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Abstract - To improve the adaptability of the spherical mobile
robot in unknown environment, this paper proposed the
behavior-based fuzzy control method, and integrated fuzzy
obstacle avoidance performance into this method. Firstly, the
sensors were arranged according to the motion model of the
spherical mobile robot, and which improved the flexibility and
autonomy of the spherical mobile robot in unstructured
environment. In the process of motion, the spherical mobile robot
use multi-sensor, which is used to collect the obstacles and the
target position information in the environment, to complete the
path planning. Then, the MobotSim simulation platform was used
to design the behavior-based control experiments for the spherical
mobile robot, including wall-following, through narrow road,
obstacle avoidance and trending target experiments .etc. The
simulation results verified the validity and reliability of the fuzzy
control system. Finally, the path planning experiments in the real
environment was completed, which controlled the spherical
mobile robot behavior by fuzzy controller and priority decisions,
including obstacle avoidance, wall-following, cruising, tending to
target and unlocking the deadlock behaviors, and so on, and
modified the pose of the robot based on the angle of real-time
feedback information to avoid obstacles precisely. The
experimental results showed that the spherical mobile robot could
complete control method based on behavior, further verified the
effectiveness and practicability of the fuzzy control system.

Index Terms - The spherical mobile robot. Fuzzy control.
Multi-sensors. Obstacle avoidance. Path planning.

1. INTRODUCTION

Path planning is to find a safe path from the starting
position to the target position in the environment with
obstacles. The most basic intelligent behavior of mobile robots
is obstacle avoidance, which is the basis of advanced
intelligent behavior such as decision-making and motion
control of robots [1], and it is also an important guarantee for
completing various tasks in complex or unknown
environments. Therefore, the research of a behavior-based
obstacle avoidance strategy is also the difficulty and hot spot
of robot path planning technology.

At present, research in the field of robot path planning is
developing rapidly. Various countries are committed to the
development of this research, and new achievements are
constantly being born. For example, BYQ-3 robot, designed
by Beijing University of Posts and Telecommunications, can
achieve precise motion by visual navigation system [2];
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GroundBot robot, developed by the Swedish Rotundus, can
adapt to various complex environments, such as sand, mud and
snow, and also can achieve rolling on the water; The
amphibious spherical robot, developed by Kagawa University,
can achieve both land and underwater motion with high
flexibility and low noise [3].

Spherical mobile robots are widely used in amphibious
and complex environments due to its special structure and
flexible motion [4]. To complete the motion switching based
on multiple obstacle avoidance behaviors, therefore, we take
the spherical mobile robot as the research object in this paper.,
which perceives the external environment and makes decisions
on the complex environment by sensors [5].

The most basic intelligent behavior of the spherical mobile
robots is to avoid obstacles. It is the basis of the high-level
intelligent behavior for decision-making and motion control,
and it is the guarantee of completing various tasks in an
unknown environment [6]. The commonly used obstacle
avoidance methods based on multi-sensors include bug
algorithm, artificial potential field method and fuzzy control
method, and so on. In the bug algorithm, the dynamics of the
robot is not considered [7]. The artificial potential field
method has a local optimal solution, namely deadlock. When
the spherical mobile robot moves, the surrounding
environment changes dynamically, which makes it difficult for
the robot to establish an accurate mathematical model [8].
Using the fuzzy control method can solve such problems well.

In this paper, the fuzzy control algorithm is applied to the
obstacle avoidance of the spherical mobile robot. The fuzzy
controller is fused with the priority decision, and the path
planning of the spherical mobile robot is controlled in a
complex environment, and the effectiveness and reliability of
the designed controller is verified by simulations and
experiments.

II. SYSTEM STRUCTURE AND KINEMATICS MODEL OF THE
SPHERICAL MOBILE ROBOT

A. System Structure

The spherical mobile robot consists of four groups of
driving devices [9]. Each group of driving devices consists of
two waterproof servo steering gears, a water jet motor and a
bracket. By adjusting the deflection angle of the waterproof
servo steering gear in each group of driving devices, the four
legs can cooperate with each other to form regular movement,
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Fig. 1 System structure diagram of the spherical mobile robot.

and The adjustment of the drive leg is conducive to the control
of trajectory and posture. System structure shown in Fig. 1, it
has a total of three layers structure, the leftmost sensor layer to
collect environment information, including ultrasonic sensors,
shaft encoder, gyroscope and video capture card; The middle
decision-making control layer can realize the motion control of
the spherical mobile robot through the fuzzy control system;
The rightmost is the execution layer, which is composed of
four driving units and completes the movement of the spherical
mobile robot [10].

In order to make the spherical mobile robot to complete its
obstacle avoidance tasks in complex environment, four
ultrasonic sensors (HC-SR04) are installed on the spherical
mobile robot, and the numbers 1 to 4 show that the four
ultrasonic sensors on the ontology of the spherical mobile
robot numbered from left to right. And the video capture card
is fixed directly under the robot acrylic board, as shown in
Fig.2. The shaft encoder and gyroscope are fixed inside the
spherical mobile robot, which is used to collect the position
and direction of the robot's driving leg, so that the spherical
mobile robot can recognize the target more accurately.

B.  Kinematic Model of the Spherical Mobile Robot

The movement of the spherical mobile robot is mainly to
adjust four driving legs, so it is very necessary to analyze the
operation of the driving leg [11]. Fig. 3(a) is a schematic
diagram of a kinematic joint of the spherical mobile robot,
and each leg consists of two rotating joints, which complete
the rotation of the hip joint and the flexion-extension of the
knee joint of the spherical mobile robot, respectively. Among
them, Joint 1 represents the hip joint, and Joint 2 represents the
knee joint. In this paper, the D-H parameter method was used
to construct the kinematics model of the spherical mobile

b Ultrasonic sensor ¢y Video captre card
Fig. 2 Layout of the spherical mobile robot sensor.
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Fig. 3 Kinematic model of the spherical mobile robot.

robot, in which 1i, I, 13, and l4 represents the lengths of each
rods. The coordinate system of the drive leg is established as
shown in Fig. 3(b).

Each leg is determined by four independent parameters,
namely the length of the rod ai.i, the twist angle of the rod 0.1,
the joint distance d; and the joint rotation 6;. The pose matrix
between adjacent links is derived from the pose matrix joint i-
1 to joint i, as shown in equation 1.

T =Trans(a,_,,0,0)Rot(x._,,c,_ ) Trans(0,0,d,)Rot(z,,8) (1)

Among them, Trans(w.1,0,0) represents the ;.1 flat
distance along the xi-axis; Rot(xi.;, aii) represents the o
angle of rotation along the x;.i-axis; Trans(0,0,d;) represents
the d; flat distance along the zi-axis; Rot(z;, 6;) represents the 6;
angle of rotation along the z-axis.

III. DESIGN OF Fuzzy CONTROL SYSTEM

The design of a fuzzy control system can be divided into
five processes: fuzzification of input variables, fuzzy relational
operations, fuzzy synthesis operations, synthesis of different
rule results, and defuzzification.

A. Design of Fuzzy controller

The core of the fuzzy control system is the fuzzy
controller. The rules of the fuzzy controller are implemented
by the computer program. The PC acquires the precise value
of the controlled variable through sampling. Then the error
signal is obtained by comparing this quantity with the given
value, and through the feedback error signal as the input of
fuzzy controller [12].

The input quantity of fuzzy control selected this time is
the distance (Dr, Dr) of the sensors on the left and right sides.
The output variables are the rotational angle and the step size
scale factor of the robot, as shown in Fig. 4 [13]. The spherical
mobile robot acquires obstacle distance information on the left
and right sides of the spherical mobile robot through four
ultrasonic sensor arrays installed in front of the robot [14].

The ultrasonic sensors are numbered from left to
right, denoting 1, 2, 3, and 4 successively. The four ultrasonic
sensors are divided into two groups, which (1, 2) is the left
group, and (3, 4) is the right group. The distance signals of
the two sensors on the left is x1 and x2, and the smallest value
is selected as the input on the left, Di=min{x1, x2}. Similarly,
the input distance on the right is Dr= min{x3, x4}. The input
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Fig. 4 Fuzzy control scheme of the spherical mobile robot.

distances between the left and right sides is Dy, and Dr. Using
the linearization method, the fuzzy subset of the input variable
is divided into {near, middle, far}, represented by {ND, MD,
FD}. According to the actual measurement distance of the
ultrasonic sensor, the actual domain is [0.5m , 2m], take the
calculation domain as [-5,5]. With linear transformation, as
shown in formula (2) :

x=kx*-10 )

Where x* is the actual distance value, x is the discrete
universe of points, and k=10 is the scale factor. The
membership function of the fuzzy subset of input variables and
output variables is shown in Fig. 5, and (a) represents the
fuzzy language membership function of the input distance
between the left and right sides; (b) and (c) indicate that the
output variable is the step size scale factor and rotation angle
of the spherical mobile robot, respectively. From Fig. 5(b), it
can be seen that the domain of step size v is [0, 6]. It can be
seen that the calculation domain is [ -45, 45] in Fig. 5(c).

The fuzzy control rule is a set of multiple conditional
statements [15]. It can be known from fuzzy set t heory
that this causality can be expressed as two fuzzy relational
matrices from input variables to output variables. When the
robot is far away from obstacles, the behavior of tending to the
target plays a major control role; when the robot is closer to
the obstacles, the obstacle avoidance behavior of the fuzzy
control plays a major role. The robot will make reasonable
decisions according to the distribution of obstacles and the
target position. The rules for input variables Dy and Dg, and
the two output variables v and 0 are composed of statement for
“if and then”. The rules are as follows:

R :If (D, isND & D, isF'D)then(VisVM )and
If (D, isND & D,isF'D)then(qisPB)

A total of nine fuzzy rule statements are written. The
fuzzy controller has two inputs and two outputs, due to v and 0
are independent from each other, the fuzzy inference operation
of v and 0 can be carried out respectively. For example, the
fuzzy relation of v can be expressed as:

9
R :U[(DRiXDLi)T oU,] )
i=1
Among them, i is the rule serial number, U; represents the

output result of the i-th system, x represents the direct product
of the two sets, and o represents the synthesis of the two sets.
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Fig. 5 The membership function of the fuzzy subset of input variables and
output variables.

The output is based on the detected right-side distance variable
Dr and the left-side distance variable Dr. 0 is the same thing as
V.

The next step is to defuzzification. Since the above
formula calculated the fuzzy quantity, and it needs to be
converted into a precise quantity. This paper uses the center of
gravity method to defuzzify, and its expression is as follows:

IuN(x)Oxdx
U=>*—"—"
IuN(x)dx

Where u represents the membership function corresponding to
the input Dr and Dg, and x represents the center of gravity of the area
corresponding to the output vand 6 membership functions.

®)

B.  Priority Decision

In order to improve the flexibility and autonomy of the
spherical mobile robot in the unstructured environment, a
behavior-based control method is adopted, which can
effectively overcome the environmental uncertainty. The fuzzy
obstacle avoidance performance is integrated into the
behavior-based control method, and the master control right is
obtained through the competition. Thus accomplishes the
control method based on behavior, and realizes the path
planning of the spherical mobile robot [16].

The control structure of spherical mobile robot is divided
into "cruising behavior", "trending to the target behavior",

"fuzzy obstacle avoidance behavior", "escaping behavior" and



"anti-static behavior". The cruising behavior has the lowest
priority and no need for the input of sensor signal. Once the
spherical mobile robot detects the sensor signal, it will
automatically switch to other behaviors. The video acquisition
module controls “the anti-static behavior” and “trending to the
target behavior”. When there is no change in the scene
captured during a period of time, the robot is proved to be in a
non-moving state. At this time, the anti-static behavior will be
triggered to control the rotation and retreat of the spherical
mobile robot; After detecting the target object, the trending
target behavior will master the main control and control the
spherical mobile robot to move towards the target. The fuzzy
obstacle avoidance behavior is controlled by the ultrasonic
sensors. When the obstacle is detected, the spherical mobile
robot will inhibit the trending to target behavior. The escaping
behavior is affected by the values of the gyroscope and the
axis encoder, mainly to prevent deadlock problems [17]. The
movement of the driving leg of the spherical mobile robot is
controlled by various behaviors switches.

When the spherical mobile robot conducts the cruising
behavior, in the ideal case, the ultrasonic sensor detects an
obstacle and the robot will jump to the fuzzy obstacle
avoidance behavior. When the robot collides with an obstacle,
the robot jumps to the escape behavior [18]. The design
introduces fuzzy obstacle avoidance behavior into behavior-
based control method, make each behavior through the
competition mechanism for the spherical robot’s mastership,
ultimately realizes the path planning of the spherical mobile
robot, and also improves the robustness of the spherical mobile
robot in an unknown environment.

IV. SIMULATION OF FuzZzY OBSTACLE AVOIDANCE
ALGORITHM

The spherical mobile robot climbs from starting point to
the target point in the process, there are actually two kinds of
behaviors: one is the obstacle avoidance behavior, and the
other is the trending to the target behavior. These two kinds of
behaviors are integrated into the fuzzy controller and output
after work together to get the robot's average speed and
rotational speed. In order to verify the validity and reliability
of the proposed theory, the obstacle avoidance path planning
of the spherical robot is simulated in the virtual environment.

The simulation platform is MobotSim. According to the
driving principle of the robot designed in this paper, a
corresponding number of sensors are set up. And the process
of avoiding obstacles and trending to the target of the spherical
mobile robot is graphically simulated in an arbitrarily changed
two-dimensional complex environment. The language used is
Sax Basic language, which uses the specific functions
provided by the software to obtain the external environment
information of the robot and the position coordinates of the
robot, and assigns the robot drive speed so that the robot
moves in an unknown environment. The shadedpart in the
figure represents the perceptual range of each sensor. The
yellow circle represents the target point, and the dark green is
various shapes of obstacles.
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Fig. 6 The result of walking along the wall and crossing the narrow road.

Three experiments were designed in this simulation,
including the experiment of walking along the wall and
crossing a narrow road, the experiment of avoiding obstacles
and trending to the target, and the experiment of avoiding
obstacles in complex environment.

A. The Experiment of Walking Along the Wall and Crossing
the Narrow Road

In the simulation experiment, if the robot detected the
existence of obstacles on one side, the walking along the wall
behavior would acquire the mastership of the robot and control
the robot to drive along the obstacles; if the robot detected the
existence of obstacles on both the left and right sides, the
crossing narrow road behavior would acquire the mastership of
the robot. The simulation results were shown in Fig. 6.

B.  The Experiment of Avoiding Obstacles and Trending to the
Target

In the simulation experiment, if the target orientation
was known, the trending to the target behavior would acquire
the mastership of the spherical mobile robot and control the
robot to move towards the direction of the target; If there were
obstacles in the movement process, the fuzzy obstacle
avoidance behavior would inhibit the current trending to the
target behavior. Controlling the robot to avoid obstacles, when
the obstacle avoidance behavior was over, the tendency toward
the target behavior acquired the mastership again, the
simulation result was shown in Fig. 7(a). When the target point
was inside the concave obstacle, the robot could reach the
target smoothly, as shown in Fig. 7(b). When the target point
was located directly behind the obstacle, the robot could
switch to walking along the wall behavior, effectively
completing the deadlock problem, as shown in Fig. 7(c).

C. The Experiment of Avoiding Obstacles in Complex
Environment

Finally, the path planning performance of the fuzzy
control method in a complex environment was tested, and the
results were shown in Fig. 8. The simulation results showed
that the robot movement was continuous and stable, could
effectively avoid the obstacles in the environment, and the
resulting motion path was smooth without excessive circuitous,
indicating that the proposed fuzzy control scheme could be
well adapted to the complex environment.



(c) leaving the concave obstacle
Fig. 7 The result of avoiding obstacles and trending to the target.

Fig. 8 The result of avoiding obstacles in complex environment.

V. THE PATH PLANNING EXPERIMENTS FOR SPHERICAL
MOBILE ROBOT

Through the simulation results of the fuzzy control
algorithm above, we have verified the effectiveness of the
control scheme in the virtual environment. In order to further
test the path planning effect of the spherical mobile robot in
the actual environment, the corresponding code was written
using Arduino IDE and debugged.

We have conducted many experiments in the laboratory.
The spherical mobile robot uses the installed sensor system to
sense the external environment, and the visual image is
transmitted to the PC through the wireless video capture card
for processing. After the processing is completed, the target
object information will be obtained, and transmit to the main
control chip by PC. The data information measured by other
sensors is processed directly by the main control chip. The
spherical mobile robots complete various actions under the
control of the main control chip.

A. The Concave Obstacle Experiments of Spherical Mobile
Robot

The concave obstacle is an effective experiment to verify
that the robot does not have canyon effect. The obstacle
avoidance experiment of concave obstacle was tested in real
environment, as shown in Fig. 9. In Fig. 9(a), the spherical
mobile robot was about to enter the concave obstacle; in Fig.
9(b)-(e), the spherical mobile robot enters the concave
obstacle. At this time, according to the fuzzy obstacle
avoidance rule, the robot always thinks there are obstacles on
one side, so switch to walking along the wall behavior, and
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finally avoid the concave obstacles successfully. We use the
NDI system to complete the tracking of the robot under the
concave obstacle. After analyzing and calculating the collected
data, the error is about 2%, which satisfies the feasibility and
stability of the fuzzy control system.

B. The Obstacle Avoidance Experiments of the Spherical
Mobile Robot

Because the fuzzy obstacle avoidance behavior also
includes obstacle avoidance behavior, walking along the wall
behavior, cruising behavior and crossing narrow road
behavior, trending to the target behavior and solving the
deadlock behavior, thus an experimental environment as
shown in Fig. 10(a) was designed to the start point in the
laboratory. Various behaviors cooperate with each other. At a
suitable moment, a certain behavior acquires the membership
of the spherical mobile robot through the competition
mechanism, and eventually controls the spherical mobile robot
to reach the target position smoothly. In Fig. 10(b) the
spherical mobile robot was in the cruising state; In Fig. 10(c),
the spherical mobile robot was switched to the obstacle
avoidance behavior, avoiding the first obstacle; In Fig. 10(d)-
(e), the spherical mobile robot was switched to the walking
along the wall behavior and passed through the narrow road
smoothly. In Fig. 10(f), the spherical mobile robot was switched
to the obstacle avoidance behavior and avoiding two obstacles
continuously. In Fig. 10(h)-(i), the spherical mobile robot
found the target point and switched to the trending to target
behavior that the target point is determined by GPS. Finally,
by analyzing and calculating the collected data, the error value
is less than 5%, which further verifies the stability of the fuzzy
control system.

VI. CONCLUSIONS

To improve the adaptability of the spherical robot in
unknown environment, this paper proposed the behavior-based
fuzzy control method. Firstly, the kinematics equation of the

— _ceclll N —
(d) sloving the canyon effect-2 (e) leaving the concave obstacles
Fig. 9 The experimental result of spherical mobile robot in concave obstacles.
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(a)starting

(h) trending to the target
Fig. 10 The experimental results of the spherical mobile robot.

(i) reaching the target point

driving leg based on the operational model of the spherical
mobile robot was established. Next, the fuzzy control system
was designed, which combined with the priority decision-
making to complete the behavior control method of the
spherical mobile robot. The trending to target motion was the
leading behavior when there are no obstacles, and the obstacle
avoidance was the leading behavior when there are obstacles.
The spherical mobile robot completed the path planning by
switching various behaviors. To verified the rationality and
reliability of the behavior-based fuzzy control method, the
MobotSim software platform completed obstacle avoidance
experiments, including walking along the wall, simple obstacles
avoidance and complex obstacles avoidance. Finally, the path
planning experiments of the spherical mobile robot was carried
out in the unknown environment. The experimental results
showed that the designed fuzzy control system enabled the
spherical mobile robot to reach target position successfully, which
further verified the effectiveness of the behavior-based fuzzy
control method.
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