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1 Introduction

During recent few years, omnidirectional mobile robots have been widely applied in
different fields of society, such as the mobile platform, factory automation, logistics
transportation, military affairs and environmental exploration. Comparing with the
nonholonomic robots such as car-like mobile robots, the omnidirectional mobile
robot have the ability of three degree-of-freedom motion in the plane, which can
provide the superior maneuvering capability. Tracking control problems of omni-
directional mobile robots, which have attracted the interest of many researchers, are
significant in the practical application.

Many control methods have been proposed such as sliding mode control [1],
fuzzy control [2], adaptive control [3], model predictive control [4] and their
combinations. Due to the ideal assumptions and the complex environment, model
uncertainties and external disturbances are significant factors which have effects on
the tracking performance, and these factors should be considered during designing
the control strategy. An adaptive fuzzy terminal sliding-mode tracking controller for
omnidirectional mobile robots with system uncertainties and external disturbances
was presented in [5], in which the adaptive estimation scheme was used to adjust
parameter vector and the switching law of sliding mode with fuzzy logic was given
to constitute the control strategy. Alakshendra [6] proposed an adaptive
higher-order sliding mode controller for the trajectory tracking based on dynamics
with unknown bounded uncertainties, and the adaptive law was designed.
Comparing with the PID controller and the adaptive robust sliding mode controller,
this control strategy had better tracking performance. Moreover, system parameters
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of dynamics are assumed unknown, and the adaptive sliding mode controller with
smooth switching law was designed to handle structured and unstructured uncer-
tainties in [7], in which this controller was able to improve tracking behaviors and
avoid the singularity of control inputs. In practical engineering applications, in
order to guarantee the safety or meet requirements of the operating environment,
state constraints of omnidirectional mobile robots should be taken into account.
A novel adaptive control strategy was proposed for nonlinear pure-feedback sys-
tems in [8], and the BLF with tracking errors was introduced to avoid violating the
state constraints. In [9], an adaptive neural network was employed to approximate
dynamic model of the uncertain robot system, and the control method was given
based on barrier Lyapunov method to ensure the boundedness of all signals, thus,
state constraints held all the time and the tracking error would be tuned into a
sufficiently small compact set with suitable parameters of controller.

This paper mainly focuses on the tracking problem of omnidirectional mobile
robots with state constraints. The adaptive law is designed for unknown bounded
disturbances caused by simplified assumptions of dynamics and complex envi-
ronment, so that the reliability, stability, robustness and safety of trajectory tracking
are improved. And the controller based on barrier Lyapunov function guarantees
the full-state constraints which indicates that the states will never exceed the lim-
itations. All signals in the closed-loop system are proved to be uniformly bounded
and stability of tracking is guaranteed. Comparing with existing results, this paper
contributes to the novel solution of states constraints of omnidirectional mobile
robots with disturbances.

The rest of the paper is organized as follows. The Sect. 2 introduces the kine-
matic model and the dynamic model of the three-wheel omnidirectional mobile
robots with model uncertainties and external disturbances. In the Sect. 3, the
controller with the adaptive law based on barrier Lyapunov function is given, and
the stability of tracking system is analyzed. The simulation is presented to show the
validity of the control strategy in Sect. 4. In the end, the Sect. 5 summarizes the
whole paper and draws the conclusions.

2 Kinematics and Dynamics of Omnidirectional Mobile
Robots

As shown in Fig. 1, the three-wheel omnidirectional mobile robot, which is com-
posed of three omnidirectional wheels, servo driving systems, and the control motion
control card, is considered in this paper. The kinematic model is shown as Eq. (1).

X cos0 —sinf O Vy
y]=|sin0 cosf O Vy (1)
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Fig. 1 The structure of
three-wheel structure of the
robot (left) and the force
analysis (right)

X,,OY,, represents the world coordinate and X,,,0,,Y,, is the coordinate system of
the mobile robot. The position of the center of the robot in Cartesian coordinates is
(x,¥) and 0 is the robot orientation in world coordinate. (v, vy) here denotes robot’s
longitudinal velocity and transverse velocity, and o represents the rotate speed of
the robot. L is the plane distance from the center of the robot to the center of the
omnidirectional wheel. The driving force from the driving wheel can be described
as D;(i =1,2,3). F is the resultant force of driving forces and ¢ is the direction
angle of the resultant force. As a matter of fact, the kinematics of all kinds of
omnidirectional robots can be expressed as Eq. (1).

The dynamics of this kind of three-wheel omnidirectional mobile robot can be
derived by using Newton’ Second Law. The Eq. (2) can be obtained with similar
derivation process in [6].

Vy apvy arwv, —b —b 2b, Ty
Wl = av |+ —aov | + V3b, —V3b, 0 75 (2)
10) asw 0 bz bz bz 3

According to the kinematics (1) and dynamics (2), we can describe the motion of
omnidirectional mobile robots as

.5(1 = J(O)XQ

3
Xy = Axy +aQS()C2)+B‘E ( )

where the variables and parameters are defined as follows:

X1 = (xvya 0)T7 X2 = (VX7 Vy7w)T7 S(XZ) = (wvya —COVX,O)T,’L' = (’Ela’EZa T3)Ta

A = diag{a,a1,a3}, ay = =3¢/ (31, +2mr?), ay = 2mr* / (31, + 2mr?),

as = —3cL? /(31,17 + 1,1*), by = kr/ (31, +2mr?), by = krL/(31,L* +1,%),
cos —sinf O —b; —b; 2b,

J(0)= | sin@ cos® 0|, B= V3b, —V3b 0
0 0 1 by b, by
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Assume that each wheel has the same property and the same size. m is the mass
of the robot and I, is the moment of Inertia of the robot. The moment of each wheel
can be defined as I,,, and r is the radius of the wheel. Besides, ¢ denotes the viscous
friction factor of the wheel and k represents the gain factor of the driving wheel.
The input torques are described as ;.

Considering the model uncertainties and external disturbance, we can get the
dynamics as X, = (A + AA)x; + (az + Aay)S(x2) + (B + AB)t + w(x, t). In order to
deal with this problem, we define d(x, 1) = AAx, + AazS(x2) + ABt + w(x, t) where
d(x,1) = (di,d>,ds)" and the boundedness d of d(x,1) is unknown with |d;| <d,.
Thus, the robot system with model uncertainties and external disturbance can be
expressed as (4).

fCl = J(@)Xg
Xy = Axy + axS(x2) + Bt +d(x, 1)

4)

The tracking control problem with full-state constraints is that suitable control
law should be designed to track the desired trajectory (xg,ya,04) and the state
constraints |x| <k, [y| <k, [0] <kg, |vi| <kux, [vy| <kiy, || <k, are not violated,

where k. = (kx,ky,k())r, k= (kw,kvy,kw)T are positive constants. Assume that
the desired trajectory satisfies |xq| < kw <k, |va| < kya <ky, |0a| < koa <k,

|de| < kvxd <kvx7 |Vyd| < kvyd <kvy7 ‘wd| < k(od <kw» where ka = (kxdy kyda kOd)Tv

k= (kyya, kvyd,kwd)T are positive constants.

3 Controller Design

Consider the kinematics and dynamics of the robot (4). An adaptive controller
based on barrier Lyapunov method is given to handle the full-state constraints and
disturbances. Two inequalities are given as follows.

0<y| —xtan h(er)< - (e>0,1=e+D) (5)

™ |~

2 x2

1ng2 — x2 = k2 — x2 (

x| <k) (6)

Denotezyy = x — X4, 212 =Y — Ya, 213 = 0 — 04,221 = vx — a1, 222 = v, — a2,
203 = @ — 013, which also can be expressed as z; = x| — x14, 220 = x5 — ;. Choose a
barrier Lyapunov function as
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Vi =1 il 4 (7)
1 =75 0og
245 STt

where k| = (kll,klz,kB)T = |ke1| — |ke2| are positive constants. Differentiating
R 3 .
Eq. (7) will lead to Vi = 5% and z; = J(0)(z2 + o) — (x4, V4, 04)". Design
=1 A

the auxiliary variables as o« = J7(0)[(x4, Va5 éd)T — (ka1z11, ko212, ka3z13)T], where
kqi(i = 1,2,3) are positive constants, thus we can obtain

. 3. it > kaiZ?; 3 21:i(0)22
Vlzzkf.fz%:7zkf.fz%+zkf.fz%. (8)

i=1 i=1 i=1

In order to deal with the disturbances, we denote the unknown boundary as

d = d,, and the estimate error is described as d = d — d. Then we choose a barrier
Lyapunov function based on (7).

2 1

1< K2 .
Vo=Vi+=) 1 2 —d* 9
2 1+2; nggiizgi"_z ()

12

It is obviously to get z = Axy +a»S(x;) + Bt +d(x,t) — &1 by differentiating
2. And  we get i = JT0)[Geas Yar 0a)" — (kanzn, kanziz, kazzas) ] +J7(0)
[(X4, ¥Va, Bd)T —(ka1211, kaaZ12, ka3213)T]. Design the input torques as follows.

t=—-B! [szz +Ax, + azS(xz) + C?tanh(SZz) + (hl, hy, h3)T — OC]]
711 cos 0 Z128in 0
hy = (k3 — 23,)( )
2 2! klzl - 2%1 k122 - Z%z
z11 sin 0 712 cos 0
k121 - Z%l k122 - Z%z

2 2

_ 213(k23 - Z23)

= 2 2
ki3 — zi3

(10)

hy = (k§2 - Z%z)( )

h3

Ky, = diag{kp1,kp2, kp3} and ky; > 0(i = 1,2,3). Differentiate the Eq. (9) and
substitute (10) into V. We can obtain the (11) following |d;| < d and the inequality
(5).

3

3 2 3 2 7 3 .
. kaizi; kpizs; dzpitanh(ezy;) | d ~
<= =D e +-) +dd
i=1 k%i - Z%i i=1 k%i - Z%i i=1 k%i - Z%i € i=1 k%i - Z%i
(11)
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The adaptive law is designed for unknown boundary as Eq. (12).

2pi tan h( 822, -
- z o) (12)
2i 21

Substituting the adaptive law (12) and the inequality (6) into (11) will lead to the
inequality (13) with the equation dd = (d? + d* — d*)/2.

3 2.2 2.2 3

. kgiks.z7 kpik3;:25:0  Va l d

vV, < — 1 1i%1i 1 2i 21]7_d2 _E

2= Z[ng%ifz%iJr nggi*Z%iJ 2 +8[:1 k%if %i+

Yd
=d 13
L (13)

Therefore, (13) can be expressed as (14), and we can draw the theorem.

Vo< —pVa+C
p = min{2kyk3,, 2kpiks;, 4 (i = 1,2,3)

3
C:lz d__ | Tagp
e ks —z; 2

Theorem 1 For the system (4) of omnidirectional mobile robots with full-state
constraints, if the initial conditions satisfy z1;(0) € Q; 2 {|z;| <ky, i = 1,2,3}
and 7(0) € Qy 2 {|z0i| <kai, i = 1,2,3}, all signals {z1,22i,d,i = 1,2,3} will be
uniformly bounded with the controller (10) and the adaptive law (12). And the state
constraints will never be violated with suitable parameters, which means
|x1| <kei, |x2| <ky1. The tracking error will converge to a sufficiently small com-
pact set to zero with large ¢ and small y,.

4 Simulation Results

The parameter values of the system model are I, = 11.25kgm?, I, =
0.02108 kgm?, m = 9.4kg, ¢ = 5.983 x 10 °kgm?/s, k = 1.0, L =0.178m, r =
0.0245 m. Initial positions of robot are (x(0),y(0),6(0) = (—0.5,0.2,0.1) and the
desired trajectory can be described as x; = 0.75 sin(2nt/45)y, = sin(4nt/45) and
0, = n cos(nt/16) /4. Besides, the parameters are chosen as k; = (0.2,0.5,7)",
ky = (O.2,O.4,O.2)T, ke = 1.5, kyi =2.0,dp = 0.2, ¢ = 3.0, 1=0.2785, 3, =
4,](11 = 06, k12 = 03, k13 = 08, kz] = k22 = k23 = 1.2. The disturbance is
expressed as d;(x, 1) = 0.05 cos(#/50).

Figure 2 shown that the z;; and zp; will are bounded. z;; will converge to a
enough small compact set, which means the tracking errors will be sufficiently
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Fig. 2 Tracking errors of z;; and zy; using the proposed controller with the adaptive law
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Fig. 3 Tracking trajectory, input torques, the adaptive parameter and the tendency of o;

small. The tracking trajectory, input torques, the adaptive parameter are shown in
Fig. 3. Simulation results validate the effectiveness of the proposed method.

5 Conclusions

In this paper, trajectory tracking of omnidirectional mobile robots with full-state
constraints was considered. The control scheme combined the barrier Lyapunov
function with adaptive technique to achieve the great tracking performance subject
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to state constraints. An adaptive estimation law was proposed for disturbances of
dynamics in practical systems to improve the robustness of control systems.
Meanwhile, the stability of the closed-loop system was analyzed. And simulation
results demonstrated the efficiency and availability of the proposed control strategy.
In future work, input saturations of robots should be considered to satisfy the real
system, and more complicated situations, such as time delay and time-varying state
constraints, can be researched to achieve superior tracking performance.
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