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Abstract: - In this paper, the adaptive fuzzy tracking control of a four-wheeled mobile robot subject to wheels
slip is considered. We proposed an adaptive scheme in that fuzzy logic approximators are used to approximate
the unknown system functions in designing the adaptive tracking control of a mobile robot. Fuzzy systems are
expressed as a series expansion of basis functions, to adaptively compensate for the mobile robot nonlinearities.
The proposed control system works online, parameter adaptation is realized in every discrete step of the control
process, and a preliminary learning phase of fuzzy system parameters is not required. The stability of the
algorithm is established in the Lyapunov sense, with tracking errors converging to a neighborhood of zero.
Simulation results illustrate the effectiveness of the approach.
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1 Introduction

Application of modern methods of realization of
motion of wheeled mobile robots, in which a
fundamental role is played by artificial intelligence
methods, belongs to priority research direction in
the field of modern technologies of autonomous
robots. Despite significant advances in the field of
autonomous robotics, still, many problems remain
unsolved. Most difficulties are associated with a
description of the natural work environment of an
autonomous robot. Usually, the knowledge about
the environment is, in general, incomplete,
uncertain, and approximate. To this field belong, for
example, the problems concerning the inclusion of
the phenomena of mobile robot wheel slips into
control algorithms. Recently, a lot of attention is
devoted to the problems of modeling and control of
wheeled mobile robots taking into account wheel
slips 3], [5], [6], [7]. [8]. [9]. [11], [12], [13], [18],
[23], [24], [29], which follows from possibility of
using those objects in practical applications,
characterized, for instance, by irregular surfaces and
various parameters of wheels contact with the
ground. In the conventional control theory, most of
the control problems are wusually solved by
mathematical tools based on the system models.
Fuzzy controllers are assumed to work in situations
where the plant parameters and structures have

E-ISSN: 2224-2678

602

some uncertainties or unknown variations. As we
know, based on the universal approximation
theorem, [26], [27], where fuzzy logic systems have
been shown to be capable of uniformly
approximating any well-defined nonlinear function
to any degree of accuracy, many important adaptive
fuzzy control schemes have been developed to
directly incorporate the expert information
systematically and various stable performance
criteria are guaranteed by theoretical analyses, [20],
[21], [22], [28]. Based on the established fuzzy
system properties, various adaptive fuzzy control
schemes have been systematically developed, by
which the stability of the closed-loop system can be
guaranteed by theoretical analyses, [22], [27].
Among these approaches, the adaptive tracking
control method with a radial basis function fuzzy
system, [17], is proposed for nonlinear systems to
adaptively compensate the nonlinearities of the
systems, [4]. The indirect and direct adaptive
control schemes using fuzzy systems for nonlinear
systems have also been shown in [19], to provide
design algorithms for stable controllers. In addition,
control systems based on a fuzzy control scheme are
augmented with variable structure control, [27],
[29], to ensure global stability and robustness to
disturbances.
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In this paper, the intelligent stable adaptive fuzzy
control system for the position and heading of a
four-wheeled mobile robot with the inclusion of
longitudinal and lateral slips is proposed, in which
fuzzy systems are used for compensation of
nonlinearities and variable operating conditions of a
mobile robot.

The structure of the paper is as follows. In section
2 basic kinematic relationships are discussed, and
generalized velocities required for realization of the
desired robot motion, understood as kinematic
controller, are determined using the backstepping
method. Dynamic equations of motion of a four-
wheeled mobile robot taking into account wheel
slips are given in section 3. Section 4 concerns the
description of the adopted structure of an adaptive
fuzzy system for compensation of robot
nonlinearities. In section 5 synthesis of tracking
control of mobile robots is conducted and stability
analysis of the control algorithm is carried out based
on Lyapunov’s theory. In section 6 obtained results
of simulations of the introduced solution are
presented. Conclusions are given in section 7.

2 Kinematic Controller for WMR

The object analyzed in the present article is a four-
wheeled mobile robot. A diagram of its kinematic
structure is shown in Fig. 1, [24], [25].

Fig. 1. Model of the analyzed robot

In the model, the following basic robot
assemblies can be distinguished: 0 — mobile
platform (body with additional control and
measurement frame attached to it), 1-4 — wheels, 5-6
— toothed belts (caterpillars). In the analyzed robot,
the front wheels are coupled with the back wheels
by means of the toothed belts. The following
symbols are adopted for i-th wheel: Ai — geometric
centre, ri — radius, 6i— wheel spin angle. Mobile
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platform spin angle is denoted °g,,. It is assumed

that the motion of the mobile robot occurs in the Oxy
plane (as shown in Fig. 1). Position and orientation of
the mobile platform are described by generalized
coordinates vector:

(o}

q= [OXRv OyR’ 0@02]r (€

where: °xg, °yr — coordinates of the point R of the
mobile platform, ¢, = °p,;, — the spin angle of the
mobile platform with respect to z-axis of stationary
coordinate system {O}. Generalized velocities
vector ¢ can be determined based on the value of

the velocity of motion of the point R of the robot
along the direction of the x-axis of the {R} system
connected with the robot, that is vg, and angular
velocity of spin of the mobile platform, that is ¢,

based on the kinematic equations of motion in the
form:

Xq cos(p,) 0

4= ¥ | =| sin(p,) ON’ @)
. %
?,

The above equation is valid if the robot moves on
horizontal ground. In the control of the position and
heading of the robot, one assumes that the motion of
the robot is realized based on the desired vector of
its position and heading, which has the form:

ds = [XRd' Xpd » %]T , 3)

where: Xrg, Yra — desired coordinates of the
characteristic point R of the robot in the {O}
coordinate system in (m), ¢¢ = °poa — the desired
spin angle of the mobile platform with respect to z-
axis of {O} coordinate system in (rad). To define
the problem of tracking control, based on the
relationship (2) let us define desired parameters of
motion of the point R in the form of the equation:

Xrg cos(py) O v
Qg =| Y | =] siN(py) O {;d:| (4)
@4 0 1

where: Vrd, wq — respectively desired linear velocity
of the characteristic point R of the robot in (m/s) and
desired angular velocity of its mobile platform in
(rad/s), in the stationary coordinate system {O}. In
the problem of tracking control, one should
determine the vector of control of position and
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heading of the robot us = [vs, ws]", such that q — qq
for t >o. The errors of the robot’s position and
heading in the coordinate system associated with the
robot {R} and in the stationary system {O} can be
determined from the relationship:

e cos(p,) sin(p,) O] X —Xs

g.=|€ |= _Sin(("z) COS(R¢’z) O/l Yae — Y&

€ 0 0 1@~
€y X ~ XR
E=1€, |=|Yra —Y¥r
€, P — P,

(%)
where e-,e ,e, are respectively longitudinal

position error in (m), lateral position error in (m),
and heading error in [rad]. Generalized velocities
required for the desired motion of the robot can be
determined using various methods. A popular
method used for this purpose is the so-called
backstepping method, [1], [2], [7], [15]. According
to it, the vector of desired generalized velocities of
motion of the robot’s mobile platform expressed in
the robot’s coordinate system {R} can be
determined based on the following relationship:

uo| vl Ke€s + Vg, COs(e, ) ©)
“ o, | | @ +KEVeg +KoVeg SiN(E,)

where: vg,ws— desired velocities of robot motion

expressed in the coordinate system {R}, that is, the
linear velocity of characteristic point R in (m/s) and
angular velocity of the mobile platform in (rad/s), ke
(sh), ko (rad/m?), k, (rad/m) — chosen positive
parameters.

3 Dynamic Model of a WMR Subject
to Wheel Slip

In Fig. 2 a schematic diagram of the analyzed robot
with marked reaction forces acting on the robot in
the wheel-ground plane of contact is presented, [24].
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Fig. 2: Diagram of reaction forces acting on the
robot in the wheel-ground contact plane

In the description of the motion of the four-
wheeled robot, it is assumed that the tire-ground
coefficient of adhesion changes according to the
Kiencke model and values of longitudinal slip ratios
A3 and 4, depend respectively on angular

velocities of driven wheels ¢5and 94 . Additionally,

equality of driving torques for passive and active
wheels is assumed, that is, 7; =73 and 7, =7, . After

taking into account the above assumptions, dynamic
equations of motion for the hybrid chassis system,
i.e. with wheels and toothed belts, are written as
[24]:

2a, O 93 s
0 2a |0,
[ 2a,sgn (93)+ 42,2, /(/ﬁj + 22 )a, +a,a, - 3y, )+

+2(ag +a,a5 - 3,3y, Jsgn (93)
2a, sgn (94 )+ 42,2, I\22 + 2 Yo, +a,a,, + 3y, )+

+ 2(a6 + 8,8, + 88, )Sgn (94)

U]

where Ap,agx,agy are respectively: a constant

associated with a model of wheel-ground adhesion,
projections of acceleration of characteristic point R
of the robot in the coordinate system associated with
the robot {R}. In turn, constants a; that occur in
equation (7) result from geometry, masses, and
distribution of masses of the analyzed robot and
were determined in the work, [24]. From the
kinematic relationships of the analyzed model of the
mobile robot, one can determine angular velocities
of driven wheels as functions of control signals that
realize the desired trajectory of the robot’s motion,
according to the following relationship:
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6, 1[1 -w/2
N Ug,
0, r|1 wj/2

where the control signals’ vector has the form:

(8)

Uy =vy . 9)
After introducing equation (8) into dynamic
equations of motion of a mobile robot (7), one
obtains:
Mug +F(ug)+71, =,
le{Zai ‘aiw] (10)
ri2a, aw

where: M is a constant positive-definite inertia
matrix, F,(ugz)eR*%is a vector describing robot
nonlinearities, t, e R>* denotes bounded unknown

disturbances which include, for example, motion
phenomena not taken into account in the
description, TeR* is control signals’ vector
identical with torques of robot driving wheels 3 and
4. The dimensionality of equation (10) results from
the assumption of active torques of wheels 3 and 4
and passive torques of wheels 1 and 2 being
respectively equal.

4 Fuzzy Systems, Fuzzy Basis
Function Expansion and Function

Approximation

Problems of control of wheeled mobile robots with
the inclusion of wheels’ slips are complex and their
solution requires the application of complex
methods. Because of the lack of a systematic
approach to analysis and synthesis of control of
nonlinear systems so far, the adaptive fuzzy systems
became an attractive tool used in the theory of
nonlinear systems. Fig. 3 shows an adaptive fuzzy
system. An adaptive fuzzy system is defined as a
fuzzy system equipped with a learning algorithm,
where the fuzzy system is constructed from a set of
fuzzy IF-THEN rules using fuzzy logic principles
and the learning algorithm adjusts the parameters of
the fuzzy system based on the training information,
[14], [16], [17], [20], [26], [28]. Adaptive fuzzy
systems can be viewed as fuzzy logic systems
whose rules are automatically generated through a
training process. In this section, we will give the
mathematical formulas of fuzzy systems and fuzzy
basis functions.
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Fig. 3: Adaptive fuzzy system

%

Without loss of generality, we assume that fuzzy
systems are MISO systems f:UeR" >VeR,
where U=U, xU, x..xU, eR" is the input space
and VcRis the output space. Consider a fuzzy
logic system (FLS) with rules in the following form
RI: IFxqis Al and....and xp is A, THENyis ],
i=12,...N (11)

Where Aij are fuzzy sets defined by their respective

membership  functions ( ),i=1,2...,n and

lJ'A\IJ Xj
vjeRare singleton rule consequents. When a

product and operator and a product implication
method are used together with the center of gravity
defuzzification method, this leads to a fuzzy logic
system with the following form

Z;\'ﬂ(l_[inzlu Al (Xi)}/ j
R C p— !
j=1

.(12)

Hin:luAij(Xi)

Which coincides with the Takagi-Sugeno model,
[22]. When all the parameters of the FLS in (12) are
considered free, methods such as back-propagation
learning can be applied. The idea introduced in [14],
[20], [26], is to fix the premise parameters of the
FLS such that the resulting fuzzy system is
equivalent to a linear combination of nonlinear
functions called fuzzy basis functions.

Definition 4.1, [26], defines fuzzy basis functions

(FBF) as
Hin=1”AiJ' (xi)

Z;\I:l]_[in:luAij (xi)

,i=1,2,...N.

pj=

(13)
Now the fuzzy system (12) is equivalent to a linear
combination of an FBFs

Volume 22, 2023



WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2023.22.61

(14)

N
f(x)= 2 pj(xkj.
1

In order to develop learning algorithms for these
fuzzy systems, we need to specify the functional
form of the fuzzy membership function for a fuzzy

set Aij. The membership function can be any

continuous bounded function, e.g., the Gaussian
membership function

2
A(x;c,8) = exp{@] , (15
dw

and Fig. 4 shows an example of FBFs in one-
dimensional premise space.

1

0.5

o

M g "
Fig. 4:. Membership functions

It has been shown, [10], [21], [27], that FLS possess
the universal approximate property. That is, for any
given continuous function g(x) on a compact set U

and any given real number ¢>0, there exists a
fuzzy system f(x)in the form (14) such that

suplg(x)—f(x) <e. (16)

xeU

Therefore, the fuzzy system (14) is qualified to
estimate the unknown non-linear function g(x). In

fact, there exist, ideal control representatives P,
centroids ¢ and widths &y, so that the non-linear

function can be represented as

g(x)=TTP(X)+e, (17)
with the estimation error bounded by [e| <ep.
Then an estimate of g(x) can be given by

6(x)=T"P(x), (18)
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where T is an estimate of ideal values provided by a
learning algorithm. It is shown in [26], [27], that
Gaussian basis functions do have the best
approximation property. This is the main reason we
choose the Gaussian function as the membership
function. In this work, an FBF can be generated
based on a numerical input-output pair.

5 Adaptive fuzzy Control Algorithm
and Stability

In the present section, the synthesis of control of
position and heading of a wheeled mobile robot
using the control structure of nonlinear systems will
be conducted, which takes into account
compensation for robot nonlinearities realized by
means of the FBFs linear with respect to parameters
described in section 4. The task of this control will
be the reduction of the actual control vector (9) to
the control vector resulting from the analysis of
kinematics (6). To this end, let us define the velocity
tracking error:
S=Ug—UR. (19)

After differentiating relationship (19) and inserting
it into (7), one obtains dynamic equations of motion
written as a function of the velocity error:

Ms=Ff(X)+1,—T,  (20)

where T, represents bounded disturbances so that
lt2| < Z and nonlinear function has the form:

f(x)=Mu, +F(ug) - (21)
Vector x allowing determination of the value of the
nonlinear function can be defined as:
x=lo,"u ] (22)
and it should be available for measurement. The
function f(x) involves all parameters of the analyzed
wheeled mobile robot such as masses, mass
moments of inertia, coefficients of motion
resistance, and description of the slip phenomenon.
Quantities of this kind usually can be described only
in an approximate way. Because the function f(x) is
described approximately, if one adopts the law of

control with the inclusion of this approximation in
the form:
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‘r:f(x)+kps—6, (23)
where f(x) is an output of a fuzzy system, kpis a

positive-definite diagonal matrix, and & is a control
signal robust to non-modeled phenomena and other
disturbances, then the description of a closed system
one may express as:

Méz—kps+1?(x)+1rz +0 , (24)

where velocity tracking error s in a significant way
will depend on the correct approximation of robot
nonlinearities. Approximation of the control
compensating for nonlinearities f(x) is often applied
in practice. For the approximation, a fuzzy system
may be used. It is convenient to use a fuzzy system
linear with respect to the parameters, described in
section 4. Then, the nonlinear function
approximated by the fuzzy system one can write in
the form:

f(x)=TTP(x)+e, (25)

where g is approximation error satisfying condition
le| < &m, £m = const > 0.The estimate of the f(x)
function can be written as:

f(x)=1TP(x), (26)

where T is the matrix of estimated parameters of an
ideal fuzzy system. After using (26) in the control
law with the robot’s nonlinearities compensation,
the control law in the following form is obtained:

1=T"P(X)+kps—5  (27)
Substitution of (25) and (26) into (24) yields:
M$ +kps = f(x)+ T,+06, (28)

where f(x) is an error of approximation of f(x)
function, equal to:

f(x)=F(x)-f(x)=T TP(X)- T TP(x)+£=TTP(x)+z,
(29)

where T=T-T is an error in the estimation of
weights of the neural network. After using
relationship (29), equation (28) is written as:
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Ms+kps=TTP(x)+e+1, +3 (30)

The structure of the system for adaptive fuzzy
control of robot generalized velocities is shown in
Fig. 5. For a derivation of an algorithm of I
weights learning, the theory of Lyapunov stability is
used.

VRJ
P21 _ e ?(x)
KmemaUc Mobile
Robusl
Term

Fig. 5: Adaptive fuzzy feedback control scheme.

Let us take a scalar positive-definite function:

V= %STMS + % tr(fTF_lf)+ k|:(€|2: + eE)+

2k oVRg(1—cos(e, )
(31)
where F=F' >0 is a design matrix. A derivative of
the V function with respect to time, one can write as:

V = STMS + tr(fTF_lf)+ 2k,:(e,:é,: + eLéL)+
2KoVRd€o sin(eo)
(32)
After inserting the expression M$ from equation
(30), one obtains:

V= —sTkps + tr(fTF_lf +P(x)sT )+
sT(e+1, +8)++2kp(epep +e & )+
2K o VR, Sin(eg ).

(33)
After choosing the law of adaptation of weights as:

T=—FP(x)s" (34)

and after introducing the robust control signal:
0= (8M +Z)H H (39)

Relationship (33) is transformed into the form:
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V= —sTkps + trlfT (F T +P(x)sT J+
sT(e+1,)+
2k (epep +e € )+ 2koVRge, Sin(e,)

(36)
After writing in expanded form the error of desired
velocities (15) as:

|:31} _|:ud1 _UR1:|
S Uy —Ugo .

and after determining a derivative of error (15), and
putting kg =k koay , ONe gets:

T(Sm +Z)

(37)

V< k,:e,:—k2 2

245in?(eg)-
kfviqef —(keep —s1)° -

(koVRd Sin(eo )_52)2 -

(38)

~Kpmine]

Since V is positive definite for [s|=0 and V is

negative semidefinite, both s, I" are bounded
according to Lyapunov’s theorem. Such a synthesis
of the adaptive fuzzy control permits proper
operation of the control system with a proportional
controller until the fuzzy system starts adapting.

6  Simulation Results

This section shows some simulation results of the
fuzzy logic system using a four-wheeled robot
subject to wheel slip whose objective is to follow
the given reference trajectory. An adaptive fuzzy
system with adaptive learning rules (34) was used in
the simulation. The three Gaussian membership
functions were selected along each input dimension,
therefore 9 fuzzy IF-THEN rules can be generated.
The initial and final membership function shapes are
shown in Fig. 6.

Remark: We omitted the signal uyin learning the

conclusion of the rules because nothing brings on in
the process of learning as numerous simulations
showed, but the dimensionality of the problem
grows considerably.
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1

1
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0.6 0.6
0.4} 0.4}

02 0z

0 n -
0 0.5 1 -1 0.5 0

Fig. 6: Membership functions along a)vg and b) o
dimension

For use in simulation investigations, one assumes

the following robot parameters:

e geometric dimensions (A1Az = A2As = L, AAx =
AsAs =W —see Fig. 1), L=0.35m, W= 0.386 m,
ri=0.0965m,i={1, ..., 4},

e masses of particular bodies: mg = 15.02 kg, m; =
0.66 kg, ms = mg = 0.17 kg,

¢ rolling resistance coefficient f, = 0.03,

whereas the constants a; occurring in equation (7)

were determined using the methodology described

in works, [3], [4]. The following values of gains for

the controller were assumed: k. = 15, ke = 10, ko= 5,

ko = diag(20, 20). Desired motion parameters of the

robot’s wheels, kinematic parameters of point R,

and motion path of point R are shown in Fig. 7. In

simulation three phases of motion are assumed:
acceleration, motion with constant velocity of the
point R (vy,=0.3m/s), and braking. For an
approximation of nonlinearities and variable robot
operating conditions, the fuzzy system described in
section 4 is used with Gaussian functions describing
fuzzy sets, assuming each element of the f vector is
approximated with 6 rules. In the simulation,
parametric disturbance occurring t>12 s is assumed
in the form of an increase in the rolling resistance
coefficient vf, =0.03, when the characteristic point

R of the robot moves along a curvilinear path.
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b)

0.5

YRd

#R yR [rn], fid [rad]

fipd |

YR [mis] fipd [radfs]

20 sl 30

_____________

thetap3, thetapd [radis]

0 10 20 ys] 30 _2_1 0 1 2 3
Fig. 7: Desired kinematic quantities used in
simulation: a) kinematic parameters of the point R,
b) desired velocities: linear of the point R, and
angular of the robot’s body, c) angular velocities of
driven wheels, d) desired motion path of the point R.
Trajectory tracking performances for two cases were
considered, firstly with action generation fuzzy
compensation of the nonlinearity of the robot
according to the scheme shown in Fig. 5 (case 1),
and secondly without the compensation of the
nonlinearity of the robot and robust term (case 2).

Case 1.

In Fig. 8 are shown obtained control signals, and in
Fig. 9, errors of neural control of position and
heading of the robot. The obtained control signals
73,74 (i.e., desired torques for driven wheels) that

realize desired trajectory of motion of the point R of
the mobile robot are shown in Fig .8a. Values of
torques are the largest during motion of the mobile
robot along a circular trajectory, their value is
constant until the occurrence of a parametric
disturbance. This corresponds to robot motion with
constant velocity. At the moment of occurrence of
the parametric disturbance, the value of the
ratorque increases whereas the value of the |ty
torque decreases, which results from an increase in
the adopted motion resistance. For time t>12s
values of torques decrease, which corresponds to the

phase of braking and finishing motion along the
rectilinear path.
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. : : 2 : :
0 10 20 fs] 30 ] 10 20

0.04 T T

0.o2t-

_________________

.02

i 0.04 : '
20 s a0 ] 10 20 5] 30

0 1:0
Fig. 8: Control signals according to a relationship
(23)

The discussed total control signals are generated
based on control signals compensating for robot
nonlinearities shown in Fig. 8b, signals generated by
a P-type regulator (Fig. 8c), and robust control
signals (Fig. 8d). The fuzzy compensation control
has the largest influence on the total control signal,
as far as level and character are concerned. In turn,
the stabilizing P control and robust § control have
the largest values during periods of occurrence of
disturbances associated with wheels’ slips or
resulting from the character of desired velocity,
desired motion path, or the occurring parametric
disturbances. It follows from the fact that in those
motion states, the fuzzy compensation adapts to
changing operating conditions of the robot, and only
after the adaptation period the fuzzy system
generates dominant control signals. This fact of the
significance of the influence of fuzzy compensating
control on the overall quality of control is confirmed
by results shown in Fig. 9a-c, in which errors of
neural control of position and heading of the robot
are presented. Error-values are the largest during the
period of motion along a circular trajectory, and
then as the process of fuzzy adaptation progresses,
they decrease. The occurring parametric disturbance
as well as changing robot operating conditions,
excite the proposed control structure, which as a
result generates control signals that make the control
errors esg,eyr.e, bounded, which confirms the

theoretical considerations. In Fig. 9d are shown the
desired and actual paths realized with small errors,
marked as ‘trajd’ and ‘traj’, respectively.
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a) b)

0.03 0.0

[rad]

0.0z

0.01 o
a

0.01
0.0
0.02 . . 0.0z H H
1] 10 20 ifs] 30 o] 10 20 [s]130
c) d)

5 0.5 T
m]x10(-3 ’ I
[mlx10-2) ] |

] e
;'. traj
N5~ SR S [
trxid |
R N A Y SO
: H 15 - :
10 20 fs] 30 a 1 2 xR[m] 3

Fig. 9: Errors of fuzzy control of robot’s position
and heading

For guantitative evaluation of the generated control
signals and realized tracking motion, the following
quality indices are introduced:

e maximum values of the errors exrmax, €yrmax in (M)
and e, in (rad), e, =abs(e, (k)), k=1,2,...n,
the square root of the mean squared error
(RMSE) of motion realization

€r = \/izn:(xm (K)-xq (k))2 (m),

k=1

\/ Z Yra (K)- YR(k)

n
k=1

(m),

€ =\/%i(¢d(k)-¢(k))2 (rad),

k=1
where k is the ordinal number of a discrete value
and n=23000 is the total number of discrete
values. Values of all quality indices of realization of
tracking motion are given in Table 1.

Table 1. Values of the introduced quality indices

exr eyR €y €xRmax €yrRmax_| Epmax
00101 | 0.005403 | 0.01001| 0.02004 | 0.01345 | 0.01787
Case 2.
To gauge the effectiveness of the fuzzy

compensation of the nonlinearity of the robot it is
useful to compare the performance of the closed-
loop system without the output of action generating
compensation of the nonlinearity of the robot and
without robust term. The output tracking
performance, in this case, is shown in Fig. 10. The
output tracks corresponds to the desired trajectory
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with the bigger values of the introduced quality

a)

indices,
b)

£0.04 003
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c) d)
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[xad] H H vE[m] Y
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. tra) tra{ K
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] 10 20 s]30 o 1 2 =xE[m] 3

Fig. 10: Errors of fuzzy control of the robot’s
position and heading

which are given in Table 2, because of the non-
linearity of the robot dynamics. There exist state
errors resulting from the nonlinear appearance of the
system.

Table 2. Values of the introduced quality indices
e(ﬂ
0.01001

e(pmax
0.04633

eyRmax
0.02314

€xRmax
0.02278

Exr
0.01324

eyR
0.009465

7 Conclusions

In the article, a stable algorithm of control of
position and heading in tracking the motion of a
four-wheeled mobile robot is designed. In the
algorithm, the fuzzy system linear with respect to
estimated parameters is used. The algorithm does
not require prior knowledge of the dynamic
properties of the controlled object and is robust to
occurring longitudinal and lateral slips of wheels as
well as to parametric disturbances. After the fuzzy
logic system has compensated partially for the non-
linearity of the controlled system through adaptive
learning, the output tracking of the plant follows the
reference trajectory quite satisfactorily. The same
controller works even if the behavior or structure of
the system has changed. Results of conducted
simulation investigations lead to the conclusion that
intelligent control with a correctly designed
kinematic controller significantly increases the
accuracy of the realization of tracking motion.
Additionally, the proposed fuzzy control algorithm
operates online and does not require initial learning
of fuzzy parameters.
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