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Abstract

In recent years, wheeled autonomous mobile robave lhecome widely used in a number of industrial
applications. Therefore, accurate and efficienttimilers are required in order to assure safe awdirate
navigation of these vehicles. In this study, ae@ff/e behavior-based navigation algorithm (BBN&applied
to control the trajectory of the four-wheel stegrifrWS) mobile robot. The BBNA combines the ‘Goa-t
Goal’ and ‘Obstacle Avoidance’ behaviors into ommenprehensive navigation strategy. With this aldnit
many switching between modes occurs over a shasuatrof time, which increases the risk of creating
chattering phenomenon. Due to overcoming this pmamon, an additional mode is considered between the
‘Go-to-Goal’ and ‘Obstacle Avoidance’ modes thatadled ‘Follow-Wall’ behavior. At first, the BBNAvas
designed to control the navigation of a point ntat®t. One of the significant characteristics ofBBis that
its control commands can be used to calculateiieard and angular velocity of a unicycle mobileoblI hus,
the BBNA can navigate the unicycle mobile robotcassfully to the goal position. In order to applg BBNA
to an FWS mobile robot, its dynamic equations ningstonverted to those of a unicycle mobile robdie T
present study determines the dynamic equationseoF¥WS mobile robot by using the Ackermann- Jedntna
model of steering. Since these equations are tine s& those for the unicycle mobile robot, the Fvidbile
robot can be controlled by the BBNA. Finally, timeplementation of the BBNA for the FWS mobile rolmt
simulated using MATLAB software. Simulated restiltslicate that BBNA generates an optimal path by
perfectly switching between ‘Go to Goal’, ‘Obstaéleoidance’, and ‘Follow Wall' modes, which keepet
FWS mobile robot arriving at the goal position.
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1. Introduction

1.1. State of the Art

Mobile robots are of the newly-appearing technaegn the field of transportation such that this
technology, owing to the simple and reliable stoes, can change people's lifestyles, travel, and
work in cities[1, 2]. Another feature of mobile b is to be "autonomous" meaning that the robot
can move around in their environment without hunraervention[3]. Mobile robots fall into
several major categories, including legged robe]4wheeled robots[7] and tracked robots[8].
Legged robots cross uneven terrain, whereas whaakktracking robots have fine efficiency over
smooth and continuous lands. There are severabedasf wheeled robots, for instance,
autonomous vehicles that each wheel can steeratdpéndently, mobile robots with two steering
wheels so that their orientation mechanism is sinib a car, and omnidirectional autonomous
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mobile robots[9, 10]. In an omnidirectional mobilebots, none of the wheels change their
direction, but these robots can supply excellenbititp which leads to efficient movement in
various environments[11]. Another important clab&lbeeled robots is an FWS mobile robot that
each wheel is activated by a separate hub motos. category of autonomous mobile robots can
achieve motion in an arbitrary direction becausstheeheel can be steerable independently of the
other wheels. FWS mobile robots are widely emplagedugh land, space exploration, automated
factories, disaster save, etc [12—-15].

Recently, due to the importance of mobile robotgnificant effort has been made by
researchers to control the movement of mobile sjth6+-18]. Various researches have been done
to receive a satisfactory output tracking of mobidots. Based on energy consumption and
dynamic vehicle behavior, Valera and et al[19],ndwan optimal method for the navigation of
autonomous mobile robots. The successful performahthis method is confirmed by the actual
tests of a lightweight vehicle under different ations that include different obstacles positions
and dynamic parameters. Through the use of slidiade tracking control,Lee and et al[20] found
the control inputs for the indicated arbitrary atti a mobile robot With the Lyapunov stability
theory, they showed that position tracking errggrapches zero asymptotically. In their study, the
performance of the controller designed has beeweprthrough computer simulations. A linear-
guadratic regulator (LQR) controller for trajectagntrol is presented in Fnadi and et al.'s study
of an off-road autonomous vehicle[21]. They demiatstl that the LQR controller method has
high accuracy for routes that follow by high andvispeed. Carlucho and et al[22] used
reinforcement learning algorithms to offer a neyperk controller for mobile robots. They showed
the high efficiency of the proposed controller ajliiie robots under various conditions. Wang and
et al [23] presented an optimal path-following ecohtmethod based on robust model predictive
control for an omnidirectional autonomous mobilbabin real-world conditions. Allaghui and et
al[24], developed a highly effective control stgpteusing the (PID) controller concept. They
employed this strategy to navigation of the autooesnrobot Khepera Il. The results of these
researchers demonstrated the proper performancefac@ncy of the suggested methodology.
Maalouf and et al[25], presented a fuzzy inferesystem to overcome the problem of the sideslip
of the autonomous mobile robot. In regard to thetesy output constraints, Hu and et al[26]
adopted a different approach of output constraintroller to strengthen the stability of the system
For an FWS autonomous mobile robot,Wang and Qiff&kjeloped an algorithm for trajectory
planning based on vehicle robot kinematics. Cacda@nd et al [28] provided a robust controller
for navigation control of an autonomous car-likdab Filpescu and et al[29] improved the
tracking ability of FWS mobile robots by using ttynamic model of the car-like vehicles.

The development of autonomous vehicles that ropogtérate in populated areas and provide
several services to humans is the main purposees#archers in the field of mobile robots.
Therefore, the use of various control systems &led to make mobile robots successfully ‘Go-
to-Goal', ‘Obstacle Avoidance’ and ‘Follow a WallA behavior-based control strategy is a
promising method that includes different contra@ler order to the motion control of mobile robots
in dynamic and various environments[30, 31]. Iis thiethod, by designing an integrated structure,
it is very simpler to control the trajectory of migbrobots. One of the essential features of this
control method is that it allows us to add new nsotethe control algorithm without causing
significant complexity in its control structure. iRbis purpose, Egerstedt[32—-34] presented a full
navigation system so that this architecture incutigp-to-goal’, ‘Obstacle Avoidance’, and
‘Follow-Wall’ behaviors. In other to examine thefielency of this navigation system,
Egerstedt[35] implemented this control algorithmaiomad 200 mobile robot and verified its
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performance. Khazaee and et al[36] used the naeigalgorithm to control the motion of the
Hexapod robot. Their simulation tests show thapttogposed navigation approach with appropriate
switching between different behaviors has been eéfigient in generating an optimal trajectory
for the Hexapod mobile robot. Also, Amrah and €34l presented effective navigation
architecture. Using a MATLAB robot simulator, theyplemented this navigation algorithm and
demonstrated that this algorithm is very effeciiveachieving various goals such as ‘move to a
goal point’, ‘follow a line’, and ‘obstacle avoidess’.

1.2. Contribution

Based on studies conducted by the authors of #usmpit appears that there are very few studies
that have completed a complete navigation algoriibma four wheel steering mobile robot. As a
four wheel steering mobile robot has four indep@andenheels, each of which can be controlled
independently and which can change the steerinig aingy are used in a variety of industries like
service robots or navigation in difficult terra@onsequently, in the navigation of these robots, it
is essential to use an algorithm that incorporatesmplete navigation architecture that guides the
robot to the objective through an optimized pathhaut encountering obstacles. The BBNA
controller is a behavior-based control algorithat forovides complete control over the navigation
and guidance of a point mass model robot with bigturacy and quality. This algorithm contains
‘Go-to-Goal’, ‘Follow-Wall', and ‘Obstacle Avoidam¢ modes such that the robot selects an
appropriate behavior according to its position #mellocation of the goal and obstaclesthe
mentioned algorithm, hard switches are used tog#ire control modes. Furthermore, a boundary
following behavior which is called sliding dynamics considered between ‘Go-to-Goal’ and
‘Obstacle Avoidance’ modes to overcome the chatephenomena and also enable the robot to
bypass the boundary around the obstacles. As nmexatiabove, A BBNA is based on generating
an optimal path for a point mass robot. An eagkttan be used to convert the control commands
generated for a point mass model robot into lirea angular velocity commands for a unicycle
mobile robot. The purpose of this research is yaBBNA algorithms to complete navigation of
FWS mobile robots. To accomplish this, Ackermananiieat's method will be applied so that
FWS' equations of motion are identical to thosertycle mobile robots. The BBNA algorithm
will then be applied to the FWS mobile robot.

Consequently, the main contribution of this resleaamn be summarized as follows:

v' Using Ackermann-Jeantnat's method, equations of FWé8ile robot are extracted
similarly to equations of unicycle mobile robot. ©to the FWS mobile robot's four
independent wheels, each of which has the abibtychange the steering angle
independently, the method allows us to calculagesiieed of the internal and external
wheels by using the linear velocity and angulaoegy of the robot structure.

v" FWS mobile robot navigation is achieved by the BB&oplete navigation controller,
which includes behaviors such as 'Go-to-Goal'JdwoWall', and '‘Obstacle Avoidance'.
It is noted that by implementing Ackermann-Jeardnatethod for extracting FWS
mobile robot equations similar to those of the wdie mobile robot, it is possible to
implement BBNA for navigation of the FWS mobile cab

Finally, a variety of simulation experiments ased to analyze the performance and efficiency
of the control algorithm for FWS mobile robot naatign. Additionally, the steering angles of the
inside and outside wheels of lean (the width-tagthrratio of the robot is less than one) and fat
(the width-to-length ratio of the robot is great®sn one) FWS mobile robots are examined.
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1.3. Outline

The rest of this paper is set as follows: In secfiahe kinematic model of the FWS mobile
robot has been introduced by using the Ackermaantdat model of steering. The BBNA has
been explained in section 3. In section 4, by udiAgrLAB software, simulations of the system
and controller performance are provided. Conclu@ind comments are put forward in section 5.

2. Mathematical Modeling and Formulation

2.1. Preliminaries

Ackermann-Jeantnat steering geometry model is ang&@ configuration of linkages in the
steering of a car or other vehicle when the vehghkeinning at low speed[38-40]. The purpose of
the Ackermann geometry model is a static analylsiebicle steering by ignoring the centrifugal
force and the effect of tires’ side slips[41]. Aotimg to this model, which is shown in Fig. 1, the
steering angle of the robot is done with the hélpvo front wheels §;,, andé,,;) and the two rear
wheels of the robot are responsible to move thetrollloreover2L represents the distance
between the front and back wheels, @id represents the distance between the two rear stheel
yé
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Figure 1. Ackermann-Jeantad steering geometry model

The basic purpose of the Ackermann-Jeantnat medel ¢alculate the speed of the two rear
wheels during steering and rotation radtuas the following:

w
VR=V—<EXV) (1)
w
VL=V+<—><V) (2)
R
WhereV is the vehicular velocity and rotation radius baobtained as:
2L (3)

k= tan(4)
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Whereé is defined as the Ackermann-Jeantnat angle[41p€yming small angles in the turn,
the steer angles can be calculated as:

5 =2k (4)
mTR_Ww

5. = L %)
Ut R4+ w

Therefore, the Ackermann-Jeantnat geometry modelbsa used to explain the kinematic
geometrical relationship of internal and externbkels when steering an autonomous vehicle.

2.2. Description and Kinematics of the FWS Mobilé&Robot

A scheme of FWS mobile robot is depicted in Figedch wheel of the FWS mobile robot has an
individual steering motor, so there are four indefent wheels. As shown in Fig. X, Y;) is a
primary inertia frame anlXy, Yz) is another coordinate that has been fixed on tblilenrobot.
Furthermoref demonstrates the diversion angle between the avabthe primary inertia frame.
Also, in this figure2L and2W demonstrates the length and width of the robqieetvely.
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G
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i >

Figure 2. The scheme of an FWS mobile robot.

As shown in Fig. 2 the origin of the mobile robetbnsidered the center of gravity (CoG). The
robot wheels have the following positions at tloeinters:

X, = Xeoe Theos(a +6) (6)
Ya =Yoo +hsin(a +6)

{XB = Xgo +hcos(-a +6) @

Ye =Yoo +hsin(-a +6)
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(8)

X = Xeos Hheos(m+a +6)
Ye =Yoo +hsin(rr+a +6)

9)

Xy = Xeos +heos(m—a +6)
Yo =Yeoe +hsin(r—a +6)

Where:
h=JL2+W?, «a :tarfl(%j (10)

In the above equation€X .¢, Ycog) Shows the position of the robot CoG and the cerfténe
robot wheels are illustrated by A, B, C, and D.

For mathematical modeling of the system, the follmyvnonholonomic constraints are
considered[42]:

a) The intervals between all the wheels are constant.
b) The lateral slip is ignored.
c) There are no flexible elements on the FWS mobi®to
The nonholonomic constraint of robot CoG detern@ngtconsidered:

Xeos SIN(6) + Yz cO46) = € (11)

The nonholonomic constraints for each wheel canlained. For example, in equation (12)
the nonholonomic constraint for wheel is presented.

X, sin(@+y)+y, cogf+y) = ( (12)
In the above equation,illustrate the angle between the wheel ahddirection.

As shown in Fig. 3, there is an equal linear veyoidr the two inside wheels and an equal linear
velocity for the two outside wheels. This conditmam be used to simplify the mathematical model.
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Figure 3. A model of front and rear differential steeringrFdVS mobile robot.

According to Fig. 3, when the FWS autonomous radabtating, the axis line of each wheel
points to the robot instantaneous center of veldéoV), therefore, the angular velocity of each
wheel around the ICoV is equal. Furthermore, tiséadice between the CoG and the ICoy &nd
Yri, V5o ris Pro are the steering of the inside front wheel, thtside front wheel, the inside rear
wheel and the outside front wheel respectively.dapicted in Fig. 3, the steering angle of all
wheels can be obtained as follows:

cot(tpﬁ) = cot(Y,;) = ¥ (13)

cot(t/)fo) = cot(Yy,) = # (14)

According to these equations, when a robot tramela curved trajectory, the steering angle of
the inner wheels is equal, so the outer wheelslamesubject to this property. Consequently, the
outer and inner wheels have the following relatiops

2W
COt(l/)fo) - COt(l/)fi) = T (15)

For the rear wheel, it can be concluded that:

COt(lpro) - COt(lpri) = ZTW (16)

Since that the mobile robot is running at low spded mathematical modeling of the FWS
autonomous robot we can use the Ackermann-JegdtBlainodel of steering. According to this
model, the ICoV is located along a midline thaidi®s the length of the robot into two equal parts.
So, the radius of curvature can be determined |bs\vs:
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L
tan(0)
Furthermore, the linear velocity of the inside audiside wheels can be described as follows:

p= (17)

Vip, = pizv tan(6) (18
__ PoutV (19

Vour = I tan(0)

WherevVis vehicle velocity in theX; direction, and:

pin =+/(p = w)? + (L)? (20
(21)

Pout = \/(,0 +w)? + (L)?

Finally, by determining the linear and angular eélp of the CoG of the FWS mobile robot,
the dynamic equations of the system in the globatdinate system are calculated as follows:

x = v X cos(0)
y = v X sin(6)
0=w
Therefore, we convert the complex dynamic equatafnhe FWS mobile robot into motion

equations of a simple robot with two inpiits w] which the above equations are the same as the
dynamic equations of the unicycle mobile robot.

(22)

2.3. The Validation of the FWS Mobile Robot's Eqgations

It is one of the major capabilities of a four-wheskkteering mobile robot that it can actively steer
its rear wheels during turning maneuvers, so \eaiibn and validation of the steering angles of
each wheel is necessary in this study. Assumethigafront wheels are solely responsible for
controlling the robot's movement and that the velagels are straight at the steering angle. In this
case, Fig. 4 illustrates that the center of vejocistantaneously will be in the direction of thesa

of rotation of the rear wheels, as a result oflitmear velocity of the front and rear wheels. Tisis
exactly how Figure 1 illustrates that Ackermannnleat's theory will work correctly when
analyzing system behavior.
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Figure 4. Effects of steering the rear wheels on the inatagdus center of velocity

As a result of the extraction of the internal arteenal wheels velocity of the FWS mobile robot
with the help of the instantaneous center of vé&yothe validity of the equations extracted with
the help of the Ackerman theory is established. &ighows the geometry of the turn of a FWS
vehicle. Thomas[41] calculated the physical behawfdhe vehicle as well as the steering angles
of each wheel, the instantaneous center of velocégd its radius. In this figure,
{,Tq, M\ dc, d, 7, R, 8, 8y, L are angle between the drive shaft and the hoatanis, torque, angle
between the steer axis and the vertical directiistance from the center of the wheel to the
beginning of the drive shaft, the distance betwikerwheel center and the steering axis on earth,
radius of wheel, radius of instantaneous centgelucity, front steering angle, rear steering angle
and length of the vehicle, respectively.

Figure 5. A schematic showing the geometry of a FWS vehiale[41]
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According to Tomas'[41] kinematic analysis of trehicle, the radius of the instantaneous center
of velocity can be calculated as follows:

L
= (23
R §p(1+ Q)

Due to the fact that the axis of the robot drivafspresented in this study does not change iteang
with respect to the horizon, as a result,dh@lue becomes zero in equati@3), giving the same
result as we have presented in equafiof). As shown in Fig. 4, the position and radiughaf
instantaneous center of velocity change as theisteangle of the rear wheels of the robot
decreases. By reducing the amound dfom state A to E, the instantaneous center aoigt is
closer to the axis of the rear wheels of the robotthat in position E, the instantaneous center of
velocity is exactly in line with the rear wheelsck&rmann-Jeantnat's theory for a car-like mobile
robot is exactly the same as case E. As a confiomatf what has been described above, and to
investigate the effect of the position of the insé@meous center of velocity on the steering anfjle o
the front wheels of the robot and also the radiuh® instantaneous center of velocity, Fig. 6 is
presented. In this figure, shows the distance between the center of velacitythe front of the
robot. In Fig. 6, items (a) and (b) illustrate thiect of changing the instantaneous center of
velocity's position £) and radius §) on the steering angle of the inner and outer \ghee the
front axle of the robot&;,,, 6,.,:). As shown in the diagram, at a certain positibihe instantaneous
center of the velocity (i.e.= 75), the steering angle of the whee, (d,,:) decreases with

(@) (b) : (©

40 40 600 :
6, =Car-Like §,,~Car-Like R=Car-Like
m ou
£=50 cm k=50 cm 500 £=50 cm
307 K=62.5cm 30 K=62.5cm K£=62.5cm
— w=75 cm %\ k=75 cm 400 ”i75 cm
8 £=87.5cm = =875 cm — £=87.5cm
@ = g _ £ k=100 cm
& 20 #=100cm R 20 =100 cm S 300
a a <
a < ~
=) =
< e 200
10 10
100
0 0 0
100 200 300 400 500 600 100 200 300 400 500 600 10 20 30 40

R (Cm) R (Cm) f (Degree)

Figure 6. a & b) The influence of changing the instantaneous ceriteelocity on the steering angle of the inner anter
wheels in front of the robot) The effect of steering angle and instantaneoutecefivelocity position on the instantaneous
center of velocity radius
increasing the radius of the instantaneous cemier @n the other hand, by changirgand
increasing it, the diagram of changes in the stgeaingle at (a) and (b) is placed on a car-like
diagram, which its model was presented by AckermbBrantnat.

Likewise, case (c) in Fig. 6 shows that increasimegrobot steering angle reduces the radius of the
instantaneous center of velociR)(for a givenk. The diagram shows thatmsncreases (decreases
in 6 for FWS robot shown in Fig. 4), the two diagrams eloser together, so thaté@t= 0, they

are exactly matched, which confirms the accuradhefequations for the FWS mobile robot.

3. Control Algorithms

As stated before, several different control modesacessary to control autonomous mobile robot
navigation, and all of these types together cremteontrol structure known as a BBNA.
Accordingly, this section shows how the two maimdgors of “goal attraction” and “obstacle
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avoidance” are presented in a BBNA. As demonstrat&iy. 7, the BBNA consists of Go-to-Goal
(GTG), Follow-Wall (FW), and Obstacle Avoidance (DBehaviors[33, 35]. So that when the
robot meets the obstacle, depending on the positiche goal, the robot will follow the wall
around the obstacle clockwise or counterclockwise.

Figure 7. Setup for navigation algorithm.

A BBNA is based to control the trajectory trackiafya point mass robot so that with two
transformations, this method can be used to coatf®lVS mobile robot. A point mass robot has
the following equation of motion:

o) o)

In this equation, X represents the motion vectdhaglobal coordinate system.

3.1. Go-To-Goal (GTG)
Using Xgoar = (Xgoa Yeoar) @s the location of the goal point in the globabrinates, the
following error function can be defined:
2
ecre = Xgoar — X (25)

Where the robot's position in global coordinatedefined byX. The control input for point
mass robot can be defined as bellows:



630 Saeedi and Sadedel

ugre = K(llegrglDecre (26)
The derivative of equation (25) is:
éere = —K(legrcll)esrs (27)

According to equation (26), when the robot is moffom the goal point, the proposed controller
may apply high input to the robot actuators, in ckhtase the possibility of saturation in the
actuators increases. To solve this problem, ondisalis to writeK (||e;7¢||) as a function of error
ecre as bellow:

a(1 — ePlecral®)

llegrell

(28)

K(llegrell) =

Wherea andb are positive constant. As shown in equation (#8),system is asymptotically
stable ifK (||egr¢||) is positive definite.

3.2. Obstacle Avoidance (OA)

The sensors are used in mobile robots to detecpabk#ion of obstaclesX({ = (x,,y,)) in the
global coordinate system. The sensors form a @rcalea with a safe radius af,) around the
center of mass of the mobile robot. Therefore,ades that are close to this safe area are detected
by the mobile robot. In this case, the error fumrtis:

eOA :XO_X (29)

The control input for obstacle avoidance of thenpaiass robot would be designed as follows:
uso = K(lleoalleoa (30)

Although the GTG behavior of the BBNA shall be ssigned to ensure that the response of
the system is stable, the controller of the OA badraneeds to produce an unstable motion. The
reason for using the unstable controller in OA b@rais to prevent the robot from hitting the
obstacle. To reach this proposed mankgg, can be written as:

C
K =—
Uleoal) = — e i leoal? + &)

(31)

Where ¢ and are positive constants that are used to tuningahéoller.

3.3. Follow Wall (FW)

As shown in Fig. 8, a suitable approach to motiemti®l| of the robot to reach the goal position is
to use hard switches between GTG and OA behavitar the position of the obstacles, a large
number of switches between GTG and OA behaviorsagayr in a short period of time with this
hybrid system for controlling the movement of thelmte robot. This phenomenon is the so-called
Zeno, which can increase the chattering in therobtiat strategy. Furthermore, in pure OA
behavior, the robot drives away from the obstantkraoves in the other path, which this strategy
IS too conservative.
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legal < d,

leoal > d,
Figure 8. The hard switches between the GTG and OA behaviors

To overcome the stated cases of the hybrid system,would define a new behavior in an
automaton, which is demonstrated in Fig. 9. Theeddabde in this figure containing the sliding
dynamics that are presented on the switching seitfetbween the GTG and OA modes. As shown

in Fig. 10, the additional mode is the “boundarfoi@ing” behavior so that the robot should be
able to move around the safety area surroundirapatacle.

f(GTG)
el <
\Y| i
— 3
3 o

Qo

f (sliding)
< <
~ v Al
< — _
8 S $

Figure 9. Regularization of a Zeno phenomenon

Figure 1C. Goal attraction together with obstacle avoidancednsidering sliding
dynamic
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Therefore, the wheeled robots can move along tlhwdery of the obstacle in clockwise (C)
and counterclockwise (CC) directions. For this s by rotating,, throughm\2 and—m\2
, the control input needed to follow the boundafyhe obstacle in C and CC directions can be
obtained as follows:

Uy = UR (g) Upa (32)
Ufw = UR (— g) Upa (33)

In the above equatiop,is a constant that is used to obtain a suitallledad mode. Moreover,
R () represents the rotation matrix that can be derbyeelquation (34):

__[cosep —sing
R(p) = [sin(p cos @ ] (34)

Furthermore, in order to follow the boundary of thiestacle, robot needs an appropriate

direction that can be obtained by using the dotlpcod ofu.r,; andugy,,. The appropriate direction
for different conditions are presented in equaf@®) and (36).

if = (ugre upw) > 0 = upy (35)

lf - <uGTG, ugw) >0= u,@W (36)

Also, another issue that needs to be addresselen the robot stops following the boundary
of an obstacle and switch back to the goal atwadbehavior. As shown in equations (32)-(33),
this time is when “enough progress” has been aeki@nd the robot has “clear shot” toward the
goal position.

I1X — Xgoarll < 1X(T) = Xgoall = ENOUGH POGRESS (37)

(uo Uorg) > 0 => CLEAR SHOT (38)

Wherert represent the time of the last switch. The initiahdition in equation (37) shows that
the robot is nearer the goal position than it wathe initial moment of following the boundary
around the obstacle. The second condition statedguation (38) is established when the directions
of the velocity vectors in the GTG and the OA bebissare compatible. With the help of these
two conditions, the mobile robot will move towaite goal position through an optimal path.

The BBNA is used for the point mass robot. Thisdatlhm can be generalized for control of
the unicycle mobile robot. For this aim, assumimgf the output from the point mass robat is
(ux, uy), and the present location of the robot in the glalmordinate system % = (x,y), the
angular and linear velocity of the unicycle mobi®ot obtained as below:

Uy
Ocoq = arctan <Z) (39)
w = PID(Bgpq — 6) (40)

Using equation (22):



Journal of Computational Applied Mechanics 2021, 52(4): 619-641 633

1 1
v =2+ 527 = v = llull = ()2 + (wy)") (41)

As shown in Fig. 11, in the FWS mobile robot, threeér velocity of the inside and outside
wheels can be calculated using the linear vel@ityangular velocity of the unicycle mobile robot.

Point Mass Navigation unicycle mobile Four-wheel steering
Algorithm robot mobile robot
u, v
--------- " R AN
E : [ uz] ( w] aViaua
D > [ | >3 < 4 >
O ) B
H N
- \<

Figure 11.Planning model input to actual FWS mobile robouinp

4. Results and discussion

This section presents the results of the simulaisis that were performed on the FWS mobile
robot to demonstrate the performance and effeas®f the BBNA. This study uses the FWS
mobile robot with the specifications outlined inbl@ 1[13].

Table 1. General specifications of the FWS molmilsot

ltem specification
Size 65.5 X 33.5 (LX W) cm
Max. Angular Velocity of Wheel’s
g Steering y 0.74 rad/sec
Max. Linear Velocity of the Platform 21m/s
Radius of Wheels 10 cm
Weight 1177 N

Fig. 12, demonstrates how the FWS mobile robot mang the BBNA strategy. As can be
seen in the figure, some obstacles are in the Ww#yed=WS mobile robot's progress towards the
goal. With a BBNA, the robot travels the least amtoof distance to reach its target. According to
the trajectory of the CoG, there are two obstaniehe path of the robot. Therefore, using the
introduced navigation algorithm, the robot will dse the appropriate behavior that allows the
robot to will follow the wall around the obstaclckwise or counterclockwise. Therefore, the
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simulation results show that the BBNA can provideptimal trajectory for the FWS mobile robot
motion by timely switching between different belwsi

12 T T T T T T
’ ————— CoG Trajectory ‘ Obstacle
10 ] # Goal
Clb_siacle /'
* ~
8r [ ¢ ] Obstacle ,' .
pL—. ’
[ ] sI/
_ or Obstacle /‘ RN |
g P P 4 e
> [ ® " " \~~_/'
4r Mol e ° Obstacle
f; Obstacle Rt
4 4 )
2 B | [} [ ] T
', Obstacle \\_/I
® Obstacle
or €@ Start Obstacle 1
_2 1 1 1 1 1 1
-2 0 2 4 6 8 10 12
X(m)

Figure 12.Robot trajectory with obstacle avoidance behavior.

As described in section 3, the commands of the BBIKAused for the point mass robot and we
can use this algorithm for the unicycle mobile robhe control input for X-direction and Y-
direction of the point mass robot is depicted ig. Bi3. By applying the BBNA algorithm, the point
mass robot model will be guided to the target pasitand if there are obstacles in its path, the
robot will follow the optimal path to avoid collidg with the obstacles, and follow the sidewall
around each obstacle. The control commands regrisemputs of the robot speed control in the
directions X and Y, so according to Fig. 13, bagedhe position of the robot and the obstacles,
the amount of input speed to the robot will takéhbpositive and negative values. If the robot
follows the sidewall of an obstacle, the BBNA caligr provides negative velocity values as input
to X or Y direction, causing the robot to changedirection. As shown in this figure, since there
were two obstacles along the trajectory of the pamass robot toward the goal, the control
commands switched betwe6iG, 0A(FW,) andOA(FW,.). According to control inputs for point
mass robot, the error function of X-direction andlivection is demonstrated in Fig. 14. As shown
in this figure, when the robot starts moving tovetite goal position, the error of X and Y direction
is going to zero.
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Figure 13.The control inputs to the point mass robot.
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Figure 14. Estimation errorg, ande,, for point mass robot.

As shown in Fig. 15, the linear velocity of the aytdle mobile robot can be calculated using
equation (41) and the control commands from thetpwmiass robot. One can observe, the linear
velocity of the unicycle mobile robot is constanhem it is performing the GTG behavior.
However, when the robot is in OA behavior, thedineelocity is variable. It is worth mentioning
that according to the dynamic equations obtainethi® FWS mobile robot in section 2, the linear
velocity of the unicycle mobile robot is equal betlinear velocity of the CoG of the FWS mobile
robot.
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12

The Linear Velocity of the Unicycle Mobile Robot

10
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Time(s)

Figure 15.The linear velocity of the unicycle mobile robot

The angular velocity of the unicycle mobile robstdemonstrated in Fig.12. Since the FWS
mobile robot and the unicycle mobile robot havesame dynamic equations, the angular velocity
for both robots is the same. As shown in Fig. hé,angular velocity of the robot is zero when the
robot doesn't detect an obstacle in its path. Hewetie robot's angular velocity changes when it
detects an obstacle in its path. Furthermore, és&red angle of the FWS mobile robot to achieve
the goal is depicted in Fig. 17. As shown, betheerobot reaching the obstacles, the desired angle
of the robot is fixed and when the robot moving givam obstacles, the desired angle will change.

|

Angular Velocity } .

OA (FW )

0.5 1

1.5

Time(s)

Figure 16. The angular velocity of the FWS mobile robot anitycle mobile robot
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Figure 17.The desired angle of the FWS mobile robot to achtee goal point

Fig. 18 shows FWS' inner and outer wheels' linesoacity. As can be observed, when the robot
has a rectilinear motion to the goal, the linedoe#y of the inside and outside wheels are the
same, but in OA behavior, when the robot movingiadobstacles, it has a curvilinear motion,
therefore, the linear velocity of the inner andeswiheels is different.

a b
25 . @ : 25 . (b)
Linear Velocity of the Inside Wheels ’ | 20t ‘

Linear Velocity of the Outside Wheels l i

20-1

15+ OA (FW )

10

(m/s)

In

\Y

0 0.5 I 1.5 2 0 0.5 1 1.5 2
Time(s) Time(s)
Figure 18.The linear velocity of the FWS mobile robot. ajitte wheels b) Outside wheels.

The inside and outside wheels steering anglesefiWS mobile robot are affected by the
length and width of the mobile robot. Fig. 19 ithages how the width-length ratio affects steering
angles of the inside and outside wheels of the Fé8ile robot. Whenever the width to length
ratio of the robot is less than one, the robot appéhin. As the width increases and the length
decreases, the robot will change from a thin apear to a fat one. Fig. 19 shows that as the
curvature radius increases, the rate of changiegtiering angle for internal wheels of the lean
robot is much lower than for external wheels. Witbreased width-to-length ratios of the FWS
mobile robot, this situation will be reversed, stitht the inner wheels will change steering angles
at a higher rate than the outer wheels by incregasia radius of curvature. According to Fig. 19,
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in a constant radius of curvature, the rate of gbasf steering angle for the inner wheels increases
as the width to length ratio of the robot increasdsereas the opposite holds true for the outer
wheels.
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Figure 19. The effect of length and width of FWS mobile robatthe steering angle a) Inside
wheels b) Outside wheels

60

5. Conclusion

This study focuses on the implementation of a beldased navigation algorithm (BBNA) on a
four-wheel steering (FWS) mobile robot. It was shotat the proposed navigation algorithm
consists of several nodes in which each node reptes different behavior of the mobile robot.
The primary nodes of this algorithm were 'Go to IGaad 'Obstacle Avoidance' so that switching
between them was done by hard switches. In thisraostrategy, the transition between the
primary nodes may occur more than once in a stevibg of time. This phenomenon is commonly
known as Zeno, which is the cause of the chattepingnomenon that occurs in the control
algorithm. In order to overcome this phenomenoa,tavigation algorithm was strengthened by
expanding the sliding dynamics between the 'GodalGnd 'Obstacle Avoidance' nodes on the
switching surface. Added sliding nodes included mg\around the boundary of the obstacles in
clockwise and counterclockwise directions that eduthe mobile robot to completely bypass
obstacles. In addition, it was shown that the psegaalgorithm is able to generate an optimal path
to reach the goal point, depending on the robotation, obstacles, and the goal. Since the BBNA
is used for the point mass robot, therefore twosi@mations were used in order to transform the
dynamic equations of the FWS mobile robot into mpmass robot. First, the mathematical models
of FWS mobile robot dynamics were derived by ushejAckermann-Jeantnat model of steering,
and then these dynamic model equations were cat/erto models of a unicycle mobile robot,
and finally into models of a point mass. Basedtanlinear velocity of the center of gravity of the
FWS mobile robot, the linear velocity of the insidead outside wheels of the robot was
calculated. Results have shown that by using thieBE& FWS mobile robot can be a move toward
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the goal without any collision with the obstaclesaddition, obtained results indicate that, when
we have a thin FWS mobile robot in which the lenggtlthe robot is more than its the width, the
radius of curvature increases, and consequentiyateeof change of the steering angle of the inside
wheels is lower than that of the steering anglnefoutside wheels. On the other hand, if the ratio
of width to length of the robot increases, the waddf curvature increases, and as the result, the
rate of change of the steering angle of the innegeds is more than that of the steering angle of
the outer wheels.
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