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TOM TAT

Bai bao nay trinh bay mdt phuong phap diéu khién ché d trugt tich phan (Integral Sliding Mode Control - ISMC) dugc tang cuting béi bé loc Kalman khéng
mui (Unscented Kalman Filter - UKF) cho bai toan diéu khién co cdu chdp hanh ldi trong mot hé théng bam quy dao phén cép. Mac dii ISMC 6 kha nang xi Iy
hiéu qua cac nhiéu tuong thich va loai bo hoan toan pha ti€p can, viéc trién khai truc ti€p bo diéu khién nay véi cac tin hiéu do bi nhiéu cd thé dan dén nd luc
diéu khién qua I6n. DE khdc phuc van dé trén, UKF duoc tich hop tai mic co cdu chdp hanh nham cung cdp cac udc lugng chinh xéc han vé trang théi va nhiéu téc
dong cho ISMC ma khdng can thay ddi cau tric diéu khién von ¢6. Phuong phap dé xuat dugc danh gia trong mot hé thdng diéu khién bam quy dao st dung
thuat toan Stanley ¢ vong ngoai, trong do trong tam phén tich dugc dat vao dong luc hoc vong trong ctia hé thdng lai. Két qua md phdng cho thdy khung diéu
khién ISMC-UKF lam gidm déng ké bién d bién truot va nang luong diéu khién tiéu thu, déng thai van duy tri hiéu nang bdm quy dao tuong duong. Nghién ciiu
50 sanh vdi bd diéu khién ché do truot dau cudi (Terminal Sliding Mode - TSM) két hap UKF cho thdy phuong phép dé xudt mang lai hiéu qua néng lugng cao hon
va dd 6n dinh s6 t6t hon, phit hop cho cac ting dung diéu khién Idi trong thuc té.

Tirkhéa: Robot di dong; bon bdnh dén hudng (4WS); diéu khién ché do trugt (SMC); diéu khién ché d truot tich phdn (ISMC); UKF; thudt todn Stanley.

ABSTRACT

This paper presents an integral sliding mode control (ISMC) scheme enhanced by an unscented Kalman filter (UKF) for steering actuator control in a
hierarchical trajectory tracking system. Although ISMC effectively handles matched disturbances and eliminates the reaching phase, its direct implementation
with noisy measurements may result in excessive control effort. To mitigate this issue, a UKF is incorporated at the actuator level to provide refined state and
disturbance estimates for the ISMC, without modifying its control structure. The proposed approach is evaluated within a Stanley-based outer-loop controller,
with emphasis on inner-loop steering dynamics. Simulation results show that the ISMC-UKF framework significantly reduces the sliding variable magnitude
and control energy while maintaining comparable tracking performance. A comparative study with a terminal sliding mode controller (TSM) combined with UKF
further demonstrates that the proposed method offers a more energy-efficient and numerically robust solution for practical steering control applications.

Keywords: Mobile robot; four-wheel-steering (4ws); sliding mode control (SMQ), integral sliding mode control (ISMC); UKF, Stanley algorithm.
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1. GIGI THIEU

Diéu khién bam quy dao cho robot di déng hoac
phuong tién tu hanh thudng dugc thiét ké theo kién truc
phan cdp gém hai vong diéu khién: vong ngoai dam
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nhiém diéu khién hinh hoc (Stanley, Pure Pursuit, MPC,...)
va vong trong thuc hién diéu khién dong luc hoc/co cau
chap hanh. Trong thuc té, cac co cau chdp hanh luén chiu
tdc dong ctia nhiéu ghép, cac cam bién bi anh hudng bai
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nhiéu do va sai léch, déng thdi mé hinh hé théng khéng
bao giG hoan toan chinh xac.

Dé gidi quyét bai toan chéng nhiéu, nhiéu nghién ctu
da lua chon diéu khién ché do trugt (SMC) [1-9] nhg tinh
bén viing cao dGi véi nhiéu va kha nang ap dung tét trong
vong diéu khién dong luc, dic biét 1a diéu khién dong co
lai - nai tai trong thudng tuong d6i nhd. Amer va cdng su
da st dung céc thuat toan Stanley va Pure Pursuit dé tinh
toan goc lai tham chiéu tu sai léch ngang trong vong
ngoai [1], trong khi vong trong st dung SMC dé diéu
khién goc lai thuc bam theo gia tri tham chiéu. Trong
nghién ctu cda K. Zhang va céng su [2], vong ngoai la bd
diéu khién dong hoc dua trén sai léch vi tri, con vong
trong la bd diéu khién déng luc st dung SMC dé sinh mé-
men cho bén banh lai doc 1ap. Nghién ctu clia S. Dixit [3]
ap dung chién lugc Pure Pursuit & tang trén dé xac dinh
ban kinh quay va goc lai yéu cau, trong khi tang dudi st
dung SMC nham dam bao robot 4WS thuc hién chinh xac
cac lénh nay dudi tac déng ctia nhiéu. Vi cau trdac hai
vong diéu khién, yéu cau hoi tu nhanh cla vong diéu
khién déng hoc ldi la rat quan trong. Do d6, cac nghién
clu [4, 5] da phat trién cac bo diéu khién ché dé truct hiiu
han (TSM) nham dam béo t6c dé hoi tu nhanh va hitu han.
Céng trinh [6] tich hgp bd quan sat nhiéu dé giam hién
tugng rung (chattering) ctia SMC. Ngoai ra, nham khéc
phuc han ché clia cac phuong phép hinh hoc khi phuong
tién bi trugt ngang, nghién ctu [7] da dé xuat sirdung bo
quan sét trang thai mé rong (ESO) dé udc lugng va bu goc
trugt, qua dé cai thién dang ké d6 chinh xac bam quy dao.

Dé& gidm hién tugng rung clia SMC truyén théng va
loai b sai léch tinh trong bai toan bam goc lai, cdc nghién
cliu gan day vé xe 4WS [8, 9] da dé xuat sir dung cau tric
diéu khién ché d6 truct tich phan (ISMC). Két qua thuc
nghiém cho thay ISMC cho phép hé théng lai dat do
chinh xac cao hon rd rét so véi LQR hoac SMC théng
thudng, dac biét khi ton tai ma sat va nhiéu ngoai sinh.

Mac du cac nghién ctiu [6-9] da céi thién dang ké chat
lugng bam quy dao va dé bén viing ctia hé théng trudc
cac nhiéu phtc tap ti tuong tac 16p-mat dudng, tuy
nhién rat it cong trinh xem bo quan sat nhu mét céng cu
nham gidm chi phi diéu khién. Thuc té la chua cé cong
trinh nao phan tich dinh lugng méi quan hé gilra chat
lugng udc lugng trang thai ctia bo loc va nang lugng diéu
khién tiéu thu, dac biét Ia thanh phan nang lugng chuyén
mach vén chiém ty trong I6n trong téng nang lugng diéu
khién. Trong khi d6, d6i véi robot di dong, bai toan tiét
kiém nang lugng la mét muc tiéu quan trong khéng kém
chat lugng bam quy dao, nhat la trong cac ting dung yéu
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cau hoat déng trén dién rong va thaoi gian dai. Day chinh
la khoang tréng nghién cliu ma bai bao nay dé xuat giai
quyét.

Xuat phat tir nhiing van dé trén, bai bao dé xuat kién
tric ISMC-UKF cho vong trong diéu khién dong co lai,
trong khi vong ngoai st dung bo diéu khién Stanley dua
trén sai léch ngang. Nghién ctu tap trung lam r6 vai tro
cla UKF khi két hgp vai ISMC va thuat toan Stanley, dac
biét a uu diém vé mic nang lugng diéu khién can tiéu
thu. K&t qua mé phong buéc dau cho théy tiém nang cua
su két hgp nay déi véi robot 4WS néi riéng va robot di
doéng st dung banh xe néi chung va co tiém nang tng
dung cao khi dugc kiém chiing thém trong diéu kién van
hanh thuc té.

Bai bao dugc chia thanh bén phan. Sau phan gidi thiéu,
Phan 2 trinh bay nguyén ly, cdu tric va phuong phap xay
dung hé thong Stanley-ISMC-UKF hoan chinh, cling nhu
phan tich nang lugng tiéu thu. Phan 3 trinh bay cac kich
ban mé phong va két qua, bao gbm so sanh truc tiép véi
cac cau trac khac nhu Stanley-ISMC va Stanley-TSM-UKF.
Phan 4 la két luan, ti€p theo la tai liéu tham khao.

2. PHUONG PHAP NGHIEN CUU
2.1. Kién tric diéu khién téng thé

Hé théng diéu khién dugc xay dung theo cau tric hai
vong. Vong ngoaila bé diéu khién hinh hoc sirdung thuat
toan Stanley, c6 nhiém vu sinh ra goc lai mong muén.
Vong trong la bé diéu khién déng hoc lai, s dung diéu
khién ché dé truot tich phan (ISMC) két hgp véi bo loc
Kalman khong mui (UKF) déng vai tro la bé quan sat trang
thai, nham tai cau trdc chinh xac géc 1ai, van toc goc lai
cling nhu nhiéu ngoai sinh, tir @6 ndng cao d6 bén viing
clia bo diéu khién ISMC. Hinh 1 minh hoa ré rang cau truc
diéu khién hai vong clia hé théng.

Vong ngoai (Bong hoc) Vong trong (Bang lyc hoc i)

I, I 1
1 | !
: i l
| Bodibukhién |59 Bodiukhién .| Ubclugngd Boudclugng | !
.l Stanley : i ISMC | vanhiéu UKF :
1S | < J
Qujdag | i |
tham chiéu s i : e = ) )
:‘ T 11 Mé-men He thong lai 8 nhidu do i
1| Tinhsailéch ‘ " (Bang lyc hoc) :
L neng )l T :
I\ __________________ ¥ ‘\ _______________________________________________ !
5 (Gocl4i
thyc té)
Vitrirobot
l Bong hoc phuong tién

v=hang s (Cap nhat vi tri)

Hinh 1. Kién tric diéu khién tdng thé
Noi dung nghién ctu clia bai bao khong tap trung vao
viéc t6i uu hda vong ngoai véi bo diéu khién Stanley, ma
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chu yéu tap trung vao vong trong, trong d6 su khac biét
khéng chi thé hién & hiéu nang bam ma con & su cai thién
vé muc tiéu thu nang lugng.
2.2. Mé hinh déng luc hoc co cau lai

DaGi véi hé théng lai trg luc dién (EPS) hodc hé théng
lai servo, mé hinh tiéu chuan (phu hgp véi goc lai nho, téc
do6 vua phdi dugc st dung trong [8, 9]) dugc mo ta nhu
sau:

J6+BS+KE=T,+T, m

trong do: 6: goc lai; J: mé-men quan tinh; B: hé s6é ma
sat nhét; K: d6 cing hoi vi (do gbc caster va moé-men tu
lya); T.: mé-men diéu khién; T;: mé-men nhiéu.

Phuong trinh (1) ¢4 thé dugc chudn héa vé dang:

5=-ab-bd+u+d 2
va dugc biéu dién dudi dang khéng gian trang thai:
X, =X
{ S 3)
X, =—ax,—bx, +u+d

trong d6 x, =6 ; x, =6 va nhiéu ngoai sinh d.

2.3. Diéu khién ché db truct tich phan (ISMC)

Trong ISMC, moét bién trugt mé rong dugc xay dung,
thudng bao gom mot bién trugt truyén thong so va mot
thanh phan tich phan z.

o=5,+2 (4)
trong dé:
s, = ey +e, = Alx, —x,)+(x, — X,) (5)

Thanh phan tich phan z ddm bao rang o = 0 ngay tu
thoi diém ban dau va khéng bi l1éch khoi mat trugt. Tuy
nhién, dé tinh toan z, can strdung mét tin hiéu diéu khién
danh dinh nham dam béo hé théng van hanh trong diéu
kién ly tudng (khéng c6 nhiéu). Tin hiéu diéu khién danh
dinh thudng dugc lua chon dudi dang téng cla thanh
phan diéu khién tién doan va phan hoéi, dugc biéu dién
nhu sau:

Uy =Ug +Ug, =(X, —ax, —bx,)—(k,e +k,e,) (6)

Trong thuc té, cac gia tri sai s6 dugc tinh ti tin hiéu do:

e, =x — X, €6 th&18n hon dang ké so

- 1meas_Xd; e2 =X

2meas
V@i sai s6 thuc do anh hudng ctia nhiéu va sai léch cdm
bién. Diéu nay khién tin hiéu diéu khién danh dinh up
khong con dam bao d6 chinh xac mong mudn trong cac
Ung dung thuc té.

D& dam bao o =0 ngay tu thai diém ban dau, diéu kién
sau phai dugc thda man:

z(t=0)=s,(t=0) 7)
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Dé& duy tri o = 0 tai moi thai diém, can théa man 6=0.
Lay dao ham theo thgi gian thu dugc:
z=-5,=MA, —Ax, — X, —ax, —bx, +u, (8)

Thanh phan diéu khién chuyén mach nhdm duy tri
hé th6ng trén mat truot khi cé nhiéu d dugc xac dinh
nhu sau:

u,, =-nsign(o) 9)
2.4.B6 loc Kalman khéng mui cho co ciu lai

M6 hinh UKF dugc xay dung véi véc-to trang thdi mé
réng nhu sau:

x:[d,é,d]r (10)

Gia thiét ring nhiéu d bién thién cham, tic la d=0.
Khi d6, m6 hinh hé théng dugc mé ta nhu sau:

X3

(1)

X, =
X, =—ax, —bx, +u+x,
Xx;=0
hay viét gon:
x=f(x,u)+w (12)

trong d6, w la nhiéu qua trinh.

Véi chu ky 1dy mau T, sir dung phuang phap Euler dé
r&i rac héa:

X T T X,
X =| Xy +T(=0X, —bX,  +U, +X5,) |[+W, (13)

X3,k

trong d6 w, ~ N(0,Q).

Gia st goc lai va van téc goc lai dugc do truc tiép vai
nhiéu va sai léch:

6meas X 1,k
= . = +vVv
¢ 6meas X2,k '

véi v, ~N(0,R).

(14)

Gia sU tai thai diém 18y mau k, ta c6 uéc lugng trang
thai va hiép phuong sai tuong ung la: x, ,P, . Khi doé, thuat
toan UKF c6 thé dugc tom tat theo cac budc sau:

Budc 1: Sinh cac diém sigma

Vi s6 chiéu trang thai n = 3:

© _ ¢
X =X

X =%, J{W]JI:L..JI

1

X[((Hn) :)A(k _|: I’H—)\)Pk :|,-
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trong do:

A=a’(n+k)- (16)

Budc 2: Lan truyén cac diém sigma qua mo hinh trang
thai

X =F (1 u) a7)
Buéc 3: Tinh gia tri trung binh va hiép phuong sai ctia
trang thai du doan

2n
)A(k+1|k = ZVI/i(m)XI(<I-¢)-1|k
0 (18)
Xtk )(Xkﬂ\k Xtk ) +Q

2n
— (c)
Pk+1|k - ZVVI
i=0

i=

0]
(Xk+1\k

Budc 4: Lan truyén cac diém sigma qua mé hinh do

(19)

(i) (i)

Vi = h(XkH\k )

Budc 5: Tinh gia tri trung binh va hiép phuong sai ctia
phép do dy doan

}A/k+1 ZW(m Yk+1
i=0 (20)

2n
Pyy ZVVI (V/(<21 _yk+1)(yl(<ii1 _ykﬂ )T +R
i=0

Budc 6: Tinh ma tran hiép phuong sai chéo

Py = ZOVVIC)(Xk+1|k X )(Y/m ka)T

N

(21)

Buéc 7: Cap nhat Kalman

K= 'nypyy1
X = Xk+1|k +K (Vi = Vi) (22)
Pk+1 Pk+1\k KPnyT

Muc tiéu chinh cta UKF la loc nhiéu do va udc luong
cac nhiéu bién thién cham. Ngoai ra, thay vi sir dung
phuong phap vi phan sé truc tiép, mo hinh UKF cung cap
udc lugng chinh xac hon cho van toc goc lai.

Sau do, bd diéu khién ISMC st dung cac gia tri udc
lugng tir UKF 8,6 va d thay cho cac tin hiéu do truyc tiép.
Cach ti€p can nay giup tinh toan tin hiéu diéu khién danh
dinh chinh xéc hon, bdi cac sai s6 bam duoc st dung
trong biéu thic cla bién trugt s, dugc xac dinh la:
e, :(§—xd,e2 :S—Xd.

Hon nifa, do UKF ciing cung cap udc luong nhiéu d,
mét phan dang ké ctia nhiéu thuc té d (tuong tng véi d)
da dugc bu ngay trong tin hiéu diéu khién danh dinh uo.
Do do, diéu khién chuyén mach us, chi can bu phan sai s6
udc lugng con lai d—d .
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2.5. Phan tich diéu kién 6n dinh thuc té
Gia thiét: UKF hdi tu sau Ty, sai s6 udc luong bi chan:

le|<e, é2|££z,‘3‘££d

Tu (4) - (5), mat truot thuc té va mat trugt udc lugng
lién hé qua:

0=0+(e,+Xe)=6+60,

|<e, +Ag =6, (23)

Tu (8), thé u=u, +u,, vao ¢ vatach sai sé udc lugng,
strdung g, c tu (3):

0 =(e, +Ae,)—kce, + cd — cnsign(G) = @ — cnsign(6)

Véi D<D (24)

trong d6: @, =kce, +|a+Alg, +cg, .

Dinh Iy: Néu n >3 thi o hoi tu hitu han thai gian vé
C

tap:
Q, :{|o|s%} (25)
ca-d,
Chiing minh: Chon Vv :%o2 TU (9) - (10):
V =06 <|o|®,, —cn(o|-26,)
ol ~cnlo -

=—~(cn-,,)|o|+2ené,

2cné,

, tc o héi tu
an-o,

Suy ra V<0 véi moi|o|>r" =

hiu han thoi gian vé Q.

Trén mat trugt, hé rat gon €, =-Ae, +0(g,) 6n dinh
tiém can véiA > 0.

Nhan xét: Tu (25): khi UKF udc lugng tét hon (g5, &5 €4
giam) thi Oy, gidm, Q_ thu nhé va nguéng n téi thiéu
gidm - truc ti€p lam gidm u,, =-nsign(6) , giai thich két
qua bang 1.

3. KET QUA MO PHONG VA THAO LUAN
3.1. Kich ban mé phéng

Quy dao mong muén dugc lya chon la moét quy dao
hinh sin khéng chudn, dugc mé ta trén mién thai gian bai
cac phuang trinh sau:

X, =2%t
y,=(5-0,5%cost * sat(t)) * sin(0, 2t)
Y, =atan(0,1* cos(0,2t))

(27)

Cac tham sé ctia hé théng dugc st dung trong mo
phdéng nhu sau:
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L=0,5m
v=2m/s
a=20
b=2

(28)

Nhiéu do dugc gia thiét bao gém hai thanh phan:
nhiéu ngau nhién va sai léch (bias):
ns =0,005* rand
n, =0,02* rand
b, =0,01
b;=0

(29)

Nhiéu tac dong lén co cau chap hanh dugc gia thiét co
dang hinh sin:

d =3*sin5t (30)

Cac hé théng diéu khién dugc st dung dé so sanh
gém: Stanley-ISMC (khéng st dung UKF), Stanley-TSM-
UKF, va Stanley-ISMC-UKF (phuong phép dé xuat).

3.2. Két qua mé phong
Két qua mé phdng dugc trinh bay tir hinh 2 + 6.

o

Quy dao ngang [m]
& =]

&
i

o

10 20 30 40 50 60
Thoi gian [s]

Hinh 2. Quj dao ngang mong mudn va thuc té

—ISMC-UKF/e,
y

_ISM()'Ey
—TSM-UKF:‘&y

Sai léch ngang [m]

0 10 20 30 40 50 60
Thoi gian [s]

Hinh 3. Sai I&ch ngang ctia ba phuang phép

Hinh 2 minh hoa quy dao ngang mong muén va quy
dao thuc cda robot khi s&r dung phuong phap Stanley-
ISMC-UKF. Do su khac biét vé sai léch ngang gilta cac
phuang phap la khéng dang ké, chi mot quy dao dugc
hién thi. Diéu nay dugc thé hién trong hinh 3, cho thay
sai léch ngang clia ca ba phuong phéap gan nhu tuong
duong nhau.

Hinh 4 minh hoa cac bién trugt ctia ba phuong phap
diéu khién. Trong d6, Stanley-ISMC-UKF va Stanley-ISMC
st dung bién trugt ma rong o, trong khi Stanley-TSM-UKF
st dung bién trugt truyén théng s. C6 thé quan sat thay
su khac biét ro rét: d6i vai hai phuong phap dau, pha tiép
can (reaching phase) dugc loai bé hoan toan va bién trugt
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ma réng o chi dao déng quanh mat trugt véi bién do rat
nhd [0,/ | - Nguac lai, phuong phap Stanley-TSM-

UKF xuat hién dao dong cda bién trugt véi bién do I6n
hon dang ké.

Hinh 5 va 6 cho thdy muc nang lugng tiéu thu trong
vong diéu khién dong hoc lai. Co thé thay rang ca nang
lugng chuyén mach va téng nang luong diéu khién cda
phuang phép Stanley-ISMC-UKF déu thap hon dang ké so
véi hai phuong phap con lai. Pang chu y, ngay ca khi
khong st dung UKF, Stanley-ISMC van tiéu thu it nang
lugng hon r6 rét so véi Stanley-TSM-UKEF.

Bang 1 cung cap cac két qua dinh lugng chi tiét. Bién
dé bién truot cla Stanley-ISMC-UKF nhé hon 4 lan so véi
Stanley-ISMC va nhé hon 20 lan so véi Stanley-TSM-UKF.
Day la nguyén nhan chinh khién téng nang lugng diéu
khién va nang lugng chuyén mach clia phuong phap dé
xuat chi bang chua téi mét phan ba so véi Stanley-ISMC,
mac du Stanley-ISMC ban than da tiét kiém dugc khoang
28% nang lugng so véi Stanley-TSM-UKF.

Ngoai ra, c6 thé nhan thdy rang nang lugng chuyén
mach chiém ty trong In trong téng nang lugng diéu
khién, dac biét déi v6i phuang phap Stanley-TSM-UKF,
thanh phan nay chiém tai 96,1% téng nang lugng J,. Do
do, viéc tich hgp ISMC va UKF mang y nghia thuc tién rat
I6n d8i véGi cac hé théng diéu khién lai trong thuc té.

Bang 1. So sanh gidfa ba phuang phap

Stanley-ISMC- | Stanley-ISMC | Stanley-TSM-
UKF UKF
RMSE e, [m] 0,089 0,089 0,087
Omax 0,025 0,1 0.5
Nang lugng 6739 19040 24424
diéu khién (J,)
Nang lugng 5709 (84,7% J,) | 17411 (91,4% J,) | 23467 (96,1% J,)
chuyén mach (Jgy)
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Hinh 6. Néng lugng chuyén mach cda ba phuong phap
4. KET LUAN

Nghién ctiu nay dé xuat mot giai phap diéu khién hai
vong két hop cho robot lai bon banh (4WS), trong d6 déc
biét nhan manh vai trd ca bd diéu khién déng hoc lai &
vong trong. Vong diéu khién nay dugc trién khai théng
qua sy tich hgp gilta diéu khién ché& dé truot tich phan
ISMC va b loc Kalman khéng mui UKF, qua dé khai thac
hiéu qua uu diém cda ting thanh phan: ISMC dam bao
tinh bén viing trudc cac nhiéu mé hinh, trong khi UKF lam
giam anh huéng cutia nhiéu do. Két qua cho thay bién do
chuyén mach clia bién trugt dugc gidm dang ké, dan dén
su suy giam rd rét vé téng nang lugng diéu khién clia hé
théng so vai cac kién tric diéu khién khac.

Két qua mé phéng clia nghién clu nay ggi maé hudng
phat trién cac hé théng robot di dong theo hudng tiét
kiém nang lugng hon, diéu nay dac biét cé y nghia trong
b6i cadnh cac ngudén nang lugng trén xe bi han ché
nghiém ngat, khi khéi lugng nguén nang lugng chiém ty
trong I6n trong téng tai trong cda robot. Tuy nhién, cac
két qua can dugc kiém ching thuc nghiém trudc khi co
thé dua ra két luan vé kha nang trién khai thuc té. Cac
hudng phat trién tiém niang bao gém maé réng sang ISMC
thich nghi véi cac mé hinh dong luc chi tiét hon hay phi
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tuyén manh (Coulomb, backlash), ap dung UKF cho vong
diéu khién ngoai, hodc tich hgp véi cac bo diéu khién
vong ngoai théng minh hon.
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