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ROBUST ADAPTIVE CONTROL FOR TWO-WHEELED DIFFERENTIAL
MOBILE ROBOT WITH MODEL UNCERTAINTY, EXTERNAL DISTURBANCE
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This paper presents a robust adaptive control method, focusing on the use of
sliding mode control techniques combined with radial basis function neural
networks. The method is designed for two-wheeled differential mobile robots, a
type of robot commonly used in autonomous mobility applications. One of the
strengths of this method is its ability to effectively address the challenges faced by
robots, including external environmental disturbances, model uncertainty, and
wheel slippage. These factors often cause great difficulties in maintaining stability
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and control performance for robots. The stability of the closed-loop system has
been proven through the application of the Lyapunov criterion, an important tool
in control system theory. To test the effectiveness of the proposed control method,
simulation results have been performed on the Matlab — Simulink platform. In
these experiments, the robot's ability to move stably along various trajectories was
tested, including circular and trifolium trajectories. These results not only confirm
the rationality of the method but also show its superior performance in
maintaining stable control operation for the three-wheeled mobile robot with
approximately zero tracking error.
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Bai bdo nay trinh bay phwong phéap diéu khién thich nghi bén viing, tap trung
vao viéc sir dung Ky thuat diéu khién truot két hop v&i mang no ron ham co sé
xuyén tdm. Phuong phap nay duoc thiét ké cho cac robot di dong vi sai hai
banh, mét loai robot thudng gap trong cac ung dung di chuyén tu dong. Mot
trong nhimg diém manh cua phuong phép nay 1a kha nang giai quyét hiéu qua
cac thach thirc ma robot gap phai, bao gom nhiéu tir méi truong bén ngoai, sy
khong chic chin ciia md hinh va hién tugng trugt banh xe. Nhiing yeu to nay
thuong gay ra nhitng khé khan 16n trong viée duy tri 6n dinh va higu suét diéu
khién cho robot. Tinh 6n dinh ciia hé théng vong kin da dugc chimg minh thong
qua viéc ap dung tidu chuén Lyapunov, mot cong cu quan trong trong ly thuyét
hé thong diéu khién. DE kiém tra tinh hiéu qua cia phuong phap diéu khién
duoc dé xuét, cac két qua mo6 phong da duogc thyuc hién trén nén tang Matlab —
Simulink. Trong céc thir nghiém nay, robot dugc kiém tra kha niang di chuyén
on dinh theo cic quy dao khac nhau, bao gdm quy dao hinh tron va hinh ba la.
Céc két qua nay khong chi xac nhan tinh hop 1y cta phuong phédp ma con cho
théy hiéu suat vuot trdi cia nd trong viéc duy tri hoat dong diéu khién 6n dinh
cho robot di dong vi sai hai banh vai sai s6 bam xap xi bang khong.
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1. Gigi thigu

Robot di dong kiéu banh xe (WMR) la loai robot c6 kha nang ty di chuyén tir diém nay dén
diém khac ma khong can sy can thi¢p tir bén ngoai [1]. Piém khéc biét Ién nhat so véi cac tay
may cong nghiép 14 WMR co thé ty do di chuyén trong mot khong gian lam viée xac dinh dé
thuc hién cac muc tiéu cu thé.

Céc nghién ctru trude day thuong tap trung vao viéc thiét ké bo diéu khién dua trén mé hinh
dong hoc hodc dong luc hoc mét cach riéng biét, ma it chi y dén sy tuong tac gitra hai khia canh
ndy. Nhimg nghién ctru nay thuong bo qua yéu té truot banh xe, mot van dé quan trong trong
viéc diéu khién robot di dong, va chi tip trung vao viéc bu sai 1éch mo hinh, nhidu hiang hoic cac
tham s6 khong chic chan trong md hinh [2] — [12]. Tuy nhién, trong thuc t&, WMR thuong xuyén
phai hoat dong trong cac diéu kién khac nghiét va khong ludng trude dugc, chang han nhu di
chuyén trén bé mit tron truot hoic thuc hién cac dong tac quay. Nhitng yéu td nay cé thé anh
huong dang ké dén tbc d6 va vi tri ciia robot, din dén su sai léch so véi quy dao mong muén.
Viéc khong xem xét anh hudng cua truot banh xe trong qué trinh thiét ké bo diéu khién 0 thé
lam giam hiéu qua va d¢ tin cdy cua cac hé thong ndy trong moi trudng thuc té. Do do, can mot
cach tlep can toan dién va tich hop hon dé giai quyét van dé nay, nhdm ning cao kha ning hoat
dong va on dinh cua WMR trong nhimg diéu kién khong thuan loi.

Dé giai quyet van dé nay, mot s6 nghién ciru di sir dung cac cam bién dat tién dé do tryc tiép
van tdc va gia toc truot [13], [14]. Mot husng tiép can khac 1a st dung bo diéu khién dé bu gian
tiép, va da c6 mot sd két qua dang cht y [15] - [17]. Vi dy, trong [15], mot bo diéu khién thich
nghi st dung mang no-ron dé u6c luong nhiéu va truot banh xe da dugce dé xuat. Mac du két qua
md phong cho thay kha ning bam quy dao tot, nhung khéi lwong tinh toan ctia mang no-ron lai
kha 16n. Trong [16], hé logic mo loai 2 két hop véi diéu khién thich nghi da duoc sir dung dé
thiét ké bo diéu khién cho WMR, mang lai chit lugng bam tbt. Tuy nhién, cau tric hai vong diéu
khién khién viéc chimg minh tinh 6n dinh ciia hé thong tré nén phuc tap. Trong [17], diéu khién
trugt két hop véi bo quan sat nhiéu da dugc sir dung dé bu cac thong s mé hinh khong chic
Chan gitip loai bo sai s6 va cai thién hiéu suét hé thong Tuy nhién, phuong php nay gia dinh
rang truot banh xe va nhiéu chi xuat hién trong vong diéu khién dong luc hoc.

Xuit phat tir nhitg phan tich trén, bai bio nay dé& xuit mot bo diéu khién thich nghi bén viing
dé diéu khién bam cho robot di dong vi sai hai banh (TWDMR), c6 tinh dén anh huong caa nhiéu
bén ngoai, trugt banh xe va cac tham sé mo hinh khong chic chan. Hon nita, so dd diéu khién
duoc thiét ké voi mot vong diéu khién duy nhét, gitp giam dang ké do phuc tap trong chimng
minh toan hoc so véi cac phuong phép st dung hai vong diéu khién.

B4 cuc ciia bai bao dugc t6 chirc nhur sau: Phan hai trinh bay thiét ké bo diéu khién thich nghi bén
vitng dra trén diéu khién truot va mang no ron ham co sé xuyén tim (RBF) dé diéu khién bam quy
dao cho TWDMR. Phan ba trinh bay cac két qua mé phong. Cudi cing, phan bbn dwa ra két luan cua
bai bao.

2. Thiét ké b diéu khién thich nghi bén virng
2.1. M6 hinh todan hoc ciia robot di dong ba banh

Xét co cu robot di dong ba banh, hai banh truyén dong doc 14p & phia sau va mot banh lai &
phia trudc, chiu rang budc nonholonomic nhu Hinh 1.

Banh trai
7 L8

&~ Banh phai

Hinh 1. M6 hinh robot di dong ba banh va hé truc toa d¢
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V6i G 1a trong tam cua phan cing TWDMR, M(Xy, Yw) 14 trung diém ctia doan tryc ndi hai
banh xe sau. Khoang cach gitra hai banh xe sau 1a 2b, r 1a ban kinh cua mdi banh xe, a 1a khoang
cach gitra diém M va diém G, @ 1a goc huéng cia WMR.

Goi van toc gdc cta dong co banh xe bén phai, bén trai lan luot 1a (I) R Va (i)L. Do truot doc truc
cua banh xe bén phai va bén trai 1a y va y;, d6 trugt ngang truc banh xe 1a 5.

Phuong trinh dong hoc cia TWDMR khi xét dén anh huong cuaa truot banh xe 1a [15]:

Xy = Y9cosf — nsind
yu = Usinf + 1cosb 1)
L 0=w ,

Trong do, 9 la van toc tuyén tinh theo hudng vuoéng goc vai truc noi hai banh xe sau va w la
van toc goc caa TWDMR:

T(‘I’R + ¢L) + Yr+ VL

9 =
o2 2 )
_ T((PR ¢L) Yr —
2b 2b
Phuong trinh dong luc hoc cia TWDMR la [15]:
Mv+Bv+Qy+C+Gii+1g=1 3)
trong do: 74 1a nhiéu dau vao, v = [¢p, ¢, 1.y =[Yr V.]”
M=m11 mlz]m =Myy, My, =M
My, Myy) T 22: M2 21
r? ar? r? 5
mq1 = Mg Z+4_b2 +4_bZ(IG +21D) +2mwr +IW
r’  a’r r?
Mz =M |7~ 7 _W(IG + 2Ip)

_ 1 0 11. 5, _[Q1 @Q2]. T a? r
B=mego[® il e=[0) &f @a=mei(1£5) £ 5 Us+20)
ar 1
q ’ C=mg= a)[] G = me, 1]’ )
O day, mg la khoi luong cua phan cang TWDMR, my, 1a khoi luong cua moi banh xe, I 1a
md men quén tinh cua phan cang TWDMR quanh truc thang dung di qua G, Iy, Ip lan luot 1a
mod men quan tinh ctia moi banh xe xung quanh truc quay va truc duong kinh cia no.

2.2. Piéu khién trwot va mang no ron RBF

Bai toan dat ra la diéu khién TWDMR bam theo mot quy dao cho trudc. Goi diém muc tiéu di
chuyén cia TWDMR la T (x7, y7), sai 0 Vi tri gitra diem M (x,y, vy) va diém muc tiéu T (x, yr)
trong hé toa d6 MX'Y' dugc tinh nhu sau:

€p1 cos®  sin@1[XT — Xm Xr — XM
P [ePZ] L—sind 6059] yr — J/M] [J/T —Yum @
Trong do, H 1a ma tran chuyeén doi:
_[cos®  sind
) —sinf cosO
Pao ham cap mot phuong trinh (4) theo thoi gian ta ¢o [15]:
. épl]
e, =|."" |=hv+d 5
P [epz 1 ®)
€p2 €p2 r Yr— VL Yr+ 7L
22 1)z —(B+1)z -
h= (b )2 (b )2 d. = < 2b )epz 2 cosf smG][ ]
_Ep” Ep1" ! YR — VL \ —sinf cosf

Dit cac bién trang thai x; = ep; Xz = Xq + kxq VOi k 1a mot dai luong vo huéng duong.
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Dao ham cap mot va cap hai cua x; theo thoi gian ta co:

X =é,=hv+d; (6)
¥ =hv+hv+d, (7
Tir phuong trinh (3) nhan ca hai vé véi M~ ta duoc:
vV=—-M1Bv-M1Qy+Crn+Gi+1y) +Mlt=—-M1Bv+ M lt+d, (8)
Trong do: d, = —M~1(Q¥ + C1i + Gij + 14).
Thay (8) vao (7) ta dugc:
¥, = —hM™'Bv + hM~ 't + hd, + hv + d; (9)
Pao ham cip mot cua x, theo thoi gian ta co:
Xy = X1 + kXq (10)

Thay (6) va (9) vao (10) ta dugc:

X, =%, +kx; = —hM~'Bv+hM~ 't + hd, + hv +d; + khv + kd, = P,v+ Qt +d; (11)
trong d6: P, = —hM~1B, Q = hM~*, d3 = hd, + hv + d, + khv + kd;
Tir phuong trinh (6), nhan ca hai vé véi h=1 suy ra:

V= h_lJ'Cl - h_ldl = h_l(xZ - kxl) - h_1d1 = h_lxz - h_lkx1 - h_ldl (12)
Thay (12) vao (11) ta duoc:
X‘Z = Plh_le — Plh_lkxl — Plh_ldl + QT + d3 = Px~2 — kle + QT +d (13)

trong d6: P = P,h™*, d = d3 — P;h~'d, 14 thanh phan nhidu ngoai va truot banh xe bi gigi
hand < D.
Tir 396, ta c6 phuong trinh trang thai mo ta hé thong nhu sau:

)'Cl = xZ - kxl
{xz = Px, — kPx; + Qr +d (14)
DPinh nghia mat truot la:
s=x+(n+k)x; (15)

Véi n 1a mot dai lugng vo hudng thoa man (n + k) > 0.
Pao ham cap mot cua s theo thoi gian ta co:
sS=X+Mm+k)x; =% +kx; +nxy =%, +nxy =nlx, —kxy) +x,
=n(x, —kx;) + Px, —kPx; + Q1 +d (16)
=ml+P)(x; —kx))+Qr+d=f(x)+Qtr+d
trong d6 f(x) = (nl + P)(x, — kx;) 1a ham sb chua biét, dugc xap xi bing mang no ron
RBF, I 1a ma tran don vi.
Chon bo diéu khién nhu sau:
T =—Qf(x) + psgn(s)] (17)
trong d6 f(x) 1a x4p xi cua f(x) chinh 13 dau ra cua mang no ron RBF.
Mang RBF duoc sir dung dé xap xi f(x) mo ta
nhu Hinh 2.
Cau triic mang no ron RBF gom 3 16p:
- L6p thir nhat 1a 16p du vao gom céac bién dau
Va0 X1, X2,.eey Xp-
- L6p thir hai 1a 16p 4n, dau ra cua 16p 4n duoc tinh
theo cong thuc sau:

llx — cll?

h; = exp 7 (18)
) .

- Lop thir ba 1a 16p dau ra, gia tri dau ra caa mang

no ron dugc tinh nhu sau: )

flx) = WTh(x) +¢ (19) Hinh 2. Cau tric mang noron RBF
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trong d6 x 13 trang thai dau vao cua mang, h = [hj]T 12 ham Gaussian, m 14 sb no ron 16p an, ¢;
la tdm cua ham Gaussian, b; la chi€u rong cua ham Gaussian, € < gy la sai s Xap xi cua mang
no ron, W = [wy,w,,..,w,, |7 1a vecto trong sb ly tusng ciia mang no ron RBF.

Déu vao cia mang no ron duoc chon 1a x = [*¥1  x2]” va dau ra cua mang no ron 1a:

f(x) =WTh(x) (20)
Thay (17) vao (16), ta co:
§=fx)+ Q(—Q_f)[f(x) +psgn(s)] +d = f(x) — f(x) — psgn(s) +d 21)
= f(x) —psgn(s) +d
trong do
) =f(x)—f(x) =WThx) +e—-WTh(x) = WTh(x) + ¢ (22)
vaWw=W-W.

2.3. Chitng minh tinh én dinh
Chon ham Lyapunov ¢6 dang nhu sau [18]:

V=25t e gl (23)
trong do g > 0.
Pao ham cap mét caa V; theo thoi gian ta co:
V =ss+BWTW (24)
Thay (21) vao (24), ta dugc:
’ V=s(f(x) — psgn(s) +d) — BWTW (25)
Thay tiép (22) vao (25) suy ra:
V=s(WTh(x) + & — psgn(s) +d) — BWTW

. Py 26
=wT (sh(x) — BW) + s(e — psgn(s) + d) (26)
Luat cap nhat thich nghi cia mang RBF dugc chon nhu sau:
-1
W= Esh(x) (27)
Khi d9, ta cé:
V =s(e — psgn(s) + d) = s(e +d) — pls| (28)

Do sai s6 xap xi ctia mang no ron & bi gidi han va di nho nén thiét ké p > ey + D + py,
po > 0. Khi 0, ta c6 duoc xap xi V < —pgls| < 0. Diéu nay c6 nghia 1a bang cach sir dung bo
diéu khién (17) va luat thich nghi (27), hé théng (14) s& én dinh khi t — co.

3. Két qua mé phéng

Trong phan nay, hi¢u qua ctia bo diéu khién dé xuét dugc xac thyc trén h¢ thong TWDMR voi
cac thong so dugc minh hoa nhu trong Bang 1 [15].

Bang 1. Cic théng s6 cia WMR

Tén bién Y nghia Gi tri
mg Khoi lugng phan ctng 10 (kg)
my, Khéi lwong mdi banh xe 2 (kg)

I; Mo men quén tinh ciia phan cimg WMR quanh truc thing dimg di qua G 4 (kgm?)

Iy M6 men quan tinh ciia mdi banh xe xung quanh truc banh xe 0,1 (kgm?)

I M6 men quén tinh cia mdi banh xe quanh truc thang dung di qua tim 0,05 (kgm?)
banh xe

a Khoang cach giira diém M va diém G 0,2 (M)

b Mot nira khoang cach gitta hai banh xe sau 0,3 (m)

r Ban kinh ctia mdi banh xe 0,15 (m)
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Mo phong dugc thuc hién trong cac diéu kién ma cac tham sd hé thong khong chac chan (ting
30% so Véi gia tri dinh mtc), banh xe truot [yg v, 1] =[1+sint 1 + cost sin t] (mfs)
va nhidu dau vao 74 = [1 +sin(0,4t) 1 + cos(0,3t)] T(N.m). Cac thong sé didu khién duoc
thiét ké nhu sau: k =83, n =17, p = 10. Ciu tric cia mang no ron RBF duoc chon co 2 16p
dau vao, 5 16p an va 1 16p ddura; trong dé c; =[-2 -1 0 1 2], bj = 5 va tham s thich
nghi B = 0,01. Gia tri khoi tao cho mdi phan tir trong s6 mang no ron RBF lé 0,1.

= 5cos(0,1mt)
¥y = 5sin(0,1xt)

0.8

Truwong hgp 1: Quy dao hinh tron c6 phuong trinh {

° ‘ — ‘ \
ol i
N\ 06

3 N\

N}
=}
IS

Quy dao dat \
1 / Quy dao thuc

©
o

(m
o
Sai léch theo truc x (m)
o

~— . 06

-6 -4 2 0 2 4 6 0 5 10
x(m)

Hinh 3. Robot bam quy dao hinh tron Hinh 4. Sai 56 bam truc x quy dao hinh tron
Trong Hinh 3, vi tri ban dau cia TWDMR khong nam trén quy dao dit (dudng tron nét lién
mau do). Thong qua bo didu khién duge dé xuat, TWDMR c6 xu hudng dao dong xung quanh
duong cong myc ti€u sau d6 nhanh chong bam quy dao dat thé hién trén quy dao thuc té (dudng
tron nét dit mau xanh 14). Hinh 4 va 5 cho thdy rang trong giai doan dau (0-5 gidy), sai sd bam
dao dong manh do TWDMR nam ngoai quy dao mong muon. Sau giai doan dao dgng nay, sai sd
giam dan va tré nén 6n dinh. Pén khoang 10 gidy, sai s6 duy tri gdn bang 0, cho thiy robot di dat

duoc do chinh xac trong diéu khién va 6n dinh trang thai hoat dong.
1 5 T T T

\\
AN

15 20 25 30 35 40
Thoi gian (s)

0.8

0.6

o
~

N
)

o

&
o

Sai léch theo truc y (m)
y

o
~
&

=4
>
IS

-0.80 5‘ 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 40 75-3 -2 -1 (; 1 2‘ é 1; é 6
Thoi gian (s) X (m)
Hinh 5. Sai s¢ bam truc y quy dao hinh tron Hinh 6. Robot bam quy dao hinh ba ld
Truwong hop 2: Quy dao hinh ba 14 ¢6 phuong trinh
x, = 5cos(0,1mt)cos(mt/30)
{yr = 5cos(0,1mt)sin(mt/30)

Trong Hinh 6, chung ta c6 thé thay rang TWDMR tiép can muc tiéu mot cach tron tru va hi¢u
qua, cho thiy kha niang diéu khlen tot va 6n dinh cua bo diéu khién d& xuat. Khi robot di chuyen
n6 khéng chi duy tri dwoc téc do 6n dinh ma con nhanh chong bam theo quy dao mong mudn.
Két qua nay duoc thé hién rd trong Hinh 7 va Hinh 8, day 1a sai s6 bam theo ca hai truc x va y cta
robot. Cac hinh v& nay cho phép chung ta theo ddi cach thirc robot diéu chinh huéng di chuyén
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ctia n6 dé giam thiéu sal s6. Sau khoang 4 gidy, sai s6 bam theo c hai truc nay giam xubng gan
bang khong, cho thay rang robot da dat duoc do chinh xéc rat cao trong viéc bam quy dao mong
muén. Pidu nay khong chi xac nhan hi¢u suat cua hé thong didu khién ma con cho thay rang
robot c6 kha nang duy tri trang tha1 on dlnh trong qua trinh thyc hién nhi¢m vu.

0.6 0.7

05 0.6
0.5
0.4
0.4

o
w

0.3 |

0.2 H

0.1 H

o o
= N}
Sai l&ch theo truc y (m)

Sai léch theo truc x (m)

0

o
—

-0.1

s

-0.2

-0.2 - L L L L L L L - -0.3 L L 1 L L 1 L
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Thoi gian (s) Thoi gian (s)

Hinh 7. Sai 6 bdm truc X quj dao hinh ba ld Hinh 8. Sai 6 bdam truc y quy dao hinh ba ld

4. Két luan

Bo diéu khién thich nghi bén viing di dwoc phét trién véi muc tiéu nang cao hidu qua diéu
khién cho hé théng TWDMR. Lua chon nén tang diéu khién trugt két hop voi mang no ron RBF
cho phép bo diéu khién c6 kha nang diéu chinh linh hoat va thich nghi v6i nhiing thay di trong
mdi truong 1am viéc. Mot trong nhimg thach thtc chinh trong viée diéu khién TWDMR 1a kha
nang duy tri do chinh x4c va 6n dinh trong nhitng diéu kién khong thuan loi. Thém vao dé, cac
yéu t6 nhu nhidu tir méi truong xung quanh, hién tugng truot banh xe va nhitng bat dinh dang ké
trong md hinh c6 thé anh hudng dén hiéu suit cua hé thdng. Nho vao thiét ké thich nghi, bo diéu
khién da thé hién kha ning diéu khién tét, gitip duy tri do chinh xac cao ngay ca trong bdi canh
nhiéu bién d6i va phuc tap. Bén canh do, tinh 6n dinh cta b diéu khién da duoc ching minh trén
toan b ving lam viéc thong qua ly thuyét on dinh Lyapunov, day la mot phuong phap nol bat
trong 1y thuyét diéu khién gitip khiang dinh rang cac phan img dau ra cia hé thong s& ludn on dinh
va dang tin cdy. Piéu nay mang lai d6 tin cay cho viéc tng dung bo diéu khién trong cac tinh
hudng thuc té, noi ma sy khong chic chin thuong xuyén xuat hién. Dé kiém tra hiéu qua va tinh
kha thi cua bo diéu khién, ching t6i da thuc hién cic md phong trén phan mém Matlab -
Simulink. Két qua tir cac md phong cho thay bo diéu khién hoat dong hiéu qua trong viéc diéu
chinh va xtr 1y cac tinh hudng phuc tap, dong thoi duy tri hiéu suat tot. Nhiing két qua nay hta
hen cho viéc 4p dung vao cac thuc nghiém trén robot thyuc té trong tuong lai. Sau khi di xac thuc
trén moi truong mod phong, budc tiép theo s& 1a tién hanh thir nghiém trong mdi truong thuc té dé
danh gia hiéu qua hoat dong cua bo diéu khién trong nhitng diéu kién khong ngimg thay déi va
phat trién. Chung t6i hy vong rang nhirg nghién ctu tiép theo s& md ra co hoi maéi cho viéc tng
dung bo diéu khién nay trong cac linh vuc khac nhau lién quan dén robot di dong.
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