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ABSTRACT

In this paper, we consider the adaptive sliding mode control with radial basis function
neural networks for the Omni-directional mobile robot. This is a holonomic robot that can
operate easily in small and narrow spaces, due to the ability of flexible rotational and
translational moving, simultaneously and independently. This robot is a MIMO nonlinear
system. We design the sliding mode control (SMC) to ensure the trajectory tracking problem
for a mobile robot. Therein, the radial basis function (RBF) neural networks are trained and
used to approximate the adaptive SMC control law. In addition, the parameters of the neural
networks are updated during the operation by using the gradient descent algorithm.
Furthermore, we show the asymptotical convergence of the system state with the proposed
control strategy. Finally, the simulation is conducted to verify the effectiveness of the
proposed control system under disturbances and system uncertainties. These results
demonstrate that the proposed algorithm is feasible to control the robot as well as control the
nonlinear systems.

Keywords: sliding mode control; adaptive law; radial basis function neural networks; Omni-
directional mobile robot; Gradient Descent algorithm.

TOM TAT

Bai bdo trinh bay phirong phdp thiét ké bg diéu khién truot thich nghi sir dung mang no-
ron RBF (Radial Basis Function) dé diéu khién bam quy dao robot di dong da hwdng. Pdy
la mét loai robot holonomic ¢é thé di chuyén dé dang trong nhitng khong gian nho, hep do
kha nang di chuyen mét cach linh hoat, vira quay vira tinh tién dong thoi va doc ldp. Robot
nay la hé phi tuyen MIMO. B¢ diéu khién truot dwoc thiét ké dé dam bdo quy dao thuc té
ciia robot bam theo quy dao cho truéec. Mang no-ron RBF dwoc sir dung dé wée lwong cdc
ham phi tuyén trong ludt diéu khién treot dwoc tinh todn dwa trén Iy thuyét on dinh
Lyapunov va dong vai tro nhuw mot bo diéu khién thich nghi. Cdc trong s6 clua mang duoc
cdp nhdt truc tuyén bang gidi thudt Gradient Descent dwa trén cdc tin hiéu héi tiép & ngé
ra. Két qua mé phong trén MATLAB/ SIMULINK cho thdy rang gidi thudt dé xuat dap iing
diege muc tiéu diéu khién ngay ca khi c6 nhiéu tac dong 1én hé thong hodc théng sé ciia mé
hinh thay doi theo thoi gian véi sai s6 bdm‘tié'n vé 0, thoi gian qua do khoang 0.3(s). Diéu
dé chimg t6 gidi thudt dé xudt phit hop d@é diéu khién robot di déng da hwdng ciing nhw
trong diéu khién hé phi tuyén.

Tir khéa: diéu khién trieot; thich nghi; mang no-ron RBF; robot di déng da hwéng;, gidi thudt
Gradient Descent.
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1. INTRODUCTION

The class of SMC is considered as an
efficient algorithm to ensure the stability of
the system under disturbances or system
uncertainties in the different nonlinear
dynamic model [1-3]. However, it requires
explicit information about the dynamic
model, which is not easy to meet in the
practical control situation. Although the
SMC guarantees the robustness of the system
against  the  disturbances and the
uncertainties, the chattering phenomenon
always occurs, which can degrade the control
performance of the system.

The Omni-directional provides an
outstanding feature for moving in the narrow
space. This mobile robot is considered a very
complex dynamic system. Therefore, various
control method had been proposed to deal
with the trajectory tracking control of Omni-
directional mobile robot, including fuzzy
logic control [4], feedback linearization
control [5], and adaptive control [6-7].

In this paper, we consider the adaptive
sliding mode control with radial basis
function neural network for an Omni-
directional mobile robot. We design the
sliding mode control to ensure the trajectory
tracking problem for a mobile robot. Therein,
the radial basis function neural network,
which is considered as an adaptive law, is
developed to estimate the nonlinear function
in the proposed SMC law. In addition, the
parameters of the neural network are updated
during the operation by using the Gradient
descent algorithm. Furthermore, we show the
asymptotical convergence of the system state
with the proposed control strategy. Finally,
the simulation is conducted to verify the
effectiveness of the proposed control
architecture under disturbances and system
uncertainties.

2. ADAPTIVE SLIDING MODE
CONTROL WITH RADIAL BASIS
FUNCTION NEURAL NETWORK
FOR OMNI-DIRECTIONAL
MOBILE ROBOT

2.1. Dynamic model of the Omni-

directional mobile robot

Let us consider the mobile robot as a
rigid object moving on the workspace. Let
assume that the absolute coordinate system

O, —X,Y, Iis fixed on the plane and the
moving coordinate system O, —X_Y, s

fixed in the center of the mobile robot system
as given in Figure. 1.

The center gravity of the mobile robot is

defined by the following  vector
S.=[% ¥.] - Then, we have:
MS, =F, 1)

where F, :[FX FVT is the force vector in

the absolute coordinate system which is
applied in the center gravity of the mobile

robot and A7 is the symmetric positive-

definite matrix with the mass M,
M =diag([M,M]).
Y, 4
Assembly 3
Oy :xw

Figure. 1. Robot coordinate framework [8]

Let ¢ represent the angle between X,- va
Xm- , Which is the rotational angle of the
moving coordinate system with respect to the
absolute coordinate system. Hence, we can
obtain the coordinate transformation matrix
from the absolute coordinate system to the
moving coordinate system as:

- {cow —sin ﬂ @

- sing cos¢

m
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Then, we have:
S, ="R $_ ©)
F,="R,f 4)

m - 'm

where s, =[x, VY ]T denote the position
vector of the center gravity and
f, = [ f, fy]T is the force vector applied to

the center gravity in the moving coordinate
system.

Thus, transforming (1) to the moving
coordinate system, we have:

M ("R RS, +8,) =1, (5)

Then, the dynamic model of the mobile
robot can be described as:

M (Xm - ym¢) = fx (6)
M (9, +%,6) = 1, (7)
l4=M, 8)

where |, and M, are the moment of inertia
and the moment around the center gravity of

the robot, respectively, and f,f ,M are
given by:
1 1
fx:_EDl_EDz"'Ds )
B B
fy :7D1—7 DZ (10)
M, =(D,+D,+D;)L (11)

Let us consider the driving system
property for each assembly is assumed to be
given by:

I W +cw, =ku, —rD, (i=1,2,3) (12)

where L is the distance between any assembly
and the center gravity of the robot; c is the
viscous friction for the wheel; D; is the driving
force for each assembly; r is the radius of the

wheel; |, is the moment inertia of the wheel
around the driving shaft; w; is the rotational

rate of the wheel; k is the driving gain factor;
u. is the driving input torque.

In addition, the geometrical relationship
among variables #,%x_,y,,w,...that is the
inverse kinematics are given by:

rw, = 1 X+ —*/g y. + L (13)
2 2
1 3 :
- —x X2y 4L 14
Wy === X = Y + ¢ (14)
w, =X +Lg (15)

Hence, by using from (6) to (15), we have:

X, =aX, +a,y,0-b (u+u,—2u;)  (16)
Vo = &Y + 8% 0330 (0 -u,) (A7)
4}5:33¢5+b2(u1+u2+us) (18)
where:

__ 8¢ 2Mr®
%= @31, +2Mr?)" % (3, +2Mr?)’

=3l b - kr _
ag_(3|WL2+|Vr2)’ (31, +2Mr?)’

krL

Finally, from (16)-(18), we can obtain:
Xo| | & —ad 0 X,
o |=|ad & O,
6l L0 0 a4,
by, by, 2bcosg|u | | D,

+ by by, 2bsing|lu, |+ Dy, (19)
b, b, b, U Dyy

=A,p+B,U+D,
where D; :[D
disturbances, and
, 3l,,
a, = ——r——

(31, +2Mr?)
Y =— 3sin¢—cos¢;y2=J§sin¢—cos¢
73:J§cos¢—sin¢;y4=— 3cosg—sing

fx

:
D, D,,] represents the

a,
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OMR

| RBF neural network |

»

Figure. 2. Block diagram of the proposed
system

2.2. Adaptive sliding mode control with
radial basis function neural network

The overall block diagram of the
adaptive sliding mode control with radial
basis function neural network is given in
Figure 2.

Let us define the following error vector:

eX
e=B-B=|¢, (20)
€

where ﬂ:[xw Yo ¢W]T and ﬂd:[xd Y ¢d]T-

Next, the sliding surface is given by:

(%, =% )+k, (% =% ) | |6 +ke, | | S,
S: (YW_Yd)-I_ky(yw_yd) = éy+kyey = SY (21)
(¢W_¢d)+k¢ (¢w _¢d) é¢ +k¢e¢ S¢

y

where K =diag([kX k
con-stant parameters. Hence, (21) can be
rewritten in a form S:[SX S, S¢]T,

d(t).

Finally, the proposed control law is as
(22):

U=-B, " AB+ B, +ké +nsgn S

k(J) with positive

(22)

Where 7 =diag ([nx,ny,%]), and the
approximation error is given by:

~

'=r-r

with I' = A, .

In this paper, we develop the radial basis
function neural network to approximate A, .

The general block diagram of the radial basis
function neural network is given in Figure. 3.

In Figure. 3, h; is given by (23):
i
o (23)

The radial basis function neural network
which is developed to approximate the
function f; of the matrix Ay is illustrated in
Figure. 4.

Figure. 3. Block diagram of the radial basis
function neural network

Figure. 4. Block diagram of the proposed
neural network

where

x=[e() e1) AQ) A1 AQ]
hl:[hll rﬁz hlS hl4 hls]

W=w, w, w, ow, W]

The output of the proposed neural
network is given by:

f,=Wh, (24)
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By applying the same technique, we can
obtain f, and fs.

For f:
x=[e(2) €(2) () AQR) AQ)]
hz = [h21 hzz h23 h24 hzs]
V=[v, v, v, v, V]

The output f, can be obtained as:
f,=V'h, (25)

For f:
x=[e3) ¢B3) A(G) 4B A©)]
h3 :[h31 hsz h33 h34 has]
Z=[z, 7, 7, 7, 1]

The output f3 can be obtained as:
f,=2"h, (26)

Hence, the approximation matrix Ay can
be rewritten in the following form:

fl _f2¢d 0
I=(fg f O
o 0 f
(27)
WTh (x) —VTg,h,(x) 0
=|VTh,(x)  WTh(x) 0
0 0 Z"h,y(x)

Now, let us verify the stability of the
system with the proposed control strategy.

From (21), we have:
S=é+ke (28)

where ¢ >0. Then, taking the derivative of S,
we have:

S=E+ké=f, - f+ké

Xw ul
:ﬁd_(AN-I_AAN) Yw _Bw(¢) Uy —d(t)(29)
B U

=—nsgn(S)-d(t)

Hence, if 7> D, we can conclude:
SS=-n|s|-S.d(t)<0
From (22) and (29), we have:
S=0,—A,f—B,U—d t +ké
=3, — AL~ —A,B+5, +ké+nsgn S
—dt+ké
B+ AG-nsan S ~d 1
=—A,6—d t —psgn S

(30)

where F:F—f, '=A,, I= A,

Let us introduce the following Lyapunov
function candidate:
V= ESTS >0

2

Taking the derivative of V, we have:
V=S —A,B3—nsgn S
=S" —I'B—nsgn S
—=-S" I'B+nsgn S <0
where 7 is the symmetric positive-definite

matrix. Therefore, we can conclude that
S(t) —>0ast —oo. Therefore, e(t),é(t) >0

as t—>oo.
2.3. Simulation results

The parameters of the system and
controller are respectively given in Table 1, 2
and 3 [8].

Table 1. The parameters of the mobile robot

Notation Meaning Value Unit
Moment inertia
l, of the mobile  11.25 kgm?

robot
M Mass of the robot 9.4 kg

Distance between

any assembly and

the center gravity
of the robot

0.178 m
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Driving gain

factor 0.448

Viscous friction
c factor of the
wheel

0.1889 kgm?/s

W 05 05 05 05 05

Parameter | oz o5 05 05 05
vector

05 05 05 05 05

| Moment inertia

2
@ of the wheel 0.02108 kgm

Total
inputs

Radius of the

0.0245 m
wheel

Table 2. The parameters of the adaptive
sliding mode control

Total
. neurons
J i hidden
layers

Meaning Notation Value

Sliding [, 0 0] [20 0 0]

paramters 0 5 O 0 2 0
0 0 7| [0 0 20]
'k, 0 0] [25 0 O]
0 k, O 0 25 0
0 0 k,| LO 0 58

Table 3. The parameters of the radial basis
function neural network

Notation Meaning Value
Momentu 0.05
m factor
Learning T
H factor [0.5 0.5 0.5]
(-1 -05 0 05 1]
Center -1 -05 0 05 1
c, vector for | _, 05 0 05 1
the neural
network —1 —05 0 05 1
-1 05 0 05 1
Certain
threshold .
b, of the 11111
neural
network

The desired trajectory is given by:
Xq =0.3cos(27t) (m)
yg =0.3sin(2zt) (m)
¢, =—0.27t (rad /s)

The performance of the ASMC-RBF is
given in Figures. 5-7. Therein, the ASMC-
RBF provides a superior performance in
compared with the traditional SMC in terms

of settling time, steady-state error and
overshoot, as given in Table 4.

(31)

Table 4. Control performance

ASMC-RBF RBF
Steady-state  6.25.107 6.66 .10
error
Settling time 0.3(s) 0.3(s)
Overshoot ~ 0.0399.10“%  0.0401.10™
(%) (%)
Reference and Response
0.5 T T T T T
E oI
0.5 L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.5 T T T T T T T T T
E ’ //\/\_/
05 : : : ‘ : : : : :
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0 T
2 — — — ASMC-RBF . ) ) ) . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time(s)

Figure. 5. Control state performance
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Error between Reference and Response
0.5 T . T T T T T T T

error x
o

05 . I L . . . I . .
0 02 04 06 08 1 12 14 16 18 2
0.05 T T

SN\

02 04 06 08 1 12 14 16 18 2

errory

S

o

a
o

o
o

error SMC
error ASMC-RBF

error phi
o

—

02 04 06 08 1 12 14 16 18 2

S
o
o

Figure. 6. Error response

Sliding surface

(30»/

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

SMC
ASMC-RBF

0 02 04 06 08 1 12 14 16 18 2
time(s)

Figure. 7. Sliding surface

Trajectory
0.4 T T T T

T

REF
——-sMC
03— | - ASMC-RBF

02

0.1

y(m)

-0.1

0.2

0.3

04 I . . . | . L
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Figure. 8. Trajectory tracking performance

Trajectory

0.245

0.24
g 0.235 [
0.23

0.225 -

-0.2 -0.195 -0.19 -0.185 -0.18

x(m)
Figure. 9. Zoom in trajectory tracking
performance
Trajectory
0.4 T T
REF
— — —SMC
03F = o Rttt ASMC-RBF
0.2 [
0.1
E o
>
011
021
03
-0.4 . ' ' ‘ ‘ ‘ :
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

x(m)

Figure. 10. Trajectory tracking performance
under measurement noise

The tracking control performance is
given in Figure. 8, which verify the control
performance of the proposed control strategy
and the traditional SMC. Once again, it
confirms the superior control performance of
the ASMC-RBF in compared with SMC, see
Figure. 9 for the zoom version.

In addition, we also consider the
performance of the ASMC-RBF under the
measurement noise 0.001(W). The system
response is given in Figure. 10 which shows
that stability is still ensured by the proposed
control strategy.

3. CONCLUSION

We addressed the adaptive sliding mode
control with radial basis function neural
network for Omni-directional mobile robot.
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We develop the SMC to guarantee the
trajectory tracking problem for mobile robot.
Therein, the proposed control strategy is
featured by the radial basis function neural
network which is developed to estimate the
nonlinear function in the proposed SMC law.
In addition, the parameters of the neural
network are updated during the operation by

using the Gradient descent algorithm.
Furthermore, we show the asymptotically
convergence of the system state with the
proposed control  strategy. Numerical
simulation is conducted to verify the
effectiveness of the proposed control
architecture under disturbances and system
uncertainties.
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