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Abstract—The paper regards navigation, motion 

planning and control as well obstacle avoidance in 
unknown and unpredicted environments including 
collision avoidance of mobile robots in evolving 
surroundings. The problem relates to searching 
the techniques how to navigate toward a goal in an 
unknown, confined or cluttered environment when 
the obstacles to avoid are discovered in real time. 
The tools developed to address this issue thus 
combine motion planning and control theory 
techniques including a non-linear model-based 
approach. The advantage of such reactive 
obstacle avoidance technique is to compute 
motion by introducing the sensor information 
within the control loop, used to adapt the motion 
to any contingency incompatible with initial plans. 
Being the global reasoning is required, a trap 
situation could occur but despite to this limitation, 
obstacle avoidance techniques are mandatory to 
deal with mobility problems in unknown and 
evolving surroundings as presented in the paper. 

 

 
Key words—Fuzzy reasoning, mobile wheeled 

robots, motion planning and control, obstacle 
avoidance 
 

1. INTRODUCTION 

Control of wheeled mobile robots is the subject 
of numerous research studies as reported in [1]. 
In particular, non-holonomy constraints 
associated with these systems have motivated 
the development of highly nonlinear control 
techniques. For the sake of simplicity, the control 
methods are developed mainly for unicycle-type 
and car-like mobile robots. Most of the results 
can in fact be extended/adapted to other type 
mobile robots (e.g. holonomic), in particular to 
systems with trailers. A complementary problem 
to control motion of mobile robots concerns with 
global motion planning and obstacle (mobile 
and/or immobile) avoidance in variety of different 
static as well as dynamic scenarios. The problem 
considers sensor-based motion to face the 
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physical issues of a real system navigating in a 
real world. The problem relates to searching the 
techniques how to navigate toward a goal in a 
confined, troublesome or cluttered environment 
when the obstacles to avoid are discovered in 
real time? This is the question that addresses 
simultaneous motion planning and control as well 
obstacle avoidance. 

The motion planning problem for a non-
holonomic system can be stated as follows: given 
a map of the environment with obstacles in the 
workspace, a robot subject to non-holonomic 
constraints, an initial configuration and a goal 
configuration, and an admissible collision-free 
path between the initial and goal configurations. 
Solving this problem requires to take into account 
both the configuration space constraints due to 
obstacles and the non-holonomic constraints of 
robotic system. The tools developed to address 
this issue thus combine motion planning and 
control theory techniques.  

The objective of motion planning techniques is 
to compute a collision-free trajectory to the target 
configuration that complies with the vehicle 
constraints. That assumes a perfect model of the 
robot and scenario. The advantage of these 
techniques is that they provide complete and 
global solutions of the problem. Nevertheless, 
when the surroundings are unknown and 
unpredictable, these techniques fail. A 
complementary way to address the motion 
problem is obstacle avoidance. The objective is 
to move a vehicle towards a target location free of 
collisions with the obstacles detected by the 
sensors during motion execution. The advantage 
of reactive obstacle avoidance is to compute 
motion by introducing the sensor information 
within the control loop, used to adapt the motion 
to any contingency incompatible with initial plans. 
The main cost of considering the reality of the 
world during execution is locality. In this instance, 
if global reasoning is required, a trap situation 
could occur. Despite this limitation, obstacle 
avoidance techniques are mandatory to deal with 
mobility problems in unknown and evolving 
surroundings.  

The methods that combine both the global 
point of view of motion planning and the local 
point of view of obstacle avoidance have been 
already developed. How to consider robot 
perception at the planning level? This is the so-
called sensor-based motion planning. Several 
variants exist, such as the BUG algorithms 
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a) b) 
Figure 1.  Model of non-holonomic wheel-based robot considered in the paper: a) Kinematical and dynamic 

           
 
 

initially introduced in [2]. However none of them 
consider the practical context of non-holonomic 
mobile robots.  

Taxonomy of obstacle avoidance techniques 
and some representative methods can be 
described here. First there are two groups 
according [1]: methods that compute the motion 
in one step and that do it in more than one. One-
step methods directly reduce the sensor 
information to a motion control. There are two 
types:  

o The heuristic methods were the first 
techniques used to generate motion 
based on sensors. The majority of these 
works derived from classic planning 
methods [2]-[5].  

o The methods of physical analogies 
assimilate the obstacle avoidance to a 
known physical problem. The 
representative of them is the potential 
field methods [6,7]. Other works are 
variants adapted to uncertain models [8] 
or that use other analogies [9]-[11].  
 

Methods with more than one step compute some 
intermediate information, which is processed next 
to obtain the motion.  

o The methods of subset of controls 
compute an intermediate set of motion 
controls, and next choose one of them as 
a solution. There are two types: (i) 
methods that compute a subset of motion 
directions. The vector field histogram [12] 
and the obstacle restriction method [13] 
can be mentioned as representatives. 
Another method is presented in [14]. (ii) 
Methods that compute a subset of 
velocity controls. The dynamic window 
approach [15] and the velocity obstacles 
[16] can be taken as examples. Another 
method based on similar principles but 
developed independently is the curvature 
velocity method [17].  

o Finally, there are methods that compute 
some high-level information as 

intermediate information, which is 
translated next in motion. The nearness 
diagram navigation [18,19] is the 
representative of this method.  

To summarize the previous consideration, the 
usage of an obstacle avoidance technique with a 
vehicle in a given scenario is highly dependent on 
the scenario nature (static or dynamic, unknown 
or known, structured or not, or its size for 
example). Usually, this problem is associated with 
the integration of motion planning and obstacle 
avoidance. All the methods outlined briefly in this 
section have advantages and disadvantages 
depending on the navigation context, like 
uncertain worlds, motion at high speeds, motion 
in confined or troublesome spaces, etc. 
Unfortunately, there is no metric available to 
measure the performance of the methods 
quantitatively. In that sense, the considerations to 
be conducted in the paper will demonstrate a 
methodology of motion control of mobile robots 
that combines adhoc motion planning and 
obstacle avoidance together with model-based, 
non-linear motion control.   
 

2. MODELING OF WHEELED ROBOTS 
For the purpose of motion control development 
and simulation, a non-holonomic wheeled mobile 
robot with differential (skid) steering is considered 
(Fig. 1). This kind of steering is able to move 
more directly (than car-like, i.e. Ackerman 
steering [20]) from one point to different point. 
However it would only be able to execute a single 
surge displacement (forward/backward) and a 
single rotation (turn/spin). Thus it can execute 
only two controlled DOFs which is one fewer than 
are available in its task space what is 
characteristic for non-holonomic systems.   

According to the previous consideration a 4WD 
mobile robot platform with differential steering is 
assumed in the paper as system representative. 
A 3D model of mobile robot is considered taking 
into account that robot can move on the sloped 
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surface, too. In the general case, surface 
inclination angle can appear in both, longitudinal 

xγ  as well as lateral yγ  direction of motion (Fig. 
1a). Direction of forward (transport) speed vector 
V


 (Fig. 1a) depends on tyre angular velocities, 
robot parameters  as well as tyre-ground 
interaction parameters and ground surface 
conditions. Robot motion is considered in the 
inertial OXYZ coordinate system attached to the 
ground surface. The local coordinate system 
oxyz  is attached to the center of mass of the 
mobile robotic platform and it is mobile, too.  
Motion of robot platform is consequence of the 
independendent differential driving (rotation) of 
robot wheels. Corresponding longitudinal 

4,1, =iFxi  and lateral 4,1, =iFyi  tyre forces 
produce desired robot motion and desired 
forward speed. Forward speed V


 in general 

case is not colinear with direction of longitudinal 
robot axis of symetry. The angle between velocity 
vector V


 and longitudinal axis of symetry x is 

defined by angle β  known  as a slip angle [20].  
Particular wheels perform corresponding 
rotational as well tranlsational movements. 
Linear, i.e. translational tyre velocities presented 
in Fig. 1a are signed as 4,1, =ivi


. These linear 

tyre velocities do not coincide with corresponding 
direction of motion in general case. The 
conseqence is appearance of the tyre slip angles 

4,1, =iiς  as presented in Fig. 1a. Some 
important geometry parameters of rover are 
presented in Fig. 1a: b - track of the rover, rl - 
rear wheels axis distance from the center of 
mass, fl  - front wheels axis distance from center 

of mass, and Ch - height of the center of mass 
with respect to the ground surface. Vector of 
state variables that define robot position in the 
inertial coordinate system OXYZ is in general 
case of 16×  order [20]. The planar vehicle 
dynamics (vehicle dynamics in the plane of 
motion) is considered in the paper although the 
terrain surface inclination will be taken into 
account. Assuming the previous simplification, 
the robot state variables including three 
coordinates can be defined in the vector form: 

                   
[ ]
[ ]T

T

YXq

YXq

ε

ε

 =

=
                                (1) 

where X and Y are translatory displacements in 
corresponding coordinate diractions and ε  is 
yaw angle about the vertical axis passes through 
center of mass. The dynamical model of the 4WD 
rover presented in Fig. 1a, defined by 
corresponding geometry parameters, kinematical  
variables and vector of state variables (1) can be 
defined as: 

wccg FqqhqqHT −+⋅= ),()(               (2)               

where 13×ℜ∈T  is the vector of generalized 
(traction/braking)  forces and torques that act in 
the robot center of mass and has three 
commponents in the main coordinate directions 
(Fig. 1a): two generalized forces XT and YT  ( ZT  
is not considered in (2) bearing in mind that Z is 
not a state variable (1)) and yaw torque εT ; 

33×ℜ∈H  is the inertia matrix of the rover; 
13×ℜ∈ccgh is vector of centrifugal, Coriolis and 

gravity forces acting upon the system and 
13×ℜ∈wF is vector of external resestance forces 

and torques including aerodynamic resistance, 
rolling ressistence, Coulomb friction, etc. Vector 
of driving/traction forces and troques acting in the 
vehicle center of mass, expressed in the local 
coordinate system oxy z (Fig. 1a) attached to the 
center of mass (MC) can be defined in the form: 
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Traction/braking forces at the vehicle tyres are 
calculated by use of the non-linear Pacejka tyre 
model known as „magic formula“ tyre model [21]. 
The longitudinal and lateral commponents 

4,1,, =iFF yixi depends on two kinematical 

variables: tyre slip ratio is  and tyre slip angle iα . 
Both variables can be calculated according to the 
[20,21] from the following relations: 
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Figure 2.  Model of navigation and motion planning in presence of mobile and immobile obstacles   
 
 

For every particular tyre 4,1=i , the angle iδ  
represents corresponding steering angle (in the 
case when the rover has such capability to 
change orientation angles of tyres), iv is 
corresponding translatory speed of centre of 
mass of the i-th particular tyre, and iς  represents 
tyre speed angle with respect to the longitudinal 
direction of motion of robot platform x. Angles of 
tyre velocities are calculated from the following 
relations (8) according to [20].  
     Bearing in mind the non-linear character of 
tyre model (Fig. 1b), the tyre forces are non-linear 
functions of their arguments as explained in 
[20,21] and have the forms: 
     ),(),,( 21 iiyiiixi sfFsfF αα ==        (9) 
The dependency between the generalized forces 
and torques expressed in the absolute coordinate 
system and the local system attached to the MC 
of the rover (Fig. 1a) can be expressed in the 
following way: 
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According to [20] and assuming that mobile robot 
in this case is considered as planar mechanism, 
corresponding matrix and vectors given in the 
model (2) can be assumed in the form: 
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where m is robot mass, Iz is robot’s axial moment 
of inertia with respect to the axis z, g is the gravity 

acceleration. Resultant vector of aerodynamic 
resistance as well as rolling resistance forces and 
torques is determined according [20] and has the 
form:                                 
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where xK , yK  represents corresponding air 
resistence coefficients obtained experimentaly for 
the particular robot  and εK is a yaw-rate 
damping coefficient depending on tyre-ground 
conditions; 

ir
f  is a rolling resistance coefficient 

of the i-th tyre, and 
izF represents corresponding 

i-th tyre payload.  
Model determined by relations (2)-(14) is used 

in this paper for synthesis of the model-based 
(dynamic) control of wheeled mobile robot.  

3. NAVIGATION, PATH PLANNING AND 
OBSTACLE AVOIDANCE 

A control system structure of mobile robots is 
proposed in the paper. It represents a hiearachy 
system consists of two functional levels: (i) high-
level, and (ii) low-level. High level module is 
designed to enable  cognitive tasks performing 
such as: navigation in presence of obstacles, 
path planning and colision avoidance with 
surrounding obstacles. At the low-level, 
distribution of control efforts per particular tyres is 
provided. Control effort is desired to be uniformly 
distributed among the robot wheels. For the sake 
of simplicity, the wheels from the same side of 
mobile robot have equal angular velocities of 
rotation. Non-holonomic wheeled robots 
represent overactuated systems.     

When an autonomous mobile robot moves 
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     Figure 3.  Block scheme of the Fuzzy Inference System FIS-1 developed for obstacle avoidance in unknown 
environment 

 
 

towards some target position and its sensors 
detect obstacle(s), corresponding avoiding 
strategy should be activated. In that sense, robot 
motion can be described as compromise between 
avoiding obstacles and moving towards the target 
position as presented in Fig. 2. Autonomous 
robots react to both of the sensed variables 
(target direction and collision free direction of 
motion with respect to obstacles) to manage its 
motion. Corresponding sensed variables used for 
navigation and motion planning in presence of 
obstacles in unknown environment are (Fig. 2): (i) 
distances to surrounding obstacles within the 
corresponding sensor range (front-rear and right-
left side obstacles), (ii) azimuth angle with respect 
to the obstacle (angle measured with respect to 
the robot longitudinal axis of symmetry), and (iii) 
relative position of the robot with respect to the 
target point. Moving towards the target point (Fig. 
2) and avoiding obstacles in its surrounding, a 
mobile robot changes its orientation in the task 
space and its forward velocity. When the obstacle 
is detected by sensors, mobile robot slows down 
and changes its direction of motion according to 
the actual conditions of motion. Navigation 
strategy of mobile robot is determined in such a 
way to enable guidance of the robot in presence 
of obstacles (mobile and immobile) and tracking 
target direction. For this purpose robot uses 
acquired sensor information about the target 
point position. For the case of spatial reasoning in 
unknown and unpredicted environments, 
appropriate fuzzy inference system (FIS) is 
commonly used [2]-[19], [22] to perform such kind 
of robot tasks. In this paper, two FIS are 
designed (FIS-1 and FIS-2, Figs. 3 and 4): one 
for obstacle avoidance and other for collision 
avoidance of mobile obstacles or other robots. 

The novelty presented in this paper regards 
with utility of the robot model (2)-(14) and 
corresponding complementary FISs presented in 
Figs. 3 and 4. Model-based control and cognitive 
knowledge-based algorithms are combined within 
the robot controller to enable accurate navigation 
and reliable motion control in presence of 
obstacles and in unknown and unpredicted 
environments. Corresponding model-based 
(dynamic) control is designed in the paper to 
improve corresponding dynamic performances of 
robotic system during its motion. Assumed 
model-based approach to control of system 

motion provides extended  universality of the 
proposed control technique considered in this 
paper. Specifity of any fuzzy inference system is 
that it is valid for one particular system (or quite 
similar one) but not for systems that are 
significantly different. The reasons lay in fact that 
membership functions and fuzzy rules, 
characteristic for one particular FIS, are designed 
to fit behaviour (model) of this specific system 
The FIS designed in such a way is not of general 
purpose  to fit other particular systems, too. The 
way to overcome this drawback of the FIS 
specifity lay in combination of two techniques - 
fuzzy logic reasoning and model-based control. 
The consequence of such approach is that fuzzy 
inference system (i.e. FIS block) provides two 
referent (commanded) variables: (i) referent 
forward speed 0V , and (ii) referent yaw-rate 0ε .  
Moving through the unknown environment in 
presence of mobile and immobile obstacles, robot 
has to determine the strategy how to avoid these 
obstacles and navigate towards the target 
location. Because of that, two FIS systems (Figs. 
3 and 4) are needed to be engaged to determine 
referent variables 0V  and 0ε . In the case when 
the robot meets mobile obstacles, then the FIS-2 
block should be favorized (domminant) to 
calculate referent variables 0V  =CS-2 and 

0ε =CYR-2 (Fig. 3). In other case (meeting of 
immobile obstacles), the following rules shoulod 
be assumed 0V  =CS-1 and 0ε =CYR-1 (Fig. 4). 

Modified robot velocity  0V  and referent yaw-rate 

0ε , calculated from FIS cognitive blocks FIS-1 or 
FIS-2 (Figs. 3 and 4) represent new-calculated 
referent values that are used as the inputs 0q  

and 0q  to the low-level control that represents 
model-based control algorithm according to (1). 
In the case of obstacle avoidance, reference 
direction, front, right, left and rear distnces 
(proximities) to obstacles and motion modus 
(forward or backward) determine referent 
variables (Fig. 3). In other case (collision 
avoidance), distance to collision point of meeting 
robots, intersection angle, speeds of colising 
robots, traffic rules (priority) as well as right, left 
and rear distances to obstacle are relevant for 
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Figure 4.  Block scheme of the Fuzzy Inference System FIS-2 developed for collision avoidance in 
evolving environment 

 
 

calculation of referent variables  0V  and 0ε .  
Fuzzy reactive navigation strategy of collision-free 
motion and velocity control of mobile wheeled 
robots in an unknown environment with obstacles 
is proposed in the paper. The intelligent robot 
reactive behavior is formulated by appropriately 
designed membership functions and 
corresponding fuzzy rules. The procedure is well 
described in the open literature [2]-[19] and 
details will not be specially elaborated here. The 
input variables, presented in Figs. 3 and 4, are 
expressed by corresponding linguistic labels and 
appropriate Gaussian membership functions 
shaped on the basis of experience and simulation 
tests.  

 

4. MOTION CONTROL 
Control algorithm that has to provide accurate 
trajectory tracking and satisfactory dynamic 
perfromances of robotic system is based on the 
robot model (2). Then, the control algorithm can 
be written in the following form as used with 
autonomous automotive systems [20]:  

    
( ) ( )000

ˆ
,ˆ)(

qqKqqKqq

FhqqHT

pd

wccg

−−−−=

−+⋅=




          (15) 

where  pK  and dK  are corresponding 
proportional and differential control gains. Vectors 

0q , 0q and 0q are calculated on the basis of the 

referent values 0V  and 0ε obtained from the 
higher control level, i.e. from the cognitive block. 
They provide the following variables regarding 
speed of motion in three coordinate direction / 
longitudinal, lateral and yaw one: 
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where 0ε are determined from : 

                 ∫ ⋅= dt00 εε                        (17) 

Now, the nominal speed vector 0q  can be 
expressed in the form: 

                  [ ]Tyxq 0000 ε =                   (18) 
And corresponding nominal acceleration is 
obrained from the relation: 

                      
dt
qd

q 0
0


 =                         (19) 

From (15) the control (traction/braking) forces 

XT , YT  and control (yaw) torque εT  can be 
calculated with respect to the absolute coordinate 
system (Fig. 1). From (10) driving forces and 
torques in the longitudinal xτ , lateral yτ  and yaw 

ετ  direction are determined. Thsese values can 
be calculated from the relations: 

 

εετ

εετ
εετ
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TT

YXy
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),cos()sin(
),sin()cos(

       (20) 

Control forces/torques xτ , yτ  and ετ are 
produced by corresponding tyre forces distributed 
in an appropriate way among the four wheels. 
4WD mobile robotic platform is ''overactuated'' 
since in general case there are four driving 
wheels and motion is perfromed in three 
coordinate directions: x, y  and ε . Theoreticaly, 
there are eight tyre force commponents 

4,1, =iFxi and 4,1, =iFyi  that should to 
enable desired motion of robot body. Practically, 
that requires the unknown forces 4,1, =iFxi and 

4,1, =iFyi  should be determined from the 
relations (3) and (4) taking into account pre-
determined generalized forces/torques xτ , 

yτ and ετ . In order the calculation to be 
mathematicaly determined the certian 
assumptions must be assumed in order to 
simplified calculation of unknown control 
variables. The following simplifications can be 
assumed without loosing system 
maneouverability and fine dynamic performnaces: 
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Figure 5.  Experimental verification of navigation strategy and motion control algorithms of a wheeled 
robot in a labyrinth scenario model – macro plan (left) and micro plan (right) 

 
 

 
 

Figure 6. Referent course of motion of mobile 
robot with respect to the target direction 
measured from the longitudinal axis  

 
 

where 3,1,/ 1 == iFF yyiiκ are corresponding 
coeficients regarding lateral force amplitudes with 
respect to the referent value characteristic for the 
tyre signed as no. 1. Taking into account the 
assumptions (21) and including them in (3) and 
(4), then three equations with corresponding 
three unknown variables 1xF , 2xF  and 1yF  can 
be determined: 
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From the system of equations (22) the unknown 
forces can be calculated to satisfy control 
requirements. Calculated tyre forces represents 
control variables but the true control variables are 
particular angular velocities of robot wheels 

4,1, =iiω . Since, according to the 
simplifications (21) the rotations of the right-hand 
side and left-hand side wheels are controled in 
pair, the wheel angular velocities iω are 
calculated from the kinematical relation (5) which 
defines the tyre slip ratio. Since the longitudinal 

4,1, =iFxi  and lateral tyre forces 4,1, =iFyi  
are non-linear functions (relations (9) and Fig. 1) 
of tyre slip ratios is  and tyre slip angles iα  that 
implies the unknown variables are calculated by 
solving inverse mathematical problem of the 
model given by relations (9). In the last step of 
control signal determination, tyre angular 
velocities iω  are calculated from (5) as the first-
hand control variables. It is enough to determine 
corresponding angular velocitios for single, right 
and left particular wheels since the wheels at the 
same side rotate with the equal speeds of roation.    
 

5. VERIFICATION OF CONTROL APPROACH 
To verify the proposed control approach, one 
characteristic labyrinth scenario with several 
wheeled robots moving around is simulated by 
use of the Virtual WRSP software toolbox [23]. 
One typical example of reactive navigation in 
presence of obstacles, searching for the collision-
free corridors and tracking of the target direction 
is simulated (Fig. 5). A fragment of the first six 
seconds of motion is chosen (Fig. 5, left plot) to 
focus attention to the cornering maneuver. 
Corresponding sensor-based input signal to the 
FIS-1 (Fig. 3), that represents a referent course 
of the mobile robot, is presented in Fig. 6.  The 
referent course is a dominant input signal to the 
control block. It directly influences guidance of the 
robot towards the assumed target point. Referent 
course of the wheeled robot as well as proximities 
of obstacles (Fig. 3) in surrounding determines 
the command variables: referent velocity 0V  and 

yaw-rate 0ε . Bearing in mind that the wheeled 
robots considered in the paper use differential 
(skid) steering, the corresponding angular tire 
velocities iω  represent actual control variables 
and not command variables generated by FIS 
block shown in Fig. 7. Actual control variables iω  
that correspond to the command variables shown 
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Figure 8. Skid steering – tyre velocities as control 
variables of wheeled mobile robot   

 
 

 
 

Figure 7. Command (referent) variables 0V  and 

0ε obtained as output signals of the FIS-1 block 
 
 

in Fig. 7 are presented in Fig. 8. They are 
calculated indirectly from (5), starting from (22) 

and tracking the procedure in the reverse 
direction. As shown in Fig. 8, different tire angular 
velocities of right and left side tires are generated 
by the robot controller. The consequence is a 
differential traction of robot tires due to the 
different ground-tire interaction forces. Proposed 
robot controller is based on combination of a 
reactive fuzzy navigation and model-based 
motion control that ensures smooth motion 
towards target location as described in the paper.   
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