Obstacle Avoidance Control for Four
Wheels Independent Steering Automatic
Guided Vehicles

Pandu Sandi Pratama, Amruta Vinod Gulalkari, Jin Wook Kim,
Chung Hwan Lee, Tae-Kyeong Yeu, Sup Hong, Hak Kyeong Kim
and Sang Bong Kim

Abstract This paper proposes an obstacle avoidance algorithm for translational
and rotational motions of four wheels independent steering (4WIS) automatic
guided vehicles (AGV) based on fuzzy potential method (FPM) and backstepping
control method. Firstly, the system is described and mathematical modeling is
introduced. The AGV consists of 4 wheels driving system, laser measurement
system, laser navigation system and industrial PC. Secondly, the Fuzzy Potential
Field (FPM) is proposed to obtain an optimal path for an AGV. The shape and the
size of the vehicle are considered when the FPM generates the optimal path from
the current position to the goal position. This method allows the rectangular shape
AGYV to avoid unknown obstacles safely and efficiently. Backstepping controller is
proposed to track the optimal path generated by FPM. Finally, the simulations are
conducted to verify the effectiveness of the proposed algorithm. The simulation
results show that the proposed algorithm can make the 4WIS-AGV avoid the
obstacles in cluttered environment.
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1 Introduction

Automatic Guided Vehicles (AGVs) have been used in many industries due to their
high efficiency for material handling [1]. Several kinds of wheel configurations for
AGVs have been developed such as differential drive [2], tricycle [3], and car-like
wheeled configuration [4]. However, non-holonomic constrains of these wheel
configurations limit the performance of the AGV. The AGVs performance can be
improved by developing AGVs maneuverability and flexibility since the higher
these characteristics are, the better the AGVs performance is. To get higher
maneuverability and flexibility, four wheel independent steering configuration is
proposed for the development of AGVs, hereafter referred to as 4WIS-AGVs. Four
wheels independent steering configuration is a wheel configuration that each wheel
orientation is adjusted separately. As a result, 4WIS-AGVs can move in any
direction in their work environment.

Since the AGV works automatically, safety is crucial in AGVs operation.
Therefore, obstacle avoidance algorithms were proposed to increase the safety and
prevent serious damage to the system. There have been several approaches to
realize obstacle avoidance of mobile robot. Choi et al. [5], Borenstein and Koren [6]
only considered translational motion and the shape of the robot was assumed as a
circle, while the orientation of AGV was not considered. Fox et al. [7], Wang and
Chirikjian[8] considered the orientation of the robot but worked only in known
environment where the obstacle position is known. Suzuki and Takahashi [9],
Nagata et al. [10], Tsuzaki and Yoshida [11] proposed an obstacle avoidance
control based on fuzzy potential field method (FPM). This method computed
control input for the translational and rotational motion considering the shape of the
robot and obstacle. The information was obtained from the external sensor.
Therefore, this algorithm could work in unknown environment. However, it wasn’t
applied to the real system.

Controlling four wheels configuration to make the 4WIS-AGVs is an interesting
topic in the practical field applications. This is because the orientation of each wheel
has to be adjusted with particular formation such that the vehicle can move in the
expected direction. Thus, appropriate controllers are necessary for 4WIS-AGVs.
There have been many researches developing controllers for four wheel steering
vehicles, such as optimal control [12], nonlinear decoupling control with an
observer [13], unknown disturbance observer [14] and multi-mode control strategy
based on fuzzy selector [15]. However, these controllers are not sufficient for
4WIS-AGVs, because 4WIS-AGVs need a path tracking controller that can make
them follow reference path and consequently handle material. In [16], a path
tracking control for four wheels independently steered ground robotic vehicles was
proposed. In the controller, they implemented velocity control and wheel steering
angle control to track a reference path. Simulation results showed that the controller
could adjust wheel velocity and steering angles. However, this controller was
considered still not suitable to be applied to 4WIS-AGVs because the vehicle
position and orientation were not adjusted properly in this controller.
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To solve the above problem, this paper proposes an obstacle avoidance algo-
rithm for translational and rotational motions of four wheels independent steering
(4WIS) automatic guided vehicles (AGV) based on fuzzy potential method
(FPM) and backstepping control method. Firstly, the system is described and
mathematic modeling is introduced. Secondly, the Fuzzy Potential Field (FPM) is
proposed. The shape and the size of the vehicle are considered when the FPM
generates the optimal path from current position to goal position. This method
allows the rectangular shape AGV to avoid unknown obstacles safely and effi-
ciently. A backstepping controller is proposed to track the optimal path generated
by FPM. Finally, the simulations s are conducted to verify the effectiveness of
proposed algorithm. The simulation results show that the proposed algorithm can
make the 4WIS-AGV avoid the obstacles in cluttered environment.

2 System Description and Modeling

The 4WIS-AGYV system of this paper is shown in Fig. 1 and was developed in [17].
It consists of body platform, 4 wheel driving systems, laser measurement system
LMS151 and laser navigation system NAV200. The 4WIS-AGV has dimension of
0.50 (h) x 0.70 (w) x 1.00 () m.

The electrical configuration of the 4WIS-AGV is shown in Fig. 2. The controller
consists of an industrial PC with RS-232 communication. Users give commands to
the 4WIS-AGV through Graphic User Interface (GUI) on monitor. The control
signals generated from the controller are sent to 8 motor drivers. Subsequently,
these signals are converted to Pulse Width Modulation (PWM) signals which are
then converted to voltage signals to control 4 DC motor for steering and 4 DC
motor for driving. Laser navigation system NAV200 is used to obtain the vehicle
position data. The position data is then sent to the trajectory tracking controller in
industrial PC. Laser measurement system LMS151 is used to measure the distance
between AGV and the obstacles.

Fig. 1 4WIS-AGV system
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system. -
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Fig. 2 Electrical configuration of 4WIS-AGV

A configuration of the 4WIS-AGYV for the system modeling is shown in Fig. 3.
The XOY coordinate is a global coordinate whereas the xAy coordinate is a local
coordinate. In this paper, it is assumed that the mass and inertia of the robot is
small. Therefore, the changes in speed is nearly instantaneous. Furthermore, it is
assumed that in the wheel there is no sliding and the wheel is pure rolling. The
kinematic modeling of 4WIS AGV is given as follows:

X cosO —sin® 0] [v,
q=|Y|=[sin0 cosO Of|v, |=8¢ (1)
0 0 0 1 %)

where X is the vehicle linear velocity in X axis of global coordinate, Y is the vehicle
linear velocity in Y axis of global coordinate, and 0 is the vehicle angular velocity
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Fig. 3 Configuration for Yy 4
system modeling

0 X

in global coordinate. v, is the vehicle linear velocity in x axis of local coordinate, v,
is the vehicle linear velocity in y axis of local coordinate, and w is the vehicle
angular velocity in local coordinate. (X,, Y,) is reference position and 6, is reference
orientation. J; and w; (i = 1,2,3,4) are the ith wheel steering angle and the ith
wheel angular velocity, respectively.

Given the total linear velocity of AGV in local coordinate v4 and vehicle sideslip
angle f, the vehicle linear velocities v, and v, in local coordinate can be obtain as
follows:

{ Vy = vy cos fB 2

vy = vasin f

The vehicle sideslip angle f is defined as angle between the movement direc-
tions of AGV and x axis of AGV as follows:

f = atan2(vy, vy) (3)

Target velocities in x and y direction u,,; and u,,; of the ith wheel in local
coordinate of AGV can be obtained as follows:

Upxi = Vx — PDy,i@
, ¢ 4
{ Uyyi = Vy +Px,iCU ( )
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where (py;, py;) is the position of the ith wheel in local coordinate of AGV as
shown in Fig. 3.

The ith wheel steering angle J; and the ith wheel angular velocity w; are given as
follows:

U
5; = tan~! (—wy’l> (5)
Uyx,i
Uy COS O; + Uy ; SIN O
Ry

i

where R,, is a radius of a wheel.

3 Fuzzy Potential Method

In this section, the outline of fuzzy potential method (FPM) as in [13], which is an
obstacle avoidance method based on fuzzy logic, is explained. The purpose of FPM
is to generate references position (X,, ¥,), reference orientation 0,, reference linear
velocity (v, vyr) and reference angular velocity , for the AGV. Figure 4 depicts
the protection area of vehicle and obstacle. The FPM is based on the membership
function of translational and rotational motions. For FPM in order to simplify the
membership functions considering the shape and size of the vehicle, the rectangular
shape of the vehicle is considered as a capsule shape which contains the vehicle as
depicted in Fig. 4, where ¢, c;, cg are design parameters. FPM sets safe distance d
around obstacles as shown in Fig. 4 to avoid obstacles and it computes the control
input for avoiding the regions.

This method has three steps. The first step is generating potential method
membership function (PMF). The second step is to decide the command velocity

Fig. 4 Parameters of FPM
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vector using fuzzy inference to integrate the PMFs. The design method of PMF for
translational and rotational movements that takes into consideration the width of the
vehicle is described in the following sections.

3.1 FPM for Translational Movement

Firstly, PMF 1/, is specified by depth and width, which are calculated based on the
geometrical relation between an obstacle and the AGV as in [13]. a is defined as the
depth of the concave PMF and can be described as follows:

_ o~ |ldo]| .
a=—— 7 | dol| <o ()

where do is distance between AGV and object, and « is design parameter. PMF
can be obtained by scanning the passable direction by scanning angle direction ¢ as
shown in Fig. 4. ¢; is minimum passable direction on the left side of vehicle, and
@g is minimum passable direction on the right side of vehicle. If the obstacle
dimension is known, the value of ¢ and ¢; can be obtained from calculation as in
[13]. Figure 5 shows the scanning result of passable direction.

Secondly, to represent the direction to the goal, PMF ,u; is generated as shown in
Fig. 6. The maximum value g, can be obtained at an angle toward the goal 8, and

'
d
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| o Priorit

T 0 T
Scanning angle direction ¢ (rad)

Fig. 5 Example of FPM for object
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Fig. 6 Example of FPM for a goal
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Fig. 7 Example of mixed PMF for translational movement

the minimum value g; can be obtained at an angle opposite to the goal. The values
of g, and g, is defined as follows:

]|,
o= [ B g <m
L0 if||d]| <Th (3)
g =18 (0<n<1)
where d, is distance from the current position of AGV to the goal, and # is design
parameter. Th is threshold value that chosen to make the AGV decelerate and stop

smoothly when it closes to the goal.
Thirdly, the PMF i/, and PMF ,u’g are integrated by fuzzy operation into i,

using logical product (A) as shown in Eq. (9). Figure 7 shows the example of mixed
PMF for translational movement.

Honiz = Hg N\ 1g ©)
Finally, by defuzzification, the translational reference velocity vector is calcu-

lated as a reference sideslip angle f3, and the reference total linear velocity v4, based
on the mixed PMF ! . (f,) as follows:

Var = .Uinix(ﬁr)(vmax = Vmin) + Vimin (10)

where vpax and vy, are maximum and minimum linear velocities of the vehicle,
respectively.

3.2 FPM for Rotational Movement

Firstly, to enable a wide vehicle to decide the appropriate AGV orientation 6 for
real time obstacle avoidance, PMF u/ as shown in Fig. 8 is generated as follows:

My = My — 1 (11)

where PMF ) is generated based on the distances from the center of the vehicle to
obstacles corresponding to all directions obtained from laser scanner LMS151, and
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Fig. 10 Example of mixed PMF for rotational movement

PMF ! is generated based on the capsule case represented as the dimension of the
protecting area of the AGV.

Secondly, to represent the direction from current position to the goal, PMF ,u;, is
generated as shown in Fig. 9. This PMF is similar with the PMF for translational
movement in Fig. 6.

Thirdly, the PMF y and PMF 1 are integrated by fuzzy operation into i,
using logical product (A) as shown in Eq. (12). Figure 10 shows the example of
mixed PMF for rotational movement.

Mo = Mg N g (12)

Finally, by defuzzification, the rotational reference direction ¢,,; is calculated
based on p,,;,.. The rotational reference direction ¢,,; is decided as the direction that
minimizes the ;. Based on ¢,,,;, reference angular velocity w, is calculated as
follows:

Wy = nu:nix((pori) (wmax - wmjn) + Omin (13)

where W, and @y, are maximum and minimum angular velocity of the vehicle.
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3.3 Planning Reference Path

The purpose of this subsection is generate the reference position (X,,Y,) and ori-
entation 0, with given total reference linear velocity of AGV in local coordinate v,
and reference sideslip angle f3, obtained from FPM for translational movement and
o, obtained from FPM for rotational movement. Substituting v4, and f3, instead of
v4 and f into (2) and (3), vy, vy and @, can be obtained. Furthermore, since the
path is generated in real time, the references position (X,,Y,) and reference ori-
entation 0, can be obtained as follows:

Xotk+ 1) X (k) cos(0+w,) —sin(0+w,) 0] [ vy
Yooy | = | Yo | + | sin(0+ ) cos(0+w.) O |v, |AT (14)
Ork+1) 0:x) 0 0 1] | o,

where AT is the sampling time, and subscripts k and k + 1 are the discrete time
steps.

4 Controller Design

The purpose of this section is to design a controller for the 4WIS-AGV to track
references position (X,, Y,) and orientation 0, with vehicle linear velocities (v, vy)
and vehicle angular velocity @, generated by the fuzzy potential method
(FPM) based on backstepping method.

Firstly, when the vehicle is controlled to track a given reference trajectory, a
tracking error vector can be expressed as follows:

e cosf) sinf O] |X-—X,
e=|e| =|—sin0 cosl O||Y—Y, | <e=Seq (15)
e 0 o 1|]lo-o0

Time derivative of the tracking error vector can be obtained as follows:

e 1 0 e Vy cos sinf O] | vy
ée=|é| =10 1 —e||vy|—|—sinf cosO O]y (16)
&3 0 0 1 1) 0 0 1|]|o

Subsequently, the stability of the system is checked by Lyapunov stability
theory. A Lyapunov function candidate is chosen as follows:

1 1 1
Vzie%-i-ie%—i— Eeg (17)
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Fig. 11 Block diagram of the
proposed controller

Y
o Controller | U_| AGV Model [ 4 :|‘
FPM - (15) (19) )

@) s

Stability checking is used to find a control law U that can make the system stable
and track the given reference trajectory. From the error dynamic in (16), the time
derivative of the Lyapunov function equation V is obtained as follows:

V=eie)+erer+erer
=e1(vy — vy COS €3 — vy, sines)

18
+e2(vy — vy cose3 — vy, sines) (18)

+ 63(9 — 9,)

Lyapunov stability criterion states that system is stable when V < 0. Therefore,
to meet this condition, a control law U is chosen as follows:

Vi —kiey + vy cos ez + vy, sines
U= | vy | = | —kser — vy, sinez + vy, cos ez (19)
o) —kses + o,

where k;, k; and k; are positive constants.
Substituting (19) into (18) yields

V = —kle% - kgeg - k3€§ (20)

The proposed controller for is summarized in the block diagram in Fig. 11.

5 Simulation Results

The effectiveness of the proposed method was verified by simulation. The
parameters for simulation are shown in Table 1. The simulation results of proposed
method are shown in Figs. 12, 13, 14, 15 and 16. Figure 12 shows that the vehicle
moves from start position to goal position and performed translational and
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Table 1 Parameter and initial

Parameter Value Parameter Value
values ca 05m % 1

crL 0.5m k> 1

CR 0.5 m k3 0.5

dy 0.1 m o 0.1 7 rad

1 0.35 m b 0.5m

Th 0.5 m (Xo, Yo, 6o) (—=2,0,0)

(vao, Bo) 0, 0) (ng Yg70g) (2, 11, 0)
Fig. 12 Simulation result 3

Obstacle
]
o
=B

[bstacid |

4
X (m)

rotational movements simultaneously and succeeded in going between two divided
objects. Finally, the vehicle reaches the goal position.

Figure 13 shows the linear velocity and angular velocity of the vehicle. In the
beginning, the vehicle moves and increases the linear velocity gradually. The linear
velocity of the vehicle decreases smoothly when the vehicle approaches goal
position. The angular velocity increases at 25 s to avoid the collision with the
obstacle, and decreases at 30 s after passing the obstacle. Figure 14 shows the error
vector obtained from the backstepping controller. It can be observed that all the
errors have very small values and finally converged to zero. The result shows that
the controller successfully tracks the generated path obtained from the FPM.
Figures 15 and 16 show the ith wheel angular velocity and the ith wheel steering
angle, respectively.
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6 Conclusion

In this paper, an obstacle avoidance algorithm for translational and rotational
motion of a four wheel independent steering automatic guided vehicle
(A4WIS-AGV) was proposed based on fuzzy potential method (FPM) and back-
stepping control method. The FPM algorithm generated the optimal path from the
current position to the goal position considering the size of the vehicle. The gen-
erated trajectory was tracked successfully using backstepping controller. The
effectiveness of the proposed algorithm was verified by simulations. It was shown
that the proposed algorithm could make the 4WIS-AGV avoid the obstacles in
cluttered environment safely and efficiently.

Acknowledgments This study is a part of the results of the R&D project, Development of a
deep-seabed Mining Technologies, supported by Korea Government, Ministry of Oceans and
Fisheries. Authors are indebted to appreciate their full supports of this pioneering work.

References

1. Cheng X, Tao R (2011) Design of automatic guided vehicles and dunking robot system. In:
The 3rd international conference on intelligent human-machine systems and cybernetics, pp 3—
6

2. Pratama PS, Jeong SK, Park SS, Kim SB (2013) Moving object tracking and avoidance
algorithm for differential driving AGV based on laser measurement technology. Int J Sci Eng 4
(1):11-15

3. Doan PT, Nguyen TT, Dinh VT, Kim HK, Kim SB (2011) Path tracking control of automatic
guided vehicle using camera sensor. In: The 1st International symposium on automotive and
convergence engineering

4. Tamba TA, Hong BH, Hong KS (2009) A path following control of an unmanned autonomous
forklift. Int J Control Autom Syst 7(1):113-122

5. Choi J, Curry RE, Elkaim GH (2009) Obstacle avoiding real-time trajectory generation and
control of omnidirectional vehicles. Am Control Conf 2009:5510-5515

6. Borenstein J, Koren Y (1991) The vector field histogram-fast obstacle avoidance for mobile
robots. IEEE Tran Robot Autom 7(3):278-288

7. Fox D, Burgard W, Thrun S (1997) The dynamic window approach to collision avoidance.
IEEE Trans Robot Autom 4(1):23-33

8. Wang Y, Chirikjian GS (2000) A new potential field method for robot path planning. In: The
2000 IEEE international conference on robotics and automation, pp 977-982

9. Suzuki T, Takahashi M (2009) Translational and rotational movement control considering
width for autonomous mobile robot by using fuzzy inference. In: The 2009 international
conference on robotics and biomimetics, pp 257-262

10. Nagata A, Nonaka K, Sekiguchi K (2014) Model predictive obstacle avoidance control for
omni-directional mobile robots based on fuzzy potential method. In: European control
conference, pp 352-357

11. Tsuzaki R, Yoshida K (2003) Motion control based on fuzzy potential method for autonomous
mobile robot with omnidirectional vision. J Robot Soc Jpn 21(6):656-662

12. Amdouni I, Jeddi N, Amraoui LE (2013) Optimal control approach developed to four-wheel
active steering vehicles. In: The Sth international conference on modeling, simulation and
applied optimization (ICMSAO), pp 1-6



618 P.S. Pratama et al.

13. Chen C, Jia Y (2012) Nonlinear decoupling control of four-wheel-steering vehicles with an
observer. Int J Control Autom Syst 10(4):697-702

14. Kim HS, You SS (2001) Estimation of vehicle sideslip angle for four-wheel steering passenger
cars. Trans Control Autom Syst Eng 3(2):71-76

15. Yang Z, Wang Z, Su W, Zhang J (2010) Multi-mode control method based on fuzzy selector
in the four wheel steering control system. In: The 8th IEEE international conference on control
and automation, pp 1221-1226

16. Selekwa MF, Nistler JR (2011) Path tracking control of four wheel independently steered
ground robotic vehicles. In: The 50th IEEE conference on decision and control and european
control conference, pp 6355-6360

17. Setiawan YD (2015) Development and controller design of four wheel independent steering
automatic guided vehicles, Master thesis, Mechanical Design Engineering Department,
Pukyong National University, Busan, Korea



	51 Obstacle Avoidance Control for Four Wheels Independent Steering Automatic Guided Vehicles
	Abstract
	1 Introduction
	2 System Description and Modeling
	3 Fuzzy Potential Method
	3.1 FPM for Translational Movement
	3.2 FPM for Rotational Movement
	3.3 Planning Reference Path

	4 Controller Design
	5 Simulation Results
	6 Conclusion
	Acknowledgments
	References


