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Neural Network Adaptive Sliding Mode Control for Omnidirectional
Vehicle with Uncertainties

Abstract:

This paper presents a novel neural network adaptive sliding mode cont-al (1~~TASMC) method to
design the dynamic control system for an omnidirectional vehicle. T} . « mniauectional vehicle is
equipped with four Mecanum wheels that are actuated by separatc - 1otors, and thus has the
omnidirectional mobility and excellent athletic ability in a na row s, ace. Considering various
uncertainties and unknown external disturbances, kinematic and d-—~am.. _odels of the omnidirectional
vehicle are established. The inner-loop controller is designed . »~.d th . sliding mode control (SMC)
method, while the out-loop controller uses the proportion integra. ‘erivative (PID) method. In order to
achieve the stable and robust performance, the artificial newi..’ n~.work (ANN) based adaptive law is
introduced to model and estimated the various uncertai=*-- ._..rbances. Stability and robustness of the
proposed control method are analyzed using the 7 vanuov .acory. The performance of the proposed
NNASMC method is verified and compared with 1. : classical PID controller and SMC controller
through both the computer simulation and the pla.‘orn. experiment. Results validate the effectiveness
and robustness of the NNASMC method 1. oresence of uncertainties and unknown external

disturbances.

Keywords: omnidirectional vehicle, slia.. ¥ mor ¢ control, Mecanum wheel, artificial neural network.
1. Introduction

Omnidirectional vehicles can . ~form translational and rotational motion independently and
simultaneously. Therefore omr (directional vehicles are being been widely used on various occasions,
especially those in narow spaccs, such as hospitals, factories and sheltered workshops for disabled
people. The Mecanum ‘hee’ omnidirectional vehicles (MWOV) is common example of mobile
vehicles with the ¢ mnidire 'tional ability [1-3]. The Mecanum wheel consists a series of passive rollers,
which are mour ..l at ~. angle around its hub circumference, is a special kind of wheels that can allow
the lateral mc 7ement without changing attitude of the wheel itself [4-7]. Owning to the sidesway
characteris ' .” Mecanum wheels, the MWOV can move to any position without changing its
orientation, wi. ‘ch is different from conventional vehicles. In particular, the MWOYV has the outstanding
flexibility and maneuverability of movement in the narrow workspace, and thus, it has been effectively

and efficiently applied to logistics sorting factory, soccer robots, hospitals, military, home applications



and so on [8-10]. Research on MWOVs is so popular around the world, especially the vehicle that is
equipped with four Mecanum wheels [1-3] [11-12]. In the four Mecanum whee’, vehicle, the four
wheels are arranged symmetrically on the geometric center of the vehicle, and four sc, arate motors
drives the four wheels respectively.

Due to the coordination and cooperation of the four individual motoi. s w.ll as the various
uncertainties in the real world, the high-precision motion control of the 'MW " is a challenging issue
for researchers. Various control algorithms [13-19] were applied to *he n. *ion control of the robot
during past decades, including sliding mode control (SMC), -obust ontrol, adaptive control,
disturbances observer-based control, and so on. Chen et al. [17| pre~ented an adaptive sliding-mode
dynamic controller for asymptotically stabilizing the non-hole~omic me vile robot to a desired trajectory
without considering the uncertainties. Miao et al. [14] nroposec a novel adaptive neural network
controller for trajectory tracking of autonomous underw.'~r venicle, which employing radial basic
function neural network to account for modeling erro.~ Kim et al. [15] designed a robust adaptive
controller to overcome uncertainties and exte 1w ' ~turbances for the mobile robot under
non-holonomic constraints can achieve perfect « .'~city ‘racking. Purwin and Andrea [16] proposed an
algorithm to generate a trajectory and optims' ~ontr. 1 for four wheeled omnidirectional vehicles under
limited friction condition. However, most of thc above control methods depend on the modelling
accuracy of the vehicle, and thus, cap .ot ha. > a satisfactory handle on the model uncertainties and
unknown external disturbances well. speci.'!" on the Mecanum wheel vehicle.

The SMC is one of the effec*v: apr roaches that can theoretically achieve the perfect control
performance of the nonlinear ¢, ~amic system with model uncertainties [20-22]. Ashrafiuon et al. [20]
presented a sliding mode t*..'"ing controller for trajectory tracking of autonomous surface vessels,
which uses two sliding suri. > s for surge tracking errors and lateral motion tracking errors. Qian et al
[21] developed a robus . cor .rol method that combined SMC and the nonlinear disturbances observer for
formation maneuver »f a 1. iti-agent system with uncertainties. Ferrara and Incremona [22] proposed
an integral subopt mal ser ond-order SMC algorithm for robot manipulators to solve motion control
problems.

Actually, c. ~<id- ing that uncertainties and external disturbances often exist in the omnidirectional
motion sys.>m, 1t is necessary to design an adaptive law to help the SMC method improve the
robustness. In particular, for the MWOYV system, the dynamic changing uncertainties have the serious

impact on the vehicle, for instance, cause the vehicle to deviate from its desired trajectory. In [23], an



adaptive SMC controller based on dynamic structure fuzzy wavelet neural networks was proposed for
industrial robot manipulator control system with uncertainties and disturbances In [24], a novel
adaptive tracking controller based on neural networks is proposed for mobile robots to ..:plement the
trajectory tracking mission. In [25], an adaptive SMC method was ap lied to a three wheel
omnidirectional mobile robot with both structured and unstructured uncer. ~ties. Yang et al. [26]
proposed a control scheme based Radial Basis Function (RBF) neural - etw ... *o learn the unknown
robot manipulators dynamics.

Motivated by these previous work about SMC and adaptive « ontrol 1 iethods, a neural network
adaptive sliding mode control (NNASMC) method for dynam’: corol of the MWOV system with
modeling uncertainties and unknown external disturbances is derived i-. this paper. The approximation
ability of artificial neural networks is employed to estinnate the arious uncertainties in the model.
Stability and robustness of the proposed control method a.. anaiyzed using the Lyapunov theory. The
performance of the proposed NNASMC method is ver..”»d and compared with the classical proportion
integral derivative (PID) controller and SMC con “ou. ‘“rough computer simulations and platform
experiments on the omnidirectional vehicle. Ru-'ts v. lidate the effectiveness and robustness of the
NNASMC method in presence of uncertaintic ~ »nd u."known external disturbances.

The rest of this article is organized as follo.s. In Section 2, kinematics and dynamics of the
omnidirectional vehicle with uncertaint’ ;s are . “odeled. Section 3 presents the proposed control scheme
in detail, which is followed by the s abiln, ~-.alysis in Section 4. Simulation and experimental results

are given in Section 5 and Section ¢ ve ,pec’.vely. Finally, the conclusion is given in Section 7.

2. Model Description

Kinematics depicts the . >~ chematical relationship between the position and velocity of the vehicle,
while dynamics can clr arly tescribe the role of the force on the position and speed of the vehicle. In this
section, the kineme*.. mou.” and the dynamic model are presented for the omnidirectional vehicle
equipped with four Mecan' m wheels (as is shown in Fig. 1), which considering model uncertainties and

unknown exte aal dis urbances [1-3], [27-28].

2.1. King . .oties

As is sho.m in Fig. 1, in the MWOV, four wheels are arranged symmetrically on the geometric
center of the vehicle body to achieve the uniform load of each wheel and the stability of supporting

structure. Each wheel is driven by a DC motor independently to produce the torque required for the



motion of the vehicle. Due to the geometric characteristics of the Mecanum wheel, the robot can
achieve omnidirectional motion on the platform through appropriate combination o’ speeds of the four
wheels. For the derivation of the equation of motion, we have the following two assumptic_'s.
Assumption 1 The vehicle moves on the horizontal plane and the plane.
Assumption 2  All the components of the vehicle, including wheels, are 1.id.

In Fig. 1, three coordinate frames are established, including the f xed .. ~rdinate frame O, the

vehicle moving coordinate frame O, , and the wheel coordinate frar-= O . = 1, 2, 3, 4). The point

O, is the gravity center of the vehicle.

Fig.1 Kinematic ge. metry of a MWOV

Tig.2 Structure sketch of the Mecanum wheel
The inverse ki~ _ natic. aodel and kinematics model of the mobile vehicle as shown in Fig. 1 is

given as follows:

o, - LW
o | 1|1 1 —(L+w)|l ™
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where @, (i=1, 2, 3, 4) is the wheel angular velocity around the hubt "1V=|_—~“ v, vw:lT is the
velocity vector of wheel in coordinate frame O, W and L are translational a.. -ance between O, and O," in

x and y direction respectively and R is the wheel radius.

2.2. Dynamics

The MWOV with uncertainties moving on a plane flat s. -face is developed using Lagrange
method. In order to derive the equation of motion, the foll ~wing ~s-umptions are considered.

Assumption 3 The moving coordinate frame O. *._ _.. ...¢ center of gravity of the vehicle.

Assumption 4 The vehicle moves on a plar~~ surface and its potential energy is kept constant,
where the potential energy is zero.

Assumption 5 Neglecting the inertia of rolle 's 0. the Mecanum.

Using the Lagrange method the dynamics 1> ~htained as:

w1y 4+D, (@) =u(t) -7, (3)
where Dy is the coefficient of .nhe whe (’s viscous friction, U(t)=[U,(t) u,(t) u,(t) U4('[)]T ,
u,(t)(i=1,2,3,4) represer.s tu. ontrol input of each wheel, 7, represents external
disturbances, 4=[®, @, @ @,] is the angular velocity of the Mecanum wheel. Considering the
parameter variations in tnhe vehicle, the positive definite system inertia matrix M(q) can be
respectively expressea < v (c,=M_,(q)+AM , while the coefficient of the wheel’s viscous friction
D, (q) can be e: oressed as D, (q)=D,(q)+AD, , where AM and AD, are the perturbed terms,

M,(q) and D,(q) are the nominal values. Hence, the dynamic model of the vehicle is as follows:
(M,(@)+AM)d +(D,,(q) +AD, )4 =u(t) -7, 4)

Therefore,

M, (@) + Dy (a)g =u(t) -7, —AMG - AD, 4 =u(t) - E(q) ©)



A+B+I1, -B B A-B

-B A+B+1 A-B B
Where M, (q) = o aB . AiBal s | A=mR?/8. F =1,R*/16(W +L)’
A-B B -B A+B+1,

.Dy(@=[D;, Dy, Dy, DI, E(q=r,+AM4+AD,q, and E(Q) is the fu..- 1on about the model
uncertainties and the external disturbances, m is the total mass of the veaici® and |,, |, denote the

moment of inertia of the vehicle’s body and the wheels, respectively.

3. Methodology

In this section, a stability controller based on NNASMC ‘s aesign- d to enable the omnidirectional
vehicle to track the desired trajectory in presence of uncertainties « 1d unknown external disturbances.
The designed control scheme is divided into two parts, namely the kinematics controller for the
outer-loop and the dynamic controller for the inner-lov,> which can be seen in Fig. 3. The outer-loop
controller adopts the classical proportion integral de tva. . ‘PID) control method. In the inner loop, the

NNASMC is proposed to achieve the stable and . .*ust | ~rformance, as is shown in Fig. 4.

Fig.3 Diagram of the control system



Fig.4 Diagram of the inner-loop controller ba. >* _n N} ASMC

3.1.SMC law

The SMC method is utilized to design a dynamic trackin, controller in this subsection, so that the
actual position of the wheel converges to the control , ~sition. Because the sliding mode control
algorithm is strongly dependent on the model, the de. ig". ot sliding mode control law first assumes that
there is no uncertainty in the system model, ha. is, the system parameters are known, and the
disturbance is zero. Before designing the SM_ ~ou.. 2 ler, the dynamic model of the vehicle is rewritten

as follows:
=M, (@U@ —E(a)-Dy(a)d)
=M, ) ) =M (@E@) -M, (@)D, (a)q (6)
=1 (@) (1) -M,(QE(@) - H,(a)q

where define the function of 4., =M, ' (q)E(q) and suppose that the uncertainty g(q)is zero. Then,
the following equation is ot .ain d:
4 =M o_l(q)u(t)_ H,(@)q (7

The control objective ‘s 0 make the actual position ( of the wheel follow the reference position

isely, " acki (), =0,-0 i ible. .
0y precisely, that s. the .racking error €,(t),, =0;—0 is as close to zero as possible. To achieve

precise and fa t contrc ' objective, the following sliding surface is defined as:

S(t)4><l = e.W (t)4x1 + A4x4ew(t)4xl (8)



where e, (1), =[e1w(t) et e') e:”(t)]T andA,, =diag(4, 4, A, A4,)is a design constant

positive matrix. Differentiating the above sliding-surface variable with respect to *.. ~e t, the following

equation is obtained:
S04 = €D + A, (D
=0y =G+ A8, (D4 ©))
= Gy + Ay (D =My (QUE FH (e

Here, the following reaching law is adopted:
$(8)4q = —KiieS(1), —KiZ s m(s(t) ) (10)
where ki, =diag(k’ k' k' ki), kiZ, =diag(k’> k;* <* K) are constant matrices and
positive definite, and the switching function sgn(s(t), ) is a u.  continuous function, which can be
given as follows [29]:
o when [s(t)]>0

sgn(s(t),) =1 "~ (11)
" when [s(t)]=0

According to (9) and (10), the following equati.n 1. obtained:

$(D) gy =Gy + Ayy™ (D4 =My (U + Hy (@)
=2 :‘:i-.q(t)4x1 - k:x24 Sgn(S(t)4x1)

Above all, the SMC controller base. ~n rer shing law can be expressed as follows:

(12)

U(E)gq = M (€SS, +Ki7 58N(S(8)4) + Ay (dg —6) + 6, +H, (@)0) (13)
where the switching function . “sed to improve the robustness of the system, but it will also cause
undesired chattering and the .. ~ttering may cause high-frequency control input. Moreover, to improve
the robustness of the systen. v ith uncertainties and decrease the chattering produced by the switching

function, the ANN bas' d ac sptive law is introduced.

3.2. Neural netv ork a.'aptive law

Many par- ..:ters . the dynamic system are difficult to measure accurately, and the existence of
external distwm ances " aakes it difficult to get a precise mathematical model. In this paper, RBF neural
network iz uu.. 7 to emulate the uncertain nonlinear function by creating an adaptive control law.
Figure 5 show ' a multi-input multi-output (MIMO) RBF neural network structure, which consists of
three layer network structures, i.e., the input layer, hidden layer and output layer. There are 7 neurons

employed in the hidden layer of this paper.



Fig.5 MIMO RBF neural network structu,
In the case of the mathematical model with uncertainty '(¢, tt > sliding mode control law is

obtained as follows:

U(E) g = Mo (@)(KGLS(E) 1 + K52 sgn(S(t),,) - Ay ™, — @)+, +Hy(a)d+g(a))

(14)
= M (K781 4 + K32 sgn(s(t). >+ £, 5,

where f(X,,),., =A,..(4y —9)+d, +H,(@)q+ ., The RBF neural network are employed as a
universal approximator to emulate any real cont. .~us \ ‘nction  f (X;,),,, with its optimal parameters,
the form is as follows:

%) =WT(X,) +£(%) (15)
where X, =[X, Xy, . X, ]T eR"is th» inp. © vr ctor, W™ e R*P represents a vector of optimal network
weights, h(X,)=[h(X;,), 0, (X)) ° 4,)1" € RP represents a vector of basis function and there are 7
neurons in the hidden layer oi the n.“wvork, that is p=7, &(X;,)is approximation error of the network,

,Io( X‘])HﬁgN , and & is an unknown positive constant. For RBF neural

which is bounded with |

network, the basis fu ctic« h {X,) is a particular network architecture with the form of Gaussian

functions as [17]:

(16)

)= exp[_ (% =¢)" (%, —cj)}

2b/?
where C; . “he coordinate vector of the center point of the Gauss basis function of the j neuron of the

hidden layer, is the width of the center point of the Gauss basis function of the j neuron of the

\.
T

hidden layer.



In terms of this RBF neural network, the approximate value fA(Xin )sq 1s applied to estimate the

unknown nonlinear function f (X;,),,, - The function fA(Xin )4 is designed as:

f (%) =WTh(X,,) (17)

where W™ e R*Prepresents an updated weight matrix, and the function appro. matic.1 error is given as

follows:

FO)aa = 60 = 06D
=W Th(x;,) +&(X,) =W "h(x;,> (18)
=WTh(x,)+&(%,)
Using the approximation ability of RBF neural network, v. » Ni..aSMC control law is obtained as

follows:
U() = M(@)(KZS 1) Tk s D))+ (X)) (19)
It is need to construct an adjustment mechar‘~m for climinate the unknown nonlinear function

f (X;,)4. » and the state inputs of RBF neural ne*work . : defined as:
Xin :[(. ./:)4/\. d‘w(t)4xl q q]T (20)
4. Stability analysis

Theorem 1: Consider the d narvic n.odel of the omnidirectional mobile vehicle based on
Mecanum wheel with uncertainti s ai..* ex’ ernal disturbances, as shown in Eq. (5). The proposed neural
network adaptive sliding modr cou. 21 (NNASMC) Eq. (19), if the weight of neural network is updated
according to Eq. (21), ther che stability of the closed-loop system can be guaranteed and the tracking

error will converge to ze o vec. *+ asymptotically.

. T
W =Th(x,)s (t),, @1)

Proof: Let th: Lyapu. ov function candidate be defined as
L= %sT ()4 S, + %tr(VVTF‘W) (22)

where T isap. ~*ve-definite matrix, and tr(s) is the trace operator.
The der. " stive of Lyapunov function L along to time as:
L=s"(t),, $(),, +tr(W' T'W) (23)

Substitute Eq. (9) into the Eq. (23), one can get:



L =57 (1), $(t),, +tr(W W)
= 8T (08, (D)0 + Ay (0,1 +r(WTTW) o
= 8T (0)a[A i€y (), + 8, — G +tr (W TV,
Substitute Eq. (6) into the Eq. (24), we yields:
L= 8T (0),0[ A48, (D) + 6y —G1HtrO0 T V)

= 87 (1), (A48, (1), + 0
—[M, (@u(t)— M, (@E(@)— H, ‘@)’ +tr(W T"W)

= 8T (V)1 [A i (V) + Gy + () + "1 D
— M, QU]+ tr(WTTW

= ST (@)l F (%) =M, (G, 20)] 2 tr(W T TW)

(25)

Inserting Eq. (18) and Eq. (19) into the Eq. (25), w~ "~ _

L= 8T (0, [F % )y =M - v o]+ r(WTTW)

=T, F (%) Mo DIM (@KL,
FE,sgn(s(), - g, )] +tr (W T W)

= ST (1) 4 (F (X ) = 1 (%) — K3LgS()
—KE2, sgr s(t),, )+tr(WTTW)

= 5T (), (F Xy —KELS (M), —KE, sen(s(t),))
FrW TV

=5 (L, (WTh(X,)+&(X,) —K3L,s(),, — k2 sgn(s(t),,)
LU OWTTW)

=5 ), (60%,) kS!S, —kZ, sgn(s(t), )
AW (W +h(x,)sT (b))

(26)

where ks ko2 ar positiv  definite matrices and W W W . \W*1s a constant and represents a vector
4x4> V4x4 - -

of optimal ne work eights and \§ is a variable and represents an updated weight matrix, hence

W= _W . Therefore, | can be expressed as follows:



L=s' () 4 (£(X) — k:i45(t)4x1 - k:><24 sgn(s(t),,))
+rWT (T'W +h(x, )s")

= 57 (00 80) — (KELST (04,50 +KE 5 ) @0
W (-TW + h(x,)s" (t),.,)
We define L =s"(t), &)= (kS (1), S1),, +KZ[Is(),,) . here lex)<ev s
K;!,ST (1), S(t), 20, and we assume K}, satisfies K, > &, , thus, we _ou:
L <[e6)[ST (@0 = (KiuST (D4 SO +K 5000 ])
<y S | = a2 IS ar = K 48" 7ry 1 S(1) 4 <O (25)

With the adaptive control law Eq. (21) and the inequality ot ..~ (28), the function of L is derived

as:
L = ST (t)4><l g(xin) - (k4xﬁq' (1) 4 S(t)4><1 + k:it S(t)4><1 )
W (TW 05T (1),,)
5 s (29)
= ST (t)4xl ‘9(Xin/ (k4x4qT (t)4xl s(t)4xl + k4x24 S(t)4xl )

- k:xl4ST (t)4><l S(t)4x1 <0

Therefore, according to Lyapunov stability thec 'em the closed-loop system is asymptotically stable,

< &y ||S(t)4x - k‘sa lls(t)4x1

and the tracking errors will converge te zero s.* within a finite time, which means the sliding surface is

asymptotically stable.

5. Simulation Results

In order to illustrate the e”.. tiveness of the proposed control scheme, two simulations for trajectory
tracking of the omnidirectic *<. mobile vehicle are performed in MATLAB/Simulink environment. In
addition, the performar ce ¢ . the NNASMC control method are compared with the SMC control method
and conventional P’ conu = method, and we consider the uncertainties and external disturbances of

the model in the si nulatio' s. The neural networks include 7 neurons and the parameters of the control

scheme tha® proposed in this paper are selected as: Kj,=diag(15 15 15 15)

k2 =diar 0 10 10 10) A,, =diag(15 15 15 15) b=10

> >



-15 -1 =05 0 05 1 1.5]
-15 -1 =05 0 05 1 15
-15 -1 05 0 05 1 15/
-15 -1 05 0 05 1 15|

The physical parameters of MWOYV are listed in Table 1.

Table I Physical parameters of the vehicle

No.  Symbol Parameter Unit v.e
1 m Mass of the vehicle kg ic7
2 R Wheel radius m 076
3 W Width of the platform n 0.25
4 L Length of the platform m 0.225
5 I, Inertia of the vehicle kg-m 0.32
6 M, Inertia of the wheel Lo 0.029
7 D) Coefficientofthes "0 — 0.4

A. Case 1: S shape curve trajectory
The equation of the S shape curve trajectory .- aive » as:

X:+
y =sin(v SX)+0.5x+1
o —0

where t is the simulation time in secona. ~nd s .tisfiest > 0 .The initial posture of the mobile vehicle is
[x vy (pw]T =[0 0 O]T. To ve fy “.e e Ticient and effective properties of the control scheme that
proposed this paper for MWOV  ith uncertainties and external disturbances, robustness tests have been

done in the simulation expr.u. *nt. The external disturbances in the dynamic model z, is given by

7,=20[sin(t) sin(t) si(t) S11-f*)]T, and the uncertainties is acting on the system during the

simulation experiment auv . =15¢, which lasts for 2s. The uncertainties is taken as follows:
0.2sin(t) 15<t<17
o) = .

0 otherwise
The S shapc curve ! :ajectory tracking results of the experiment with traditional PID controller, SMC
controller . uu = “"ASMC controller in x-y plane is presented in Fig. 6. The tracking performance along
x and y direct, *us are shown in Fig.7 (a) and (b), respectively, and Fig.7(c) presents the rotation angle
tracking result of the vehicle. It can be seen that in Fig.6 and Fig.7 the performance of the proposed

approach is better than that of the SMC approach and traditional PID control method with the system



under effects of uncertainties and external disturbances. When the uncertainties are fed from 15s to 17s,
NNASMC has better robustness and trajectory tracking performance. In Fig.8 the tr .cking errors of the
three applied control methods in the three coordinate directions are shown. It is observed .. >m Fig.8 that
the proposed control scheme has smaller tracking error, faster convergence ate .nd higher tracking
precision than the other two control method applied in this paper. In Fig.9 u.~ specd of MWOV and

angular velocity of four wheels are shown.
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(©)

Fig.7 Trajectory tracking results in different directions. (a) Trajectory tracking in x-coordinate. (b) Trajectory tracking in
y-coordinate. (c) Trajectory tracking of rotation angle.
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Fig.9 (a) Trajectory curve in x-coordinate, y-coordinate and rotation angle curve respectively. (b) Angular velocity of

four wheels.



B. Case 2: Lemniscate trajectory
The equation of the Lemniscate trajectory is given as:
X = 2sin(0.25t)
y = 2sin(0.5t)
®,=0

where t is the simulation time in seconds and satisfiest > 0 .The initial pc stu. 2 of ue mobile vehicle is

[x v o, ]T =[0 1 0]T .Like case 1, we also added external disturban. < and uncertainties to the
system in the experiment, and the external disturbances in the dynan.'c mode =z is the same as case 1.

The uncertainties is given as follows:

1
——e 22 +0.2sin(t) 14~°<18
o) =1\2zc

0 OourcTwise
where 1 =16,0 =1, and the uncertainties is acting on .= system during the simulation experiment at

t=14s, which lasts for 4s.

Figure 10 shown the lemniscate trajectory trac‘-i.~ results of the traditional PID controller, sliding
mode controller and the proposed control sche ¢, «..: the tracking performance along x, y direction and
the rotation angle tracking result are shown in Fig.11 (a) , (b) and (c), respectively. Form Fig.10 and
Fig.11, it can be seen that NNASN -~ has etter robustness and trajectory tracking performance
compared to the other two control’ers, especially when the system is subjected to uncertainties and
unknown external disturbances. P fore. 7er m Figs. 12, the position tracking errors in the x, y directions
and the rotation angle tracking errc - are shown. From position tracking error results, it is observed that
the NNASMC has smaller .rac ing errors compared other two controllers with the system under the
effect of model uncerta’ aties . ~d external disturbances. In Fig.13 the speed of MWOV and angular

velocity of four wheel. ~re shov n.
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Fig.13 (a) Trajeci.. - - .cve in x-coordinate, y-coordinate and rotation angle curve respectively. (b) Angular velocity of
four wheels.
From these simulation results, it can be concluded that the NNASMC control scheme has better

robust capability including the shorter convergence time and smaller tracking error. These simulation



results also reflect the adaptability of NNASMC control approach which makes the closed-loop control
system have much better adaptive ability for the four Mecanum wheels omnidirecti- nal mobile vehicle
dynamic system in presence of uncertainties and external disturbances. Therefore, u.> NNASMC
control law is effective and feasible for tracking control of MWOV with ur erte aties and unknown

external disturbances.

6. Experiments

To verify the efficacy of the NNASMC controller, we realize ti is syste n on an actual MWOV as
shown in Fig. 14. A real-time control system has been imple .iente” by using the Robot Operating
System (ROS). There are two computers has been adopted, th= comov’.r with Linux 14.04 system has
the specification as, Intel Core-i5 CPU 2.60 GHz and 4 GR RAM « 1d the computer with Windows 10
system has the specification as, Intel Core-i5 CPU 3.30 G.”~ anu 4 GB RAM. The experimental setup
and the Block diagram of ROS MATLAB/Simulink exp. “iment scheme is shown in Fig. 14.

During real-time implementation the .aco ‘Dormand-Prince) solver available in
MATLAB/Simulink 2017b is used to solve the .- maticn. Matlab Robot Operating System Toolbox is
utilized to develop an interface between RO ~nd M. ATLAB/Simulink 2017b. When the run is started,
the two computers send and receive data in the 1. m of messages in ROS to compose a closed loop

system.

Fig.1-. " xperimental setup and block diagram of the experiment scheme
In order to pro e the s' premacy of the proposed controller over SMC and PID, two experiments are
conducted anc the re ults is shown in Fig. 15 and Fig. 16. The speed of MWOV in x, y direction and
rotation speed .- the desired signal of MATLAB/Simulink node. In the result figures, the black line
represents 1 *fe ence signal, the green line represents the signal with PID controller, the blue line
represents the .ignal with SMC controller and the red line represents the signal with NNASMC

controller.



A. Experiment 1: Rectangle trajectory

The rectangle trajectory is chosen as desired trajectory, and the dimensions of tb . trajectory are 2 m
in length and 2 m in width. The rectangle trajectory curves in x—y plane are shown in .g. 15(a), the
tracking performance along x and y direction and rotation angle tracking result: are .nown in Fig. 15(b),
the velocity along x and y direction and rotation angular velocity results are .“oww in Fig. 15(c), the
line speed curve of four wheels are shown in Fig. 15(d) and the real mot on ¢ .. "iment environment is

shown in Fig. 15(e).
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(e)

Fig.15 Experimental results. (a) Trajectory curve in x—y plane. (b) Tra, ~tory curve in x-coordinate, y-coordinate
and rotation angle curve respectively. (c) The speed curve in x ~ooru. ~t<, y-coordinate and rotation speed curve
respectively. (d) Line speed of four wheels. (=*™ ' __._..on experiment environment.

B. Experiment 2: Lemniscate trajectory
The Lemniscate trajectory is chosen as desired traje .ory in this experiment. The trajectory tracking
curves in x—y plane are shown in Fig. 16(a), the tra.’zing performance along x and y direction and
rotation angle tracking results are shown in Fig. *4(b), the velocity along x and y direction and rotation
angular velocity results are shown in Fi-. ‘<), the line speed carve of four wheels are shown in Fig.

16(d) and the real motion experiment en, ~onm .nt is shown in Fig. 16(e).
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Fig.16 Experimental results. (a) Traje. “ory curve in x—y plane. (b) Trajectory curve in x-coordinate, y-coordinate
and rotation angle curve re’ recti' ely. (c) The speed curve in x-coordinate, y-coordinate and rotation speed curve
respective y. (0 Linc speed of four wheels. (e)Real motion experiment environment.

From the trajectory . 'rve results of the two experiments, the NNASMC, SMC and PID control
scheme are not m 1ch dit, ‘rence, the response trajectory curve have the same excellent quality. The
efficacy of NN “.“MC van also be proved from the velocity curves, which show that the control system
based on NNASMC ¢ ntroller has smaller trajectory tracking error and less chattering of linear velocity
and angulc - vo. ~**y. The speed along x and y direction and rotation speed as shown in Fig.15(c) and
Fig.16(c), the . me speed of four wheels as shown in Fig.15(d) and Fig.16(d) illustrate that the proposed

control scheme has better performance compared with SMC and PID controller.



7. Conclusion

In this paper, an ANN based adaptive SMC scheme is proposed for the M" V(U .” in presence of

uncertainties and external disturbances. The kinematic and dynamic models are zstablished for the

MWOYV with uncertainties and external disturbances. To achieve the robust~ess " the control system,

the SMC based dynamic controller is designed, while the ANN based - ua, tive 1aw is introduced to

model and estimate the various uncertainties disturbances. In addition, tu. " ID controller is applied to

the out-loop controller for the trajectory-tracking. According to the I yapuno - theory, the stability of the

proposed NNASMC method is proved. The performance of the pr~s0s.. >.NASMC method is verified

and compared with the classical PID and SMC methods throu,» ,imu ations and experiments on the

omnidirectional vehicle. Results validate the effectiveness and ro. 'stness of the NNASMC method in

presence of uncertainties and unknown external distur™ance. T. the following work, the study of

autonomous obstacle avoidance in the process of trajec*~~, ._._...ng is under investigation.
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