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Collision avoidance is always difficult in the planning path for a mobile robot. In this paper, the virtual force field

between a mobile robot and an obstacle is formed and regulated to maintain a desired distance by hybrid force control

algorithm. Since uncertainties from robot dynamics and obstacle degrade the performance of a collision avoidance task,

intelligent control is used to compensate for the uncertainties. A radial basis function (RBF) neural network is used

to regulate the force field of an accurate distance between a robot and an obstacle in this paper and then simulation

studies are conducted to confirm that the proposed algorithm is effective.
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1. Introduction

Recently, demand for mobile robot research has
been increased enormously due to its characteristic of

Collision avoidance is always
[1-3]

moving in its terrain.
difficult in planning the path for a mobile robot.
The global path-planning algorithm is based on the
The local

path planning algorithm is based on the environment

environment information that is known.

information that is completely unknown or partly
unknown. A mobile robot detects the environment
around it and receives the information such as posi-
tion, shape and size of an obstacle. The idea of these
algorithms is to draw the map of the environment
With
the map, the robot can maintain the desired distance

around the mobile robot through the sensor.

to an obstacle on the path and avoid collision with the
obstacle. A mobile robot needs response times to the
collision with the obstacle, instead of avoiding collision
by using a static map. In this situation, two mobile
dynamic systems need a dynamic collision avoidance
algorithm. Many collision avoidance algorithms are
obtained by the kinematics model of the mobile robot
and they ignore the dynamic behaviour.[*=7 The mo-
bile robot dynamic behaviour can improve the perfor-
mance of the system. It is not adequate to merely
use position control to deal with the dynamic interac-
tion position relations. Using force control algorithm

is necessary for the dynamic relationship between the
mobile robot and the obstacle.3—1%

In the present paper, a novel collision avoidance
algorithm of a mobile robot is proposed. Based on
robot dynamics, a collision avoidance algorithm is de-
veloped. A virtual force field between a robot and an
obstacle is formed and regulated to maintain a desired
distance by hybrid force control algorithm. The hy-
brid force control algorithm is known as one of famous
force control algorithms, but uncertainties from incor-
rect robot dynamic mode degrade the performance of
a collision avoidance task. Seul Jung and Eun Soo
Jang'!! applied a conventional PID control to a hy-
brid force control algorithm, it cannot deal with the
unexpected. The BP neural network is used to com-
pensate for the robot dynamic uncertainties but the
learning time is long."?l Model-predictive is proposed
for collision avoidance of a mobile robot, 3 but it may
not suffice for obstacle avoidance in a cramped area.
In the present paper, an RBF neural network(1419] is
used to compensate cleverly for the unexpected. As a
neural network control algorithm, the reference com-
pensation technique has been used. Simulation studies
of avoiding obstacles on the path of a wheeled mo-
bile robot by maintaining a desired distance from the
obstacle are conducted to confirm the proposed algo-
rithm.
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2. Design of system controller

2.1. Kinematics of mobile robot

Figure 1 shows the kinematics coordinate of a mo-
bile robot with the obstacle. The robot is a wheeled
drive mobile robot. The point P; is a virtual con-
tact point where a robot contacts the obstacle. The
distance between the centre of a robot and a contact
point can be defined as a virtual force. The control
algorithm regulates the virtual force. In real appli-
cations, this distance can be measured by a distance

Sensor.
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Fig.1. Kinematics of a wheeled robot.

Forward velocity v of a mobile robot and the an-
gular velocity w at the contact point can be defined
by

x cos ¢ —d -sin¢
v
y| = |sing —d-cos¢ ) (1)
. w
¢ 0 1

where ¢ is the heading angle, d is a distance from
a midpoint of a wheel axis to the centre of a robot.
Wheel velocities in joint space have the relationship
to velocities in Cartesian space as

Or

i | (2)

= ol
h‘ﬁ N3

where r is a radius of a wheel, L is the distance be-
tween two wheels, fg is the velocity of a right wheel,
and 0y, is the velocity of left wheel. Combining Eq.(1)

with Eq.(2) yields the following Jacobian relationship

Z = Jb,
Jit Ji2

J=1 jo1 Jaz |> (3)
Jar  Js2

where, Z = [z y ¢]", and each element of the Jaco-

bian matrix is defined as

. r r .

j11 = icosgzﬁ - Z(d~sm¢>),
. r r .

j12 = icosqﬁ—i- Z(d~sm¢),
. ro. r

Jo1 = §SHI¢+ Z(d~cos¢),
oo = gsinqbf %(d~cos¢),
. r

J31 = 7’

. r

Ja2 =7 (4)

2.2. Hybrid force/position control

Hybrid force/position control is known as one of
the popular force control algorithms for robot manip-
ulators. This method separates force controlled direc-
tion and position controlled direction while impedance
force control does not separate the controlled direc-
tion.

The wheeled mobile robot dynamic equation can
be described as

D)6+ C(0,0)0 + J¥(0)h = T, (5)

where, D(0) = J™MJ € R**? and M is the
symmetric positive-definite inertia matrix, C(6, 9) =
JYMJ 4 VJ] € R¥**? and V is the centripetal and
Coriolis matrix, [0z 0.]" and h = [f )", f is the
external force vector, u is the external moment, 7 is
the applied torque vector. The wheel velocity can be
obtained from the Jacobian relationship

6=J"12, (6)

where Z is the position vector Z = [z y QS}T. Since

the inverse of the Jacobian cannot be defined, the
pseudo Jacobian matrix can be used.

0=J"Z, (7)
where J* = (JTJ)~'JT. Differentiating expression
(7) obtains the acceleration

6=J2Z—-JJT2)
= (JT" NI Z - JJT) T I Z), (8)
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where Z = [m U qﬁ] and 0 = [QR GL} .
Defining the control law as

7 =DO)u+C(0,0)0+ JT(0)h, (9)

where u is the control input vector, D and C are the
estimates of robot model D and C respectively. In
the hybrid control, input u can be selectively used by
switching algorithm.

The output vector F' can be defined as

F=fs fy 0" (10)
Forces in the x axis and the y axis can be defined as
f:c = k.o, fy = ke5ya (11)

where dz = x — o, 0y = y — Yo and (., y.) is the po-
sition of an obstacle. (x,y) is the contact position, k
is the stiffness of an obstacle. Combining expression
(10) with expression (11) yields

ke 00 T — Te
F=KAZ =K. (Z—-Z,) = |0 k., 0 Y — Yo
0 01 10)

(12)

In general, for simplicity, since o = 0, Zo = 0, we
have
Z=K'F (13)

Inserting expression (13) into expression (8) yields
0=J5(Z2-JJ*Z) = JN(K;'F—JJTK;YF). (14)

From expression (14), substituting v = 6 into expres-
sion (9) yields the control law

T=DO)JN(K'F - JJTKIE))
+C(0,0)0 + JT(0)h. (15)

In the force controlled direction, F' can be formed as
a PD type controller

u1ZFZFd-FKD(Fd—F)—i—KP(Fd—F). (16)

Substituting expression (16) into expression (15)
yields the control law

7= DJHK; Y (Fy+ Kp(Fy— F) + Kp(Fy — F))
—JIYKYE) +C + JTh, (17)

In the same way, the control law in the position con-
trolled direction can be obtained as

Uy =2 =24+ Kp(Zqg—2Z)+ Kp(Zg—2Z). (18)

In the position control, since h = 0, the control
law can be obtained by inserting expression (18) into
expression (14), then substituting u = 6 into expres-
sion (9) yields

7= DJ [ Zg+Kp(Za—2)—JIT Z+Kp(Zg—2Z)]+C.
(19)

In the hybrid force control method, either posi-
tion control or force control is selectively used by a
selection matrix. Selection matrix S can be defined as

100 000
S=1010]| for position control and S = [0 0 0
000 000

for force control.

Then overall control law is described as

T =SDJ{Zg+ Kp(Zg— Z)
+ Ky (Zg—2Z)— JJTZ} +C)
+ (I = S) DI (K (Fa+ Kp(Fy— F)
+ Ky(Fy—F)) = JJTKVED) + C + JTh),
(20)

where

Ke: e 5
0 ke
kpe 0 0
Kpy=10 ky, 0 |,
0 0 ks
kp, 0 O
KD: 0 kDy 0
0 0 kpy

When the estimates of dynamic model are exact such
as D = D, C = C, the closed-loop error equation is

€+ Kpé+ Kpe =0, (21)

where e=Fp — F,e=Zp — Z.

Figure 2 is the hybrid force/position control block
diagram. However, in general, the robot dynamic
model cannot be obtained exactly so that equation
(21) cannot be achieved. This is the reason why an
intelligent method is needed.
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Fig.2. Hybrid force/position control block diagram.

2.3. Intelligent
control based on RBF neural net-

hybrid force/position

work

Since uncertainties from robot dynamics and ob-
stacles degrade the performance of a collision avoid-
ance task, RBF neural network is used to compensate
for uncertainties. RBF neural network compensation
signals are added to inputs of PD type controllers to
minimize the output errors. In this way, uncertain-
ties can be compensated without intervening internal
control structure.

RBF neural network is separately used in posi-
tion control and force control. Compensation signal
¢ is added to the input level. In the force controlled
direction, we have the following control input

F=FEj+Kp(Fy—F)+ Kp(Fy— F+ &5), (22)

where @ is a compensation signal from RBF neural
network.

Inserting Eq.(22) into expression (15) obtains the
following control law:

T = DJJrK;l[FdJrKD(Fd 7F) +KP(Fd —F+ @f)
— JIYK7YF) + C + J%h. (23)

In the position controlled direction, the control law is
Z:Zd+KD(Zd—Z)+Kp(Zd—Z+@p). (24)

Substituting Eq.(24) into expression (15) yields
the control law for position control as

T=DJ* N Zy+ Kp(Zg—2)— JJ# 12
+ K, (Zg— Z + ®p)] + C. (25)

The overall control law can be described as

7 =S{DJV [ Zg+ Kp(Zg—2) = JIYZ+ Kp(Za— Z + ¢5)] + C}

+(1=S{DJ K [Fy+Kp(Fy—F)+ Kp(Fy—F +¢p) — JJYK;'F]+ C + JTh}, (26)
k. 0 0 kpe 0 0 kps, O 0

where Ke = | 0 ko 0 |, Ky =] 0 kp, 0 |, Kp= 0 kpy O
0 0 ke 0 0 kpo 0 0 kpy

The intelligent hybrid force/position control block diagram is depicted in Fig.3
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Fig.3. Intelligent hybrid force/position control block diagram.

3. Simulation results and analysis

3.1. Experiment study

Simulation studies are conducted for two cases:
one is for conventional PD control and the other is for
RBF neural network control. We assume that only
80% of the dynamic model can be estimated, namely
D =0.8D, C = 0.8C. The following parameter values
of a robot are used in simulations.

Table 1. Parameters of wheeled mobile robot, where
m, m. are the mass of wheeled robot and the mass of
non-wheel robot respectively.

parameters r L d m Me

03m 05m 02m 0.13kg 0.5kg

value

Moreover, the torque of angular velocities qb in the
heading direction is I,, = 0.2 Nm. The torque of two
wheels is I = 3 Nm. The magnitudes of the external
force and the external force torque input are as fol-
lows: the horizontal component of the external force
is f1 = 9.2 N, the vertical component of the external
force is fo = 8.7 N and the external force torque is
@ =2 Nm.

The input signal of position is Z; =
[w. ya ¢4t = [2t,2t, 7/4], where x4 is the ab-
scissa coordinate, y4 is the vertical coordinate and ¢4
is the heading angle.

The input signal of force is Fy = [fra, fyas fid)®s
where, fra = ke(¥a — @e); fya = ke(ya — ye) are the
components of virtual force along the x axis and along

the y axis respectivly. f;q is the heading angle. Gen-
erally, we assume that the coordinate of obstacle (z,
Yo) 1S Te = Yo, 0.4 < x < 1.

The following is to introduce the input and the
output signals of RBF neural network:

In the position controlled direction, e, = x4 — x;
€y = Y4 — Y; e; = iq — 1, where x is the distance along
the x axis from robot to obstacle, y is the distance
along the y axis from robot to obstacle and i is the
heading angle of robot. An RBF neural network is
proposed to compensate position error.

The inputs of the neural network are e;, eye;, é,,
éy, €; and the output is ¢,.

In the force controlled direction, efy; = feq — fx;
ety = fya — fy; € = fia — fi, where f; is the compo-
nents of the virtual force along the z axis, f, is the
components of the virtual force along the y axis and
fi is the heading angle of the robot. The force error is
compensated by an RBF neural network whose inputs
are €z, €fy, €fi, Cfa, €fy, €p; and output is ¢y.

The following are the simulation results.

3.2. Mobile robot trajectory

Figure 4 shows the trajectory of a mobile robot
under an RBF neural network control and under a
conventional PD control respectively. It is easily found
from Fig.4 that the mobile robot did not collide with
the obstacle under both control algorithms, which
proves that the hybrid/force control algorithm used in
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a collision avoidance for the mobile robot is effective.
With the compensation of the RBF neural network,
the robot can reach the destination in a shorter path
than under the PD control.

Fig.4. Tracking of mobile robot.

It can be seen from Fig.5 that x component of
the mobile robot position error under the RBF neural
network control is convergent to zero and the perfor-
mance under the RBF neural network control is better

than under the conventional PD control.
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Fig.5. The z component of mobile robot position error.

Figure 6 demonstrates that y components of the
mobile robot position error under the RBF neural net-
work control is distinctly smaller than under the con-
ventional PD control. It can be seen from Fig.6 that

——under RBF neural network control
——-under conventional PD control

position error/m

Y element of mobile robot

4 6
Time/s

Fig.6. The y components of mobile robot position error.

the performance of the mobile robot nearly reaches

the desired value.

As shown in Fig.7, the regulation time is much

shorter and the overshoot is less under the RBF neu-

ral network control.
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Fig.7. Error of i.

The simulation results of the trajectory of the mo-
bile robot with respect to the task coordinate system
are shown in these figures above. These figures show
that the intelligent path planning and precise control
are realized in the system under the RBF neural net-
work control and the robot reaches the destination

accurately and takes less time.

3.3. Rotation angle of mobile robot
wheel

Figures 8 and 9 show a comparison between the
heading angles of a mobile robot. The outlines of the
figures are similar. The fluctuation is smaller and the
regulation time is shorter under the RBF neural net-
work. It is seen from these figures that the control

efficiencies are considerably improved.
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Fig.8. Rotation angle of left wheel of mobile robot.
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Fig.9. Rotation angle of right wheel of mobile robot.

In order to improve the capability of dynamic ob-
stacle avoidance for wheeled mobile robots, a method
of dynamic obstacle avoidance in which the hybrid
force/position control is used is presented. Because
of uncertainties of the environment and the mobile
robot, it is difficult to achieve a good control perfor-
mance by using the conventional PD controller. So
the RBF neural network controller is proposed in this
paper. Simulation results show the effectiveness of the
RBF neural network control.

4. Conclusions

In this paper, a mnovel intelligent hybrid
force/position control technique is proposed for col-
lision avoidance of a mobile robot. The virtual force
field between a robot and an obstacle is formed and
regulated to maintain a desired distance by the hy-
brid force control algorithm. An RBF neural network
control strategy is used in hybrid force/position con-
trol to compensate for the uncertainties. Compared
with conventional PD control, the system with un-
certainties under the RBF neural network has a bet-
The robot can find the

shorter path without collision with the obstacle and

ter real-time performance.

it takes less time to arrive at the destination. The
position tracking error is shown to converge to zero.
All the computer simulations demonstrate that the
collision avoidance performance with using the RBF
neural network control algrithm for mobile robot is

indeed feasible and effective.
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