van dé nay, hé thong
treo cht dong tich hop céc co ciu dién tir
hodc dién thuy luc da dugc chung minh
mang lai hiéu sut dap tng dong hoc vuot
troi so v6i cac cdu hinh ban chi dong (Sun
& cong su, 2020; Liu & cong su, 2021).
Mic du vay, qua trinh tong hop luat diéu
khién cho ddi twong nay ludén vap phai
nhitng rao can ky thuat phuc tap: déc tinh
phi tuyén cimg ctia phan tir 16 xo, cc rang
budc khat khe vé gioi han hanh trinh co
khi, va dac biét 1a hién tuong tré pha do
dap tng ctia ban than co ciu chap hanh (Li
& cong su, 2023; Pan & cdng su, 2023;
Tran & cong sy, 2021). Thuat toan diéu
khién theo mo hinh du bdo - MPC hién
dang 13 lira chon wru tién nho kha ning 1ong
ghép truc tiép cac gioi han vat Iy vao trong

~ HETHONG TREO THU PONG (PASSIVE)
Dao dong than xe lon

Thin xe nghitng (Pitch) LiDAR bj sai léch géc quét

Géc nghiéng 16n

(P

Thén xe giir thing bing

25

ham muc tiéu tdi wu hoa (Gao & cong su,
2022; Huang & cong su, 2023; Bui &
cong su, 2021). Tuy nhién, diém yéu cb
hitu ctia cu trac MPC chuén 13 viéc duy
tri cic ma tran trong s6 mot cach ¢d dinh.
Khi mit dudng thay d6i tir nhdn (ISO cép
A) sang gd ghé (ISO cip C), mot bo trong
s6 ctmg nhéc c6 thé dan dén phan tng qua
da hodc thiéu hut nang luong dap tit dao
dong (Theunissen & cong su, 2021; Pham
& cong su, 2022). Bén canh do, néu hé
thdng khong ¢ co ché bu tré (phat sinh tir
thoi gian trich nap ap suét thiy luc hay tré
mang CAN), hiéu suat cach ly rung dong
s& suy giam manh va tham chi de doa dén
d6 6n dinh chung (Zhao & cdng su, 2023;
Do & cong su, 2022).

HE THONG TREO CHU DONG (ACTIVE)
Giit than xe dn dinh

LiDAR quét chinh xac
itch = 0°)

Hanh trinh phude
duogc diéu chinh chu dong

Anh huong dén cim bién va thuit toan: H§ qui tdng thé:
@ « Giam d chinh xac phat hién vat thé
« Sai s6 trong dinh vi va I3p ban dd (SLAM)

« Téng nguy co mét an toan * Giam hiéu sudt van hanh

WA * Gidm d tin cdy ciia hg théng nhin thirc
« Anh huong dén quyét dinh didu khién

Lgi ich téng thé:

Cii thign cho cim bién va thuit toan:
@ - Ting 86 chinh xéc phit hitn vit thé /\/ﬂ' « Ting 40 tin cly cla bé théng nhn thirc
« Dinh vi va lap ban dd chinh xic (SLAM) anoll . H3 trg ra quyét dinh chinh xic

* Ting 6 an toan va én dinh « Nang cao hiéu suat van hanh

Hinh 1. So do vdt Iy mé hinh Quarter-Car phi tuyén véi co cdu chap hanh cé dé tré.

Nhitng nim gan day, su bung nd cua
hoc tang cuong két hop hoc sdu mang toi
giai phap thay thé linh hoat cho thiét ké
diéu khién thich nghi. Khac biét véi cac
bo diéu khién thuan mé hinh, DRL c6 thé
trich xuit chinh sach van hanh phi tuyén
tryc tiép tir dir liéu twong tac (Yong & cong
su, 2023; Zhang & cong sy, 2022; Kim &
cong su, 2022). Trong dd, Soft Actor-Critic

(SAC) duoc danh gia 1a mdt trong nhitng
thuat toan tién tién nhat nhd co ché diéu
chuan entropy, gitp tac tir t6i wu hoa kha
nang kham phé va tranh cac ving téi uu
cuc by (Han & Liang, 2022; Romero &
cong su, 2024; Vu & cong su, 2022). Dau
vay, thach thirc 16n nhit ngan can viéc ing
dung DRL thudn tay vao xe tu hanh 1a su

thiéu vang cac nén tang toan hoc dam bao
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tinh 6n dinh viing chic, gdy ra nhimg lo
ngai vé mit an toan (Lazar & cong su,
2008; Le & cong su, 2023).

Nhim giai quyét hiéu qua céc rao
can k§ thut néu trén, nghién ctru nay dé
xuat mot kién tric diéu khién phan tang
mai dua trén ba tru ¢t khoa hoc chinh:

(1) Xay dung mo hinh dong luc hoc
hé théng dudi dang trang thai mé rong,
bao ham ca dong hoc tré bic nhat cua co
cAu chap hanh va dir lidu trich xuét tir cam
bién quét mit dudng phia trude.

(2) Tich hop tac tir hoc tang cuong
Soft Actor-Critic (SAC) dé diéu bién linh
hoat cadc ma trin trong s6 cua bd diéu
khién MPC theo thoi gian thuc.

(3) Thiét 1ap giai phap ching minh
toan hoc chat chd vé tinh 6n dinh tir ngo

mz

Trong thyc té, luc chu dong u(f)
khong thé phan hoi trc thi v6i 1énh diéu
khién u_ (#). Su cham tré nay dugc xap xi

bang mot khau quan tinh bac nhat (Li &

~F(6)=F (&) +u®)
mz, =F0)+F (0)~k(z,—z)=c(z, =z )~ u(®)

vao dén trang thai (ISS) cho hé thdng thong
qua viéc ap dung rang budc Lyapunov
cung (Shielded RL) 1én qua trinh hoc cua

tac tr DRL.

IL. Co s& 1y thuyét

2.1. M6 hinh dong luc hoc va khau
bii tré

Nghién ctru 4p dung md hinh mot
phan tu xe phi tuyén véi hai bac tu do.
Dé phan anh sat thuc té cac dic tinh cua
van thuy luc va 16 xo khi nén, luc dan hoi
F, valyc can F dugce mo ta bang ham da
thirc bac ba (Sun & cong su, 2020).

biatz, z tuong ng la vi tri cta khéi
luong dugce treo va khong duoc treo, § =z,
—z, dai dign cho hanh trinh phudc, va z la
tin hiéu bién dang mat duong. Hé phuong
trinh chuyén dong duoc mo ta:

M
2)
cong su, 2023; Hoang & cong su, 2021):
tu () tu(t)=u, (t—1) 3)
trong d6 7,=0.025 s biéu thi hing s6 thoi
gian va 7, 1a thanh phén tré truyén thong.

MO HINH QUARTER-CAR

Khéi lvgng dugc treo
ms

MO HINH PONG HQC CO CAU CHAP HANH

Zs Uemad 1 u(t)
r===1  (Tinhigy —> enfas e vg |
(Chuyén vi thn xe) | diéu khién) TSl tyctd) |

e J o i

L6 xo phi tuyén Z Co chu chip hanh (izzgutlcql;a:nzt‘\:;) Dé(‘;i;];iijian |
st I_E‘ den-thuyvlgxi ; E
(Sinh lyc chu dong)<« —! 4---
‘Van giam ghfin u(t) |
phi tuyén
Ii“ Ky hiéu Y nghia
Khéi lugng khong duge treo 2 mg Kh(:)i lugng dugc treo (1/4 thin xe)
m, my, Khoi luong khéng duge treo (cum banh xe)
(Chuyén vi cum bénh xe) Fs Luc dan hdi cta 16 xo treo (phi tuyén)
F.s | Lyc gidm chin cia van giam chén (phi tuyén)
Lép xe u(t) | Luc do co cu chip hanh tao ra (thuc té)
Kich dong mit duong k. Uema | Tin higu diéu khién tir bd diéu khién
z,(t) —I Zi, Zs Chuyén vi than xe
— < ; Z, Chuyén vi cum béanh xe
> (Pobaphoimgaining) z, | Do nhdp nho mit duong

Hinh 2. M6 hinh dong luc hoc quarter-car tich hop khdu qudn tinh sinh tré cia co cau chdp

hanh

dién thuy lyc



Dé thuc hién bu tré pha mot cach
hé théng, vector trang thai duoc mé rong
thanhx=[z,z",z, 2", x ]" v6ix (1) = u(1).
Tién hanh fuyén tinh hoa Jacobian xung
quanh diém 1am viéc tinh va roi rac hoa
v6i bude 1dy mau T, tanhan dugc mo hinh
tuyén tinh bién thién theo thoi gian (LTV)
phuc vu qua trinh du béo:

Xkl = Ak + Brttemd k + Wiwg — (4)
voiw, =[z,z" ]" 1a vector nhiéu thu nhan
truc ti€p tir cam bién quét mat duong phia
trude xe.

2.2. Ly thuyét vé on dinh ISS
trong MPC

Tinh 6n dinh tir ngd vao dén trang
thai (ISS) 1a mot tiéu chuin quan trong dé
danh gia do bén vimng cua hé théng dudi
su hién dién cta nhiéu bi chin (Lazar &
cong su, 2008).

Xét hé thdng doc 1ap tuyén tinh bién
thién theo thoi gian c¢6 dang tong quat:

Xiys = Flxp.u.w;)

Trong &6 wy, € W 1a vector nhiéu bi
chin. Hé thdng trén duoc goi la dat tinh
on dinh ISS néu ton tai mot ham B € KL
va mét ham ¥ € X sao cho quy dao trang
thai cua h¢ kin thoa man.

lxell < Blllxoll. k) + ¥ (Iwpaell), Yk =0

Trong céu traic MPC, viéc dam bao
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(dong vai tro 1a ham Lyapunov ung vién
V. (x)) phai thoa méan cac diéu kién ngit
ciia mot ham ISS-Lyapunov. Cu thé, ton
tai cac ham 16p X, (@, @5, @5) va ham
16p X (¥) sao cho:

Gi61 han trén va gioil han dudi ctua
ham chi phi tuan theo chuén trang thai:

ay (D) < Vi (x6.) < a,(llx 1)

Do suy giam cua ham chi phi sau

mdi bude thoi gian dap tit dao dong dudi

tac dong ctia nhifu phai thoa man bit ding
thtre tiéu tan:

Vier1 (Xrea1) — Vie () < —az(llxell) + v (llw [1)

Bét dang thic nay ciu thanh didu
kién du dé chimg minh moi quy dao trang
thai cua khung than xe ludn hoi tu va bi
chdn trong mat lan can hep xung quanh vi
tri can bang tinh, ngay ca khi mat duong
xuat hién cac nhidu dong méap mo lién tuc.

II1. Phwong phap nghién ciru

3.1. Céu tric diéu khién phén ting
AMPC-SAC

Heé thong diéu khién duoc phan chia
thanh hai cAp d6 hoat dong v6i chu ky thoi
gian khac biét. O 16p co so (tan s6 100
Hz), b6 Diéu khién Dy bao M6 hinh Thich
nghi (AMPC) tryc tiép tao ra tin hiéu lyc
u, , dua trén viéc giai quyét bai toan quy

tinh 6n dinh ISS doi hoi ham chi phi téi wu hoach toan phuong (QP):
Np-1
gr=min > (Il + gl ) + sl 5)

E=0
Bai toan duwoc thiét lap voi
cic rang budc vé gidi han hanh trinh
phudc (|6 | <4__ ), gidi han cong sut

dong co (Ju| <u_, ), va luc bam duong
(Theunissen & cong su, 2019; Smith &
Taylor, 2021).
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LOP TREN (UPPER LAYER)
DRL AGENT - 10 Hz
(Tin sb thip)

DAU VAO (INPUTS)

« Trang thdi h¢ thong: s,
(vector trang thai két hop)

(road preview)

* Dit ligu preview mit duong: p,

TAC TU HQC TANG CUONG

Soft Actor-Critic (SAC)

PAURA (OUTPUTS)

Preview mit duong p,
(nhin truée N, buc)
QuRy  [€-——f--mmmmmmemmeoeos

(cdp nhét mdi 0.1s)

Ma trén trong s6 phat

LOP DUOI (LOWER LAYER)

AMPC CONTROLLER - 100 Hz

(Tén sb cao)

QUAN SAT HE THONG
(OBSERVER / EKF)

* Nhin do lrong cam bién
(gia tdc, hanh trinh phudc...)

+ Ude lugng trang thai

(Trang thii wéc huong
hign tai)

Qie> Ry
\ 4

(Tir 16p trén ~ 10 Hz)

BO PIEU KHIEN AMPC
GPOASES Solver

Gidi bai toan t6i wu MPC:

’ N-1
Min J = Y70 (] Qux; + uf Ryuy)

Ring bude h¢ thong va diéu khién

1 Trich xuét preview mit duong
| (road preview) — py

KHAU TRE
(DELAY) |

(Tin higu diéu khién tbi wu)

e s

(Tré co céiu
chip hanh)

L.+ ihinitnzde.Nfbuec) MAT PUONG (ROAD PROFILE)

W nhéip nho mit dudng)

sl

| —— Nhiéu mt duong thyc (&
! === D ligu preview miit duong (nhin trudc)

Hinh 3. Kién triic diéu khién phan tang: Tdc tir SAC cdp nhdt trong sé cho bé diéu khién
AMPC két hop dir liéu road preview.

O 16p diéu hanh cép cao (tan s6 10
Hz), thudt toan Soft Actor-Critic quan sat
trang thai thu gon va céc ddc trung trich
xuat tir chudi dir liéu du bao mit duong.
Péu ra ciia SAC 1a cac hé sb co gidn dong
nhim cdp nhat cac ma tran Q, R. Ham
phan thuéng (reward) duoc dinh hinh dé
t6i thiéu hoéa binh phuong gia téc dimg
cta than xe dong thoi ap dung murc phat
nang cho céc vi pham gi6i han van hanh
an toan.

3.2. Thiét ldp rang bujc Lyapunov
va chitng minh én dinh

Qué trinh 4p dung mang no-ron
dé diéu bién truc tiép trong s6 MPC cb
nguy co pha v tinh 6n dinh ban dau. Giai
phap dugc dé& xuét 1a 4p dung ky thuat
hoc ting cudng c6 co ché kiém duyét an
toan Shielded Reinforcement Learning
(Shielded RL), 1ong ghép mot diéu kién
Lyapunov cling vao qua trinh cdp nhat
chinh sach cia DRL (Romero & cdng su,
2024; Dang & cong su, 2023).

Gia thiét 1. Ton tai mot tap bét bién
X, cung ma tran phat cubi P bao dam tinh
kha thi dé quy cia MPC tai moi thoi diém,
v6i khong gian ma tran trong sd Q. R,
bi gi6i han trong tap compact xac dinh
duong S.

Gia thiét 2. Nhidu ciu tric mat
duongw, € W, trong d6 W 1a tdp compact
bi chin va chira gbc toa do.

Dé hé thong hoat dong an toan, hé
s6 moi do DRL dé xuét chi dugc chap
nhan néu ham chi phi théa man d6 suy
giam Lyapunov quy dinh:

J (xk; Qnew’ Rnew)sf (xk; Qold’ Rold +8wfe (6)

Trong do, &,.¢.

la hang s6 bién an toan chong ket tai cac

=0 dong vai tro

diém ti wu cuc bo trong qué trinh kham
phé cuia DRL. Khi diéu kién (6) bi vi pham,
hanh dong ctia mang no-ron s¢ tu dong bi
chiéu (project) vé& ving khong gian trong
sO an toan gan nhéat S, nho cong cu lap
trinh qpOASES nhim duy tri tinh kha thi
dé quy.



V& mit 1y thuyét diéu khién, viéc
dung hop thém thanh phan kich thich

£ tr DRL 1am xuat hién mot luong

zafa
tiéu tan ning luong nhan tao, chuyén do6i
bai toan 6n dinh tiém can gdc toa do thanh
bai toan on dinh ISS thuc té (Practical
Input-to-State Stability - p-ISS). Hé théng
dugc bao dam hoi tu vé mot ving lan can
bi chin chira gdc toa d6, véi ban kinh cua
ving nay phu thudc truc tiép vao bién do
nhiéu mdt duong va gia tri cla e, .

Dinh 1y 1. Can ct vao Gia thiét 1,
Gia thiét 2 cung rang budc kiém duyét
Shielded RL tai phuong trinh (6), hé
kin AMPC-SAC dat tinh 6n dinh p-ISS
nghiém ngit trudc moi bién dong bi chin
cua bién dang mat duong w,, € W.
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Chiing minh: Xét ham ISS-
Lyapunov trng vién dugc dinh nghia chinh
1a gia tri t6i vu cua ham chi phi tai mdi
bude thoi gian: Vi(x,) = 1" (% Qu Ry
Do khong gian ma tran trong ) phat dugc
gid1 han nghiém ngat trong tdp compact
xac dinh duong Sg, ton tai hai ham 16p
XK., 1a a; va a, thoa man diéu kién bao
chuén trang thai quy dinh tai Muc 2.2:

a,(lx[1) = V&) < ([ x]])

Gia dinh tai buéc k+ 1, néu hé
thdng giit nguyén b trong sé cii Q. Ry,
st dung chudi chién luoc diéu khién dich
vong chuan Uy, (Lazar & cong su, 2008),
d6 suy giam toi wu cta bo diéu khién MPC
tuyén tinh bién thién theo thoi gian (LTV)
tuan theo bat dang thirc tidu tan:

J (%pes15 Qe Bye) — T (205 Qs Ry) < —az(lx 1) + y(lw )

BAT PAU

> Liy trang théi hién tai va nhidu du bao
X = [Zs, 250 2y, zlu]T

Wi = [zr)zr+1n---,zr+Np]T

!

TAC TU SAC (DRL Agent)
D¢ xuit cap trong sb phat mai
{Quew, Ruew} = Mo (i, wi)
(Chinh sach hién tai g)

TRUE

&

KIEM TRA PIEU KIEN GIAM LYAPUNOV
(Diéu kign ISS - Bit ding thirc (6))

j.(QﬂCW 2 Rnew) S
].(Quld-Rald) + Esafe

FALSE

) CHAP NHAN
Ap dung trong s6 méi cho AMPC
[Qsafe: Rsafe} = {Qnew, Rnew}
Cip nhit:
{Qota: Rota} < {@new Rnew}

CHIEU VE BIEN AN TOAN

Chiéu (Q ers Ryew] vé tip an toin S
sa0 cho théa man didu kién giam Lyapunov
{mee-Rsafe] = P({Qﬂevanew]) !
(P: anh xa chiéu)

.
TAP AN TOAN §
Projection (P) Tép céc cfip trong sb dam bao:

{
!

f

:

!

!
AT QR < T (Qoras Rota) + Euage
i

:

!
| Dam bdo: Tinh in dinh 1SS H
! ciia hé kin 4

St dung {Qager Roape) trong b gidi QP (qpOASES)

PAY TRONG SO AN TOAN VAO MPC
dé tinh tin hiéu diéu khién t8i wu Ugp gk

}

KET THUC

Chu ky lap lai & budce ké tiép (k « k +1) l

Hinh 4. Co ché kiém duyét an toan dam bdo diéu kién giam Lyapunov cho qud trinh
cdp nhdt chinh sach SAC.
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Trong d6 a, € X, va y € . Khi lugng giita hai budc lién tiép cua hé kin
tac tor SAC cap nhat ma trén trong s6 mai
thoa man rang budc (6), hiéu sé ning
Vi1 (aep1) — Vi) =T (%405 Quevrs Riern) — 17 (%33 Qs Ry )

< J* (%41 Qo Ry) + Ecnre — J (e Qs Ry )

= _aﬂ{xk) + }’{ij 25 Eeafe

duoc thiét 1ap thong qua chudi danh gia

toan hoc sau:

Béng cach dat mot ham bao nhiéu
tél’lg hOp moi 1a TJ{Wk) = }"{ij + Es:tfa
ta thu dugc bit ding thic sai phan
Lyapunov dang chuén:
Vier1 (Frs1) — Vi) < —az(x) +9'(wy,)

Vi g, 12 hing sé duong bj chan,
¥ hoan toan théa man céic dic tinh cua
mot ham 16p K mé rong theo dinh nghia
ISS. Bat ding thuc trén ching minh
ring sai phan cua ham Lyapunov s& 4m
nghiém ngat (AV, < 0) khi trang thai

hé théng nim ngoai tap bat bién xac
dinh boi:
Xy > fxa_l(r{wk} g Esnfs)

Hé qua toan hoc nay khing dinh
rang, dudi tac dong lién tuc cua xung
nhiéu mat duong va xung kich tir thuat
toan hoc may SAC, quy dao sai s trang
thai cua khung than xe luén bi chén va hoi
tu bén virng vé mot 1an can compact cua
diém can bang tinh. Dinh 1y dugc ching
minh hoan toan.

HOST PC (Mumlonng)
dSPACE ControlDesk

dSPACE MicroLabBox

CONTROLLER (DS1202 - CPU)
AMPC-SAC Controller
Chu k§ diéu khién: Teery = 1 ms (1 kHz)

PLANT (FPGA — Real-time Model)
Quarter-car + Actuator Delay Dynamics

Chu ky mb phong: Tyigne = 0.1 ms (10 kiz)

SAC Agent AMPC
(Policy Network) (qpOASES Solver)
Ethernet Qi Re | CAN bus T )
100 Mbps o (500 Kbps) Actuator Delay
ian < > it
« Ghi dir liéu (Logging) = < > Gals) =
+ Higu chinh tham s& Packet jitter Tas+1
7 <10pus ST U
PHAN TiCH THOI GIAN THUC THI (Timeline - WCET) |
P X ‘0 0.07ms 038ms  045ms 1ms
{ HMI/TuningInterface | (|, ., .
| |
! . | | {|saCnfereace|  apOASES Solver Overhead
> || ©07m (©31 ms) m‘; ,'/“ 5 -
e o | 6 phong thn s6 cao trén FPGA
TS 57 ; |+ Tich phin phuong trinh dong luc hoe (10 kHz)
- as Téng thoi gian thue thi (WCET): < 0.45 ms |+ Mo hinh hoa d tré co ciu chip hanh

(An t0in durii ngudmg chu k1 ms)

|+ Chu hinh thi nghiém

|+ Xudvnhan tin higu /O th¥i gian thye

+ Thay ddi tham 6 Q, R
i+ Piéu khién kich bin duong

(16-bit)

Signal Conditioning

s

Anti- almmg

n
(tir Plant) ADC
Zg, zs Zuy Zu

" Tin higu cim bién —l;
v

DAC
(16-bit)

Tin higu lye

: ROAD PROFILE (Input)
(@én Plant)

Mit dudng thye & / Kich ban
Zero-order

THONG $O HE THONG i
* Bj diéu khién: dSPACE DS1202 (PowerPC) * Chu ky Plant (FPGA): Tpne = 0.1 ms (10 kHz)
+ M hinh thyc: FPGA Spartan-6/Artix-7 + Chu ky Controller (CPU): Toyyy = 1ms (1 kHz)
|« Giao tiép: CAN Bus (500 kbps) |« Jitter truyén thong CAN: < 10 pus
|+ DO phiin gidi ADC/DAC: 16-bit + Tbng thoi gian thyre thi (WCET): < 0.45 ms

|+ Ngudn cép: 12V DC + Margin thai gian: > 0.55 ms (55% dur dja an todn)

{ R;\Nc BU()C THOI GIAN (REAL-TIME CONSTRAINTS) |

Distance

CHU THICH
Khéi chire nang trén CPU (DS1202) Road Preview Generator

(Trich xuit preview)

Pr

n FPGA (Plant Model) |
= [Zras1 Zrpszeen Ireenp]”
(Preview N,, budc)

Hinh 5. Cdu triic phan ciing thiee nghiém HIL

Diéu nay chimg minh toan hoc ring,
trong moi kich ban véan hanh, sai ) trang
thai ludn bi giéi han va hoi tu 6n dinh vé
mot l1an can cua diém can béng tinh.

IV. Két qua va thio luin

Do tré xtr Iy va sai sé mo hinh 13 rao
can 16n khi hién thuc hoa Al Dé xac thuc,
moi truong Hardware-in-the-Loop (HIL)
dd duoc trién khai. Nén tang dSPACE



MicroLabBox mé phong dbi tuong vat 1y
trén chip FPGA ¢ chu ky 0.1 ms, trong khi
bo xur Iy trung tam DS 1202 chay thuat toan
AMPC-SAC véi chu ky 1 ms. Téi wu hoa
da thtrc duoc giao cho bo giai qpOASES
(active-set). Sai sb dong bd ngit phin
cing (packet jitter) trén CAN bus duogc
xac nhan & muc an toan (< 10 us).
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4.1. Phén tich déng gdp ciu phin

Céc thtr nghiém dugc thyc hién trén
bién dang miat dudng chuan ISO 8608
Cép C, tai van toc md phong 50 km/h.
Bang 1 biéu thi chi s6 trung binh toan
phuong (RMS) cua gia toc thing ding
khung xe.

Bang 1. Panh RMS Gia téc than xe - m/s’

STT Céu hinh Piéu khién Gia tbc RMS
1 | Hé théng thy dong (Passive) 2.51
2 | C-MPC (Cb dinh, khong bu tré) 1.55
3 |AMPC (C6 bu tré, khong dung DRL) 1.48
4 | DRL thuan tay (Khong ding MPC) 1.41
5 |AMPC-SAC (Khong c6 dir li¢u du bdo mit duong) 1.32
6 |AMPC-SAC (Dé xuit day du) 1.18

Céiu hinh 4 (DRL khéng c6 MPC)
cho diém sé dap dao dong kha 4n tugng
nhung lai dé xay ra 4,2% ty 1& cham hanh
trinh phudc tbi da, gdy nguy hiém cho co
cAu. Céu hinh hoan chinh s 6 (dé xuét caa
nhom nghién ctru) triét ti€u duogc 53,0%
nang luong dao dong so voi xe su dung
phudc thu dong, va tdi wu thém 23,9%
so voi hé thong MPC tinh ban dau. Ty 1¢

4 — S

vi pham gi6i han hanh trinh ciia cAu hinh 6
dugc duy tri tuyét déi & mirc 0%.
4.2. Hiéu nang thoi gian thuc

Mot tiéu chuan khét khe cho phwong
tién tu hanh 1a d6 tré nhip tinh toan. Cac
do dac trén vi xir Iy DS1202 chi ra ring
mang no-ron SAC chi tén 0.07 ms cho
mot chu ky suy luén.

(a) Gia tbc thin xe a, trong mién thoi gian (Chassis Acceleration - Time Domain)

== Passive (HS thu dong) Phong to (Zoom-in)
— cMpC
—— AMPC-SAC (P& xul

5
Thai gian ¢ (s)

0.06 -———--@»--—-Q—»« Vi pham rang buge 4.2% théi gian
i plid

§ (m)

éj}_ — c-MPC

i
b= DRL thudn tiy

—— AMPC-SAC (D ul)

(b) Hanh trinh phujc 6 & Rang bugc cimg (Suspension Deflection & Hard Constraints)
8 ~ - = = =

0 1 2 3 4 6 7 8 9
Thoi gian ¢ (s)

10

PSD ((m/s?)*/ Hz)

g =2
T

3
L

0

107°

=
S

=
A

107

(c) Mat d9 phd cong sudt (PSD) - Mién tin sb (Frequency Domain)

=== Passive (H¢ thu dong)
— C-MPC
—— AMPC-SAC (D& xuit)

Chng hudng khoi heong khéng treo
(10- 15 Hz)
AMPC-SAC gidm 23.9%
(50 véi Passive)

0.1 1 10 50

Tén s f (Hz)

Hinh 6. D6 thi dap g hé thong
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Khdi t6i wu héa qpOASES tiéu
thu trung binh 0.31 ms. O kich ban khic
nghiét, téng chu ky xu 1y dat 0.45 ms.
Con s6 nay ndm siu dudi ngudng chu ky
1ay mau 1 ms, dam bao tuyét dbi kha ning
dap tng thoi gian thuc cho cip do cong
nghiép. Nghién ctru da kién trac thanh
cong va tién hanh xac thuc thuc nghiém
mot hé théng diéu khién phén tang lai
cho dbi twong hé théng treo chu dong.
Viéc thay thé phuong phap phat trong
s6 tinh truyén théng bing mé hinh hoc
tang cuong Soft Actor-Critic, két hop du
b4o mit duong, di mang dén sitc manh
linh hoat tuyét dbi cho khung xe khi di
chuyén qua cac dia hinh phtic tap. Diém
sang cuia bai viét 1a viéc thiét 1ap chit chd
nén tang 1y thuyét thong qua diu kién
Lyapunov, gitup va 16 hong an toan kinh
dién cua cac mo hinh hop den Al Nghién
cuu trong tuong lai s€ dinh hudng thu
nghiém cAu tric thuat toan trén mo hinh
xe 7 bac tu do téng quét va hoan thién bai
test trén nguyén mau xe ty hanh thyc té
ngoai duong chay.

V. Két luan

Nghién ctru nay da dé& xudt va xéc
thuc thanh cong mot kién trac diéu khién
phén tang lai (AMPC-SAC) cho hé thong
treo chu dong. Bing cach tich hop dir liéu
du bao mit dudng va thay thé ma tran
trong sb tinh cia MPC bang md hinh hoc
ting cuong Soft Actor-Critic, hé thong da
thich rng linh hoat va hiéu qua trudc cac
bién dong cua dia hinh. Diém dot pha vé
mit 1y thuyét cua bai bao 1a viéc ap dat
rang budc Lyapunov cung 1&én qua trinh
cap nhat chinh sach hoc, qua d6 dam bao
tinh 6n dinh tir ngd vao dén trang thai
(ISS) va khic phuyc rui ro an toan ciia cac
mo hinh AL Ddng thoi, k§ thuat mé rong

vector trang thai da bu dép hiéu qua do
tré pha ctia co cAu chap hanh. Két qua mé
phong phan cimg trong vong lap (HIL)
trén dSPACE khang dinh tinh wu viét ciia
thuat toan khi giam thiéu 1an luot 53,0%
va 23,9% chi s6 RMS gia toc than xe
so voi hé théng thu dong va MPC tiéu
chuén, déng thoi dam bao khong vi pham
gid1 han hanh trinh co khi (0%). Mac du
dat duoc nhirng két qua kha quan, nghién
ctru hién tai van gidi han & mo hinh dong
luc hoc 1/4 xe. Trong tuong lai, nhém
nghién ciru s€ md rdng cu trac thuét
todn trén mo hinh toan xe (7 bac tu do)
va tién hanh danh gia thuc nghiém trén
nguyén mau xe tu hanh trong diéu kién
van hanh thuc té.
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ADAPTIVE MODEL PREDICTIVE CONTROL
AUGMENTED WITH DEEP REINFORCEMENT LEARNING
FOR ACTIVE SUSPENSION: DELAY COMPENSATION AND

PREVIEW DISTURBANCE REJECTION

Nguyen Van Manh', Hoang Anh Dung!

Abstract: Active suspension systems serve as indispensable inertial reference platforms,
critical for ensuring the stability of perception sensors on autonomous vehicles. Conventional
model-based feedback control algorithms typically operate with static penalty weights,
rendering them inflexible in the face of dynamic road variations and frequently neglecting the
adverse effects of actuator delay dynamics. To address these limitations, this study proposes a
novel hierarchical control framework that synergizes Model Predictive Control (MPC) with a
Deep Reinforcement Learning (DRL) agent via the Soft Actor-Critic (SAC) algorithm. Within
this architecture, the MPC weighting matrices are dynamically adapted in real time based on
previewed road data. The core scientific contribution of this paper lies in the imposition of a
strict Lyapunov constraint on the DRL policy update mechanism. Coupled with a state-vector
expansion technique to compensate for phase delays, this rigorously guarantees Input-to-State
Stability (ISS) for the overall system. Hardware-in-the-Loop (HIL) simulations conducted on
a dSPACE MicroLabBox testbed unequivocally validate the feasibility and superiority of
the proposed methodology. Quantitative results demonstrate that the proposed framework
curtails the root-mean-square (RMS) of chassis acceleration by 53.0% compared to a passive
system and yields a 23.9% improvement over the standard MPC, all while strictly adhering
to the physical constraints of the system.

Keywords: Active Suspension System (ASS), Deep Reinforcement Learning (DRL), Hardware-
in-the-Loop (HIL) simulation, actuator delay compensation, Input-to-State Stability (ISS)
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