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This paper presents a robust backstepping control (BC) methodbased on
nonlinear disturbance observer (NDOB) for trajectory tracking of the
nonholonomic wheeled mobile robot (WMR) in the presence of external
disturbances and parameters uncertainties. At first, a bounded Fuzzy logic
based backstepping controller (BFLBC) is designed to control the WMR
without considering the effects of the external disturbances and the
parameters uncertainties. Typically, the conventional BC controller depends
upon the state tracking errors analysis, where unbounded velocity signal is
produced for the applications that have huge tracking errors. Therefore, a
fuzzy logic controller (FLC) is introduced in this research in order to
normalize the state tracking errors, so that the input errors to the BC are
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bounded to a finite interval. Finally, the designed BFLBC is integrated with
the nonlinear disturbance observer in order to attenuate the external
disturbances and model uncertainties. The simulation results show the
effectiveness of the proposed controller to generate a bounded velocity signal
as well as to stabilize the tracking errors to zero. In addition, the results prove
that the proposed controller provide an excellent disturbance attenuation as
well as robustness against the parameters uncertainties.
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1. INTRODUCTION

The research on trajectory tracking problem of wheeled mobile robot (WMR) gains a great interest
in the recent years due to its promising applications in many fields such as factory automation, transportation,
room cleaning , security and space exploration. The main motivations behind these considerable interests are
the unexpected growth in the areas of wireless communication, computing machinery and sensors
technology. The purpose of the path tracking controller is to force the WMR to achieve a desired path such
that the tracking error is stabilized to zero. However, the tracking error is mostly unavoidable since the
performance of the WMR can be affected by different types of uncertainties such as sensors and actuators
faults, slippage, friction and unmodeled dynamics. Thus, design of robust path tracking controller for WMR
is still an open issue in robotics community [1].

The path tracking problem of WMR currently receives a lot of attention from both academics and
automobile industrial researches. The available WMR tracking approaches have been reported in the
literature can be classified into backsteeping [1-7], sliding mode [8-9], linearization [10], neural network [11-
12] and fuzzy logic control [13]. Although the extensive research has been done on WMR tracking control,
but most of the previous work [1-10] has assumed that the WMR has a pure non-holonomic constraint.
However, the pure rolling and non-slipping assumptions cannot be guaranteed due to a set of factors that
influence the performance of the WMR such as sharp turning motion at high speed [13]. To overcome these
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limitations, some researchers have proposed a tracking controller for the WMR with non ideal nonholonomic
constraints [13-14]. For instance, a fuzzy logic controller is proposed in [13] for tracking control of the WMR
in the presence of kinematic and dynamic uncertainties, which the kinematic disturbance is assumed to be a
function of both linear as well as angular velocities.

Among the previous control techniques, the backstepping controller (BC) is the most popular
method for nonholonomic WMR tracking control [1-6]. In particular, the kinematic based BC approach for a
nonholonomic WMR was first suggested by Kanayama et al. (1990), which it has been assumed that the
WMR has a pure nonholonomic constraint. Nevertheless, a new challenging will be imposed in the controller
design by violating the ideal nonholonomic constraints in which the controller should incorporates the
disturbance removal to achieve high tracking accuracy. Therefore, in this paper, a non linear disturbance
observer (NDOB) is combined with the BC controller in order to improve the disturbances attenuations and
the robustness against the parameters uncertainties. Essentially, the NDOB has been applied in the literature
for many nonlinear systems, such as missiles [15-17], robot manipulator [18-20] and pendubot system [21].

This research proposed a robust BC for uncertain kinematic model of the nonholonomic WMR
based on NDOB. The proposed controller includes two parts. First, a bounded Fuzzy logic based
backstepping controller (BFLBC) is designed to control the WMR without considering the effects of the
external disturbances and the parameters uncertainties. Meanwhile, the fuzzy logic controller (FLC) is
integrated with the BC to overcome the unrealistic large velocity signal that produced by the BC caused by
the huge state tracking errors. Therefore, it can achieve a smooth motion of the WMR without any sharp
speed jumps even for the systems that have large state tracking errors. Finally, the designed BFLBC is
integrated with the NDOB in order to tackle the external disturbances and model uncertainties.

The paper is outlined as follows: In section 2, the methods are presented, which include the model
of the nonholonomic WMR with kinematic uncertainties, the controller design, and the stability analysis. The
simulation setup is given in section 3. The results of the proposed controller as compared to the conventional
BC are discussed in section 4. Finally, the conclusion is presented in section 5.

2. RESEARCH METHOD

2.1. Nonholonomic WMR Model with Kinematic Uncertainties

The nonholonomic WMR model in a 2-D Cartesian workspace is shown in Figure 1, where {X, O,
Y} and {D, C, L} are the global and local Cartesian coordinate system, respectively. D is the driving direction
(longitudinal direction) and L is the lateral direction (latitudinal direction). A posture of a nonholonomic
WMR in the global Cartesian coordinate system {X, O, Y} can be represented by a vector P, = [X.Y,.6.]T ,
where C is the center of the robot, (X, ,Y,) is the WMR coordinate and O, is the orientation angle of the
WMR.

|
»

Figure 1. WMR model with kinematics uncertainties

The kinematics model of the nonholonomic WMR can be written as:
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where v, , w, and r represent the forward velocity ,angular velocity and the distance from the configuration
center of the WMR to the wheels center, respectively. Moreover, 6, and &, representing the kinematics
uncertainties in the D and L coordinates, respectively. Based on study [13], the equations of the kinematic
uncertainties are given as follows:

6y = 6,c050. + 6, sinO, 2)

8, =6, sinO; — 6, cos B, 3)
where,

6, = tanh (v.), 6,, = 0.2 tanh (w,) 4)

2.2. Bounded Fuzzy Logic Based Backstepping Controller Design
The purpose of WMR path tracking controller is to find a control low input q(q = [Ve W¢]T) that
force the robot to follow reference trajectory with position [xgs ¥4 ©4]7 and velocity [Va Wa]T, such
that the posture error E; (E; =[ép €L eg]T)converges to zero as the time approaches infinite. The
conventional BC method for tracking control of the WMR kinematic model is given by [1]
[v _ [ kiep + vy coseg )
w wg + kovge; + ksv, sineg

The BC approach is limited for the applications that have small tracking errors since the controller is
directly related to the state tracking errors. The FLC combined with the BC approach to overcome this
limitation of the BC method. Firstly, the FLC is utilized to normalize the tracking error in the longitudinal
direction ej. Then, the BC approach is applied to control the motion of the WMR based on the normalized
tracking errors, which are obtained from the FLC.The BFLBC for the kinematic model of the WMR without
considering the effects of the external disturbances and the parameters uncertainties is given as follows:

t

vm] _ [kD (1 —eT)eDnorm + v, cos eel 6)

w,
ct w, + k vee, + kg sineg

wherev, is the desired forward velocity, w, the desired angular velocity, epporm 1S the normalized error in
the longitudinal direction which is obtained by the FLC and T is the time constant.

2.3. Nonlinear Disturbance Observer Design
A NDOB is developed in this section to estimate the WMR kinematic uncertainties. Then, the

NDOB is integrated with the proposed BFLBC to construct the controllerof the WMR. The kinematics model
of the nonholonomic WMR can be rewritten as:

E=g(xu+d (7)

- [%e _[cos®, —rsinB, Ve _ [5x]
wheref = [yc] - 9() = [sin 6, rcosH, |’ u= [Wc] »d= dy

Throughout this paper, the robot kinematic uncertainties are assumed to be slowly time varying. Motivated
by the work proposed in [15-20], the following observer is designed to estimate the unknown kinematic
uncertaintiesd, given by

d=z+p() (®)

z=—lz—-1l(px) + gx)uw) ©)
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where d, z and [ represent the estimated disturbance, the observer internal state, and the observer gain,
respectively. The observer gain [ is given as follows:

| 9pG)
Oox

(10)

wherep(x) = ¢

2.4. Backstepping Controller Design Based on Nonlinear Disturbance Observer

In this section, the composite controller law is designed for the uncertain kinematic model WMR. The
proposed controller is composed of the BFLBC as given in equation (6) and the NDOB as designed in the
previous section.The composite control low u = [Ve  Wc]' is given as follows:

u=n(x) + px)d )]

wheren(x) is the feedback BFLBC for the WMR without considering the effects of the uncertainties, p(x) is
the disturbance compensation gain and d is the estimated disturbance using the proposed NDOB.

We1

legg] _ [Vm] _ [kD (1 - e_Tt) epnorm + Uy COS eel (12)
21

w, + kyve, + kg sineg
The disturbance compensation gain u(x) is given as follows:

ux) = —g@)'c .
__[cos®, -—rsin®.] [tk (13)
g9(x) = [sin O, rcos6,]’ c=lo cy]

wherec, and c, are the controller gain to be design.

2.5. Stability Analysis

Theorem 1:

If the controller (6) is applied to the WMR kinematic model given in (1), E,, = 0 is a stable equilibrium
point.

Proof:

A lyapunov function candidate Vis chosen as follows;

1 1
V==(ep?+e2) +—(1— cosep) (14)
2 K,

Clearly, V. > 0 and V = 0 ife, = 0,e;, = Oandeg = 0

sin eg

V =epep +e,6, +——
ki,

€q (15)

sin eg

V = eplw.e, — v, + v, coseg] + e, [—w.ep + v, sineg] + (W, —we] (16)

L

sin eg

. —t
V=ep [— <kD(1 —eT)ep+ v, cos ee) + v, cos ee] + e, [v,sineg] + w, —w,] (17)

L

. -t . sin eq .
V=-kp (1 —eT ) ep? + e, [v, sineg] + " [Wr — [w, + kyve, + kg sin ee]] (18)
L
. -t ke .
V=—kD<1—eT>eD2—k—smeeZS0 (19)
L

IJECE Vol. 6, No. 2, April 2016 : 901 — 908



IJECE ISSN: 2088-8708 a 905

Therefore V is negative semi-definite and the resulting system is asymptotically stable.

3. SIMULATION SETUP

The proposed controllerand the kinematic model of the robot as defined in equation (1) are
simulated in MATLAB-SIMULINK. The simulation interval is from 0 to 40 second, and the sampling timet
is 0.01 second. The input parameters to the system are as follows:r =1, ky =4, k, = 25k; =1, vy =1,
wyg=1kp=3,k, =1, kg =15, C, = 1.3, ¢, =13 and T=1.Moreover, the NDOB gain is selected as
follow:

=[5 2] @0

4. RESULTS AND ANALYSIS

This section presents two case studies that will illustrate the robustness and the effectiveness of the
proposed controller to tackle the external disturbances and model uncertainties. For the first trajectory
tracking case, the proposed controller is applied to track a simple straight path with a constant linear and
angular velocity. Then, a circular path is set to be a reference trajectory. Finally, the disturbance rejection
ability of the proposed controller is compared with the conventional BC approach.

4.1. Straight Path Tracking

Initially, a simple case study to track a straight path is proposed. The desired straight path is defined
as y =10 and x =t + 10 in the Cartesian coordinates workspace. The initial posture of the WMR is
(0,0,0), while the desired initial posture is (10,10,0). Thus the initial tracking error is (10,10,0). Figures2-3
show the performances of straight path trajectory using the proposed controller. It can be observed from
Figure 2 that the proposed controller generates continuous, bounded and smooth control signals with zero
value at the starting time. The posture error of the straight path trajectory is shown in Figure 3. As it can be
seen, the proposed controller stabilizes the tracking error to zero.

4.2. Circular Path Tracking

In this section, a circular path is set to be a reference trajectory. The simulation interval is from 0 to
40 second, and the sampling time t is 0.01 second. The initial posture of the WMR is (0, 0.6, 0), while the
desired initial posture is (15, 13, 0). Therefore, the initial tracking error is (15, 13, 0). The desired circular
path in the Cartesian coordinates is defined as follows:

T T
X = 15—2cos(t+5),y= 15—Zsin(t+5) (21)

Figures 4-5 show the circular path tracking performance of the proposed controller and the standard BC
method, respectively. In comparison with the conventional BC approach, the simulation results prove that
the tracking performance can be improved significantly using the proposed controller, where it is capable to
track a circular path accurately even in the presence of external disturbances and parameters uncertainties.
Figures 6-7 show the velocities response of the proposed controller and the conventional BC, respectively. It
can be seen form Figure 6 that the proposed controller is capable of producing a bounded as well as smooth
velocity signal with zero value at the starting time. However, as shown in Figure 7 the forward velocity of
the conventional BC jumps to more than 70 m/s at the initial time, which is difficult to be implementable in
an actual robotic system. The posture error of the proposed controller and the the conventional BC are shown
in Figures 8 and 9, respectively. It can be observed that the normalizing error using FLC is converged to the
natural error as the time approach infinity. In addition, the proposed controller is stabilized the tracking errors
to zero. However, as shown in Figure 9, the conventional BC is failed to stabilize the tracking error to zero.
Figures 10-11 show the estimation of the disturbances and parameters uncertainties using the NDOB. It can
be observed that the proposed controller has an excellent disturbance attenuation as well as strong robustness
against the parameters uncertainties.
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5. CONCLUSION

A robust BC controller based on nonlinear disturbance observer is presented in this research for
tracking control of the kinematic model of the nonholonomic WMR in the presence of external disturbances
and parameters uncertainties. The proposedcontroller is capableofproducing a bounded velocity signals
regardless of the amount of the state tracking errors. Therefore, it can achieve a smooth motion for the WMR
even for the applications that have huge state tracking errors. In addition, the simulation results has shown

that the proposed controller provide an excellent disturbance attenuation as well as strong robustness against
the parameters uncertainties.
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