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TOM TAT

Bai bao nay trinh bay nghlen citu va thiét ké bé diéu khién PID (b¢ diéu khién ti 1é - tich
phdn - vi phdn) trong kién tric da tang két hop véi MPC (diéu khién dir bdo) dé diéu khién qui dao
chuyen dong cua o to ty ldi. Muc tiéu cua nghzen cwu la ndng cao chat lrong diéu khién ciia b PID
truyen thong trong cdc hé thong co tinh phi tuyén, tré va chiu anh hwo’ng ciia nhiéu. Trong kién triic
dé xuat, tang trén sur dung MPC dé dy dodn va t6i wu héa tin hiéu diéu khién dwa trén mé hinh hé
thong, trong khi tang dwdi sir dung bé diéu khién PID dé dam bdo dap iing nhanh va én dinh theo
thoi gian thwe. Phiong phdp nay cho phép tin dung wu diém ciia cd hai ky thudt diéu khién, cdi
thién khd nang bam theo tin hiéu dat, giam sai s6. Két qua mé phong cho thdy bé diéu khién dé xudt
dat hiéu sudt cao so véi PID truyén thong trong cdc ché dg chuyén dong khdc nhau ciia 6 t6 tw ldi.

T khoa: Piéu khién da tang; MPC; PID; Hé thong ldi tw dong; Diéu khién quy dao; Déng
luc hoc xe.

ABSTRACT

This paper presents the research and design of a (Proportional—Integral-Derivative) PID
controller within a multi-level control architecture integrated with (Model Predictive Control) MPC
for motion trajectory tracking of autonomous vehicles. The objective of this study is to enhance the
performance of conventional PID controllers in systems characterized by nonlinearity, time delay,
and external disturbances. In the proposed architecture, the upper-level employs MPC to predict
and optimize control inputs based on a system model, while the lower level utilizes a PID controller
to ensure fast and stable real-time response. This approach effectively combines the advantages of
both control strategies, resulting in improved reference tracking capability and reduced tracking
errors. Simulation results demonstrate that the proposed controller achieves superior performance
compared to the conventional PID controller under various operating conditions of autonomous
vehicles.

Keywords: Multi level control; Model Predictive Control MPC; PID controller; Autonomous
steering system, Trajectory tracking; Vehicle dynamics.
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1. TONG QUAN

Su phat trién nhanh chéng cia cong
ngh¢ 0 to tu lai dang mo ra nhitng hudng di
méi nham t6i wu hoéa hiéu qua giao thong va
nang cao muc do an toan chu dong. Trong cac
bai toan diéu khién xe tw hanh, viéc dam bao
on dinh ngang duoc coi la thach thirc cbt 161,
dac biét khi phuong tién van hanh trong cac
tinh hudng khan cdp doi hoi phan mg nhanh
va chinh x4c, nhu thao tac chuyén lan. Day la
mot qua trinh phuc tap, doi hoi hé théng diéu
khién khong chi phai triét tidu sai s6 bam quy
dao mong mudn ma con phai dam bao quy dao
chuyén dong cua 6 to hoat dong trong hanh
lang an toan dudi tac dong ciia cac yéu t phi
tuyén tir 16p va mit duong. Do do, viée xdy
dung mot kién trac diéu khién c6 d6 chinh xéc
cao, kha nang xtr 1y rang budc tot va do tré thap
1a yéu cau cap thiét. Trén co s& do, nghién ctru
nay st dung mo hinh lai tw dong, bao gém mot
chu trinh khép kin tr nhan thuc moi truong
dén diéu khién cac banh xe dan hudng. Dir
lidu tir cac cam bién nhu GPS/IMU, Camera
va LiDAR dugc xir Iy qua khéi tong hop cam
bién va udc luong trang thai [1]. Tai day, vi tri
va hudng di chuyén ciia xe dugc xac dinh chinh
xéac 1am dau vao cho khéi quy hoach quy dao
dé tao ra quy dao tham chiéu téi wu. Dya trén
sai s6 giira trang thai thyuc té va quy dao tham
chiéu, bo diéu khién sé tinh toan va gui tin hi¢u
dién ap t6i co cau chip hanh lai. Co céu nay
duge mo hinh hoa chi tiét bao gém céc thanh
phan co dién tir chinh: mach cong suat dong
co va bd diéu khién phan hoi (1), dong co mot
chiéu (2), co cau banh ring - thanh ring (3, 4)
va dan dong dén banh xe (5).
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Hinh 1. So dé hé théng ldi diéu khién tw dong:
1 - B diéu khién va phdn hoi; 2 - Péng co mot
chiéu; 3,4-Co cau banh rang, 5 - Banh xe

Vi thé, nghién ctru nay dé xuat mot kién
trac diéu khién phan tang dé giai quyét bai toan
diéu khién chuyén dong phuc tap. Kién triic nay
phan tach bai toan diéu khién thanh hai ting xir
ly riéng biét nhung bd tro 1an nhau. MPC tiép
nhan sai s6 hé théng giita quy dao tham chiéu
va trang thai xe hién tai dé giai bai toan tdi uu
hoa, tir 46 dua ra goc 1ai tham chiéu o .va gia
toc tham chi€u a_, dam bao xe hoqt dong 6}1
dinh va bam theo quy dao mong muon. Cu thé,
tin hi€u goc 1ai tham chié'u 9 . dugc so sanh linn
tuc voi goce 1ai thuc té 8 thu nhén tir cam bién
phan hdi tai co ciu chép hanh. Dua trén do 1éch
nay, bo diéu khién PID tinh toan va diéu chinh
mirc dién ap cip cho dong co l4i nham triét tiéu
sai s6 bam trong thoi gian ngan nhét [2]. Co ché
phéi hop nay khéng chi tan dung uu diém vuot
troi cia MPC trong viéc xur 1y cac rang budc da
bién ma con khai thac tbc do dap tmg tic thoi
cua PID, qua do khéc phuc tri¢t dé rao can vé
ganh ning tinh toan thudng gip & cac hé thong
MPC day da. Muc tiéu chinh ciia nghién ciru
la danh gia hi¢u qua va xac dinh pham vi hoat

dong 6n dinh cua kién tric phan tang MPC-PID &
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dé xuit. Kich ban kiém tra dugc thiét 1ap dua
trén bai thu nghiém chuyén lan don.
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Hinh 2. So do kién triic diéu khién hé thong ldi
2. XAY DUNG MO HINH MO PHONG
2.1. M6 hinh h¢ théng lai

Khi v6 lang quay mot goc 6, mé men
xodn duoc truyén qua truc lai c6 mé men quan
tinh J . Tiép theo, chuyén dong quay nay di qua
phan tu: dan hoi dic trung boi do clng xodn
K, va hé sb can C, thé hién tinh dan hoi va
ma sat cua hé thong 1ai. Sau do, thong qua co
ciu banh ring, chuyén dong quay cua truc 14i
dugc chuyén ddi va truyén dén cac banh xe din
huéng [3], [4]. Két qua 1a banh xe quay mot
goc a, tir d6 dinh huéng chuyén dong cua xe
theo quy dao mong mudn.

Hinh 3. M6 hinh ddng luc hoc hé thong ldi diéu
khién tw dong

Mo hinh toan hoc bo chép hanh duoc
biéu dién bang hé phuong trinh vi phan nhu
sau:

Jot =TM*K9(9*;) *Cn(gf;)
P P

.o x |1
= [Ko@ =)+ o0~ )| (1)
—Cy(x — 6m) — Ky (% — 61)

Jo0 = [C1(x —6r) + K (% — 57’:)]'-": —Teq

Trong do: J, la mo men quan tinh; C la
do cing; K 1a hé sO g1am chén; r la khoang
cach tam thanh ring dén diém an khop banh
rang; m, C, K, 1a khéi luong, do cing va hé
sO giam chan cua thanh rang; r, 1a khoang cach
tir truc thanh riang dén banh xe; J,, 1a m6 men
quén tinh banh xe. Phuong trinh tren duogc viét
lai voi dang khong gian trang thai nhu sau:

X1 e
Xzl |8
X3 X
x=|2=;| #=n @
X5 )
xgl L§
xl = xZ
1 Xg X3
2 = (-3) -3
X3 = Xa (3)
. 1 1 Xy X3
X4 _E E(Kﬂ (xz—r—p)—FCn(xl—g)):l
X5 = Xg

1
J.:G =E [(Cl[x3 _xSTI) + K‘l[x4 - XG))TI _TM]

2.2. Thiét ké bd diéu khién PID

Trong ciu tric diéu khién phan tang, bo
diéu khién cap thap c6 nhiém vy thyc hién diéu
khién bam cho co céu chdp hanh 1ai. Cu thé,
bd diéu khién nay chuyén doi tin hiéu goc lai
tham chiéu t6i wu 3, tr bd diéu khién MPC
& tang trén thanh tac dong vat 1y 1én truc banh
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xe, nham dam bao goc i thyc té & dap tng gia
tri tham chiéu v&i sai s6 cuc tiéu. Qua trinh nay
thuc hién nhim khac phuc cac dic tinh dong
luc hoc phi tuyén ctia co ciu lai nhu dong luc
hoc co cAu 14i, ma sat co khi va cac nhidu ng?tu
nhién phat sinh tir twong tac gitra 10p va mat
duong. Co ché hoat dong ciia tang diéu khién
ndy dya trén thudt toan PID. Tai mdi thoi diém
ldy mau, sai s6 dleu khién ¢, dugc xdc dinh 1a
sai léch gitra yeu cau tir tang trén va phan hoi
trang thai thuc té.

e5(t) = Sppc(t) — 8(D) 4)

Tin hiéu diéu khién dau ra u(t), dién ap
cap cho dong co dién dugc tinh toan dé triét
ti€u sai s e, theo ludt di€u khién ti 1€ - tich
phén - vi phan:

t
u(t) =er5(t]+l{if es(t)dt+ Ky 5[]

0

©)

Trong do6, cac tham s K., K, K, dong
vai tro quyét dinh dén chat lu(mg cua dap ung
quéa do va xac lap, céac gia tri dugc tinh toan
bang phuong phap thir sai trén mo hinh tuyén
tinh hoa dugc thuc hién nhu sau: Tang Kp dén
khi hé bit dau dao dong, tang K, nham cal thién
do tat dan dao dong va nang cao do 6n dinh
dong luc hoc va tang K. dé loai bo sai 1éch tinh.
Sau d6 duoc tinh chinh bang thyc nghiém dé
t6i wu hiéu nang dudi diéu kién rang budc bao
h(‘)a cﬁa co cau chap hanh [5]. Cac gia tri tham
s6 cudi cung dugc lua chon nhu sau [6]: K
1021, K, = 127, K 30. Dé kiém tra dic tmh
dong hoc va tinh 6n dinh cua bo diéu khién PID
dé xuét trudc khi tich hgp vao mé hinh toan xe,
mot kich ban thir nghiém véi tin hiéu dau vao
dang budc trong diéu kién hoat dong khong tai.

Tir phuong trinh hé thong 1ai dugc phan
tich nhu trén, ta c6 thé khao sat cac trang thai
diéu khién cua hé théng su dung bd diéu khién
PID bang ngon ngir Python.

PID} Steening Control

Stedring anghe [Dhg]
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Hinh 4. Géc danh ldi khi sir dung b diéu khién
PID

Khao sat trang thai lam viéc cua hé
thong khi thay ddi do cimg 16p twong tmg véi
tinh trang mat duong khac nhau [7]: Khi do
cung C,= 40000 N/rad, C, = 80000 N/rad va
C, = 120000 N/rad.
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Hinh 5. Géc déanh ldi khi thay doi d¢ cimg 16p xe

Qua két qua khao sat trén cho thiy hé
théng 14i khi 4p dung bo dicu khién PID voi
cac tham s K, K, K, cb dinh, sai sb dap ung
hé thong thay doi theo t1nh trang can. Xuat hién
dao dong khi do cung qua 16n hodc qua nho.

2.3. M hinh dong luc hoc mot vét

M6 hinh dong luc hoc mot vét duoc
g dung rong rii trong bai toan diéu khién xe
tu hanh nho kha nang mo ta chinh xac dong luc
hoc ngang véi chi phi tinh toan thap.

Hinh 6. M6 hinh dong luc hoc mét vét
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Phuong trinh vi phin mé ta can bang
luc theo phuong ngang va can bang mé men
quay quanh trong tdm xe dugc biéu dién nhu
sau:

m(vy + Vi) = Fye + Fy, (6)

Ir= ]-ny.f L Fyr (7)

Trong d6: Van téc ngang & toc do quay

than xe "I—' khdi lugng toan bo xe m; momen
quan tinh I ; luc ngang sinh ra tai 16p trude Fs
luc ngang smh ra tai 16p sau F . Trong dleu
kién van hanh chuyén lan thong thuong, gia
dinh rang goc quay banh xe nho, dic tinh 16p xe
dugc mo hinh héa tuyén tinh [8]. Luc ngang ti
1€ thuan véi gbc trugt, thong qua hé s6 do cung
goc C vaC :

Fyfz 2C 5 ¢ (8)
Fyrz 2C 4y 06y
vy + 1P
Vx
v, — LW
D‘r=—¥
Vx

Pé mo ta dong luc hoc chuyén dong
ngang cua xe, nghién ctru nay st dung mo hinh
xe dang tuyén tinh hoa va biéu dién du6i dang
khong glan trang thai. M6 hinh nay cho phép
mo ta mdi quan hé gitta cac bién trang thai nhu
van tdc ngang, goc quay than xe va sai léch quy
dao, cting véi tin hidu diéu khién 14 goc 1ai banh
trude. Duya trén cac gia thiét tuyén tinh héa, hé
phuong trinh vi phan bac hai dugc chuyén doi
vé dang khong gian trang thai nhu trinh bay
dudi day:

X = AX + Bu
{ Y=CX ©)

5 2Gyy
G 0
= [2Corlr |6 +
o I
’ Z
.4 0
mx N mx
0 0 1 0
zcyf_ C YT B Cyfl% + Cyrl% 0
mx 0 mx 0
1 0 i
}'r

@ 01 0 0|9
[][0001éi

}J‘

Tir md hinh dong luc hoc da thiét 1ap,
bd diéu khién MPC dugc xdy dung nham dam
bao kha ndng bam quy dao va 6n dinh hé thong.

2.4. B diéu khién MPC

H¢ dong luc hoc roi rac tuyén tinh duoc
mo ta dudi dang khong gian trang thai:

X1 = AXk + Buk

(10)
Y = Cxg

Trong do, x_€ R" 1a vec-to trang thai,
u,_€ R™1a vec-to dleu khién. Cac ma tran A, B,
C la dac trung cho dong lwc hoc ctia hé thong.
Duya trén mo hinh hé thong, trang thai twong lai
trong khoang dy doan N.. Pugc xay dung bang
cach 1ap phuong trinh trang thai:

i-1
s = Ay ) AT Buy
=0
Xay dung ham muyc tiéu t8i wu, ham chi
phi nhu sau:
IS 21 B(Xk+l - Xref) QX1 — Xpep) + ZN 0 1u.l£+1Ruk+1 (12)

i=1,2,..N,(11)
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Trong do:

- Q >0: Ma tran trong sb trang thai;
- R > 0: Ma tran trong s6 diéu khién;
- Np: Horizon dL_I" doén;v

- N_: Horizon di€u khién.

Bai toan MPC dugc biéu dién dudi
dang toi wu bac hai:

min%UTHU+ £Ty
(13)

H=0TQd +R
f = @TQ(Fxi — Xrep)

Rang budc diéu khién:

< <
umin - uk - uma

Rang budc trang thai:

X . <X <X
min k max
Trong bai toan chuyén lan, véc-to trang
thai dugc lya chon nhu sau:

x=[y,y%, ‘I‘]Tvd'i u=38 (14

Dua trén céc co sd Iy thuyét va mo hinh
MPC di duoc xiy dung, tién hanh khao sat mo
phong nham danh gia mdt cach toan dién hi¢u
nang va tinh 6n dinh cua hé thdng trong cic
diéu kién van hanh cy thé. Thong qua céc kich
ban mo phdng, cac dac tinh quan trong nhu kha
ning bam quy dao, chit lugng dap tng dong va
muc dd On dinh cta hé théng.

3. KHAO SAT MPC - PID VOI KICH BAN
CHUYEN LAN PON

3.1. Thong sé dau vao

Dé danh gid hiéu qua va 6n dinh cua
kién trac diéu khién phan tang duoc dé xuat,

nghién ctru nay s dung thir nghiém chuyén
lan don. Pay 1a phuong phép thir nghiém vong
kin tiéu chuédn dung dé danh gia dong luc hoc
ngang va kha ning 6n dinh cia xe trong tinh
hudng d4nh 14i khan cap.

135m

id

. R
o0m
-+ »
» Iijm

Hinh 7. Tinh huong chuyén lan don

Puong thir ¢6 tong chiéu dai 1a c¢b
dinh, cac ranh gioi lan duong dugc xac dinh
boi cac coc ti€u, tao thanh hanh lang di chuyén
bét budc. Xe thir nghiém phai di chuyén tir lan
duong ban dau sang lan dudng bén trai voi do
léch ngang 1a 3.5m tai doan gitra va sau do gitr
nguyén & lan vira chuyén ma khong va cham
vé6i bat ky coc tiéu ndo. Trong kich ban nay, xe
dugc di chuyén véi van toc doc khong dodi (v, =
const) trong sudt qua trinh thuc hién mé phong
[91, [10].

Bang 1. Théng so 6 6 sir dung trong mé phong

Ky hiéu Gia tri Pon vi
m 1707 Kg
L 4050 Kgm?
C, 80000 N/rad
C, 80000 N/rad
1, 1.2 m
1 1.05 m
1 0.016 m
L 0.023 m

0.42 Q
L 0.005 H
U . 12 A%
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3.2. Két qua mé phong

Hiéu qua cia kién triic diéu khién phan
tang dé xuat dugc kiém ching thong qua thu
nghi¢m chuyén lan don.

W sl e (il

H -] LU 1/ o=
X dinbmcr [m)

|
e
I

pririsn |m| ¥ paumaE | '
= = a
”\ | | | |
| - - |
L | i
| .l
i |
- 1 - %
] ¥4 ! ¥
¥ T i

T 5]

Hinh 8. Piéu khién MPC-PID tinh hudng chuyén
lan don

Dua trén két qua mo phong kich ban
chuyén lan don, c6 thé khing dinh riang kién
trac diéu khién phan tang duoc dé xuit da
dap ung hiéu qua cac yéu cau vé do chinh xac
bam quy dao va tinh on dinh dong luc hoc cua
phuong tién.

Vé kha ning bam quy dao: Quy dao
chuyén dong thuc té cta xe thé hién mac do
tuong dong rat cao v6i quy dao tham chiéu
trén ca hai phuong dién doc (truc x) va ngang
(truc y), v6i sai s6 xéac 1ap tiém can vé khong.
bac biét, trong giai doan chuyén lan c6 d6 bién
thién 16n (khoang tir 4s dén 6s), dap tng theo
phuong ngang khong xuat hién hién tuong
qua diéu chinh hay dao dong, cho thay bo diéu

khién du bao mé hinh MPC di xdy dung quy
dao t6i ru mot cach hiéu qua, dong thoi bo didu
khién PID ¢ tang thdp dam bao kha ning bam
Iénh v&1 dd chinh xac cao.

Vé dic tinh dap Gmg cta hé thong 14i:
Goc quay vo lang bién thién lién tuc va tron
tru, c6 dang gén twong tu tin hiéu hinh sin vo1
gia tri cuc dai x4p xi 0.25 rad trudce khi quay tré
vé trang thai can bang. Pép tng nay cho thay
co cu chap hanh hoat dong trong gidi han cho
phép, khong xdy ra hién tuong bao hoa hay qua
tai tin hiéu diéu khién, dong thoi dam béo tinh
kha thi trong trién khai thuc té.

Vé tinh 6n dinh huéng chuyén dong:
Goc quay than xe thyc té bam sat gia tri tham
chiéu twong ung trong subt qua trinh md
phong. Su trung khop gitra hai dai lugng nay
chimg minh rang phuong tién khong chi tuan
thii chinh xac quy dao mong mudn ma con duy
tri dugc trang thai on dinh dong hoc, han ché
hiéu qua céc hién tugng mét 6n dinh nhu truot
ngang hodc mat 14i khi thuc hién thao tac danh
14i & toc do cao.

4. KET LUAN

Nghién ctru ndy tap trung vao diéu khién
quy dao chuyén dong cta 6 to ty li thong qua
phuong phap két hop MPC- PID. Két qua thu
duoc cho thiy cau triic diéu khién phéan tang két
hop gitta MPC & tang cao va PID ¢ tang thap
d4 khai thac hiéu qua vu diém cua tlmg phuong
phap, qua do giai quyét bai toan can bang gitra
kha nang t6i wu hoa quy dao va hiéu sut bam
diéu khién. Piéu nay gop phan nang cao do an
toan, tinh 6n dinh va do tin cdy cua hé thong
diéu khién phuong tién trong cac tinh hubng
van hanh phtec tap. <
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