610

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 4, OCTOBER 2017

Tracking Control for a Cushion Robot Based on
Fuzzy Path Planning With Safe Angular Velocity

Ping Sun and Zhuang Yu

Abstract—This study proposes a new nonlinear tracking con-
trol method with safe angular velocity constraints for a cushion
robot. A fuzzy path planning algorithm is investigated and a real-
time desired motion path of obstacle avoidance is obtained. The
angular velocity is constrained by the controller, so the planned
path guarantees the safety of users. According to Lyapunov
theory, the controller is designed to maintain stability in terms
of solutions of linear matrix inequalities and the controller’s
performance with safe angular velocity constraints is derived.
The simulation and experiment results confirm the effectiveness
of the proposed method and verify that the angular velocity of
the cushion robot provided safe motion with obstacle avoidance.

Index Terms—Cushion robot, path planning, safe angular
velocity, tracking control.

I. INTRODUCTION

URRENT trends in aging societies have increased the

need for health care and rehabilitation, especially for el-
derly and disabled people. Motion disability seriously impedes
daily life activities and incurs a large psychological burden [1].
Many researchers have endeavored to improve the lifestyles
of disabled people through rehabilitation training and mech-
anistic aids such as robotic exoskeleton [2], wearable robots
that assist lower-limb movement [3], knee joint misalignment
exoskeleton [4], omnidirectional rehabilitative training walker
[5], and cushion robot [6]. In most of these studies, the robots
focus primarily on developing control strategies to move along
a predefined path with the designed position controller. The
tracking performances of these robots have been improved
by various control approaches, such as fuzzy sliding mode
control [7], neural network control [8], gait trajectory adaptive
control [9], and guaranteed cost non-fragile tracking control
[10]. However, these control methods require that the motion
path has been fixed in advance. In fact, the tracking path in
narrow, complex, and unknown indoor environments is not
easily determined. Therefore, to reach a goal while avoiding
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all obstacles, a mobile robot must plan a safe motion path in
real time.

Path planning and navigation strategies of mobile robots
have attracted considerable attention in recent years. When a
mobile robot traverses an unstructured environment, it must
reach its target without colliding with obstacles in its path.
Real-time path planning enables a mobile robot to move in
an unknown environment using the information acquired by
its sensors [11]. The path planning problem has been solved
by different evolutionary methods including fuzzy logic [12],
fuzzy clustering [13], the fuzzy path preview algorithm [14],
adaptive neuro-fuzzy inference [15], and the directional inten-
tion distance fuzzy learning method [16]. In these approaches,
the robot usually obtains the distance information between
itself and nearby obstacles through its sensors, then turns at an
appropriate angle to avoid the obstacles. However, the existing
path planning method pays little attention to the angular
velocity of obstacle avoidance. The angular velocity of the
robot’s motion should be sufficiently large without imposing
constraints during path planning. The practical requirements of
human support robots differ from those of industrial robots.
For instance, a large spin speed in human support robots poses
a danger to users, so the angular velocity of obstacle avoidance
should not exceed the prescribed safe range. To guarantee
the safety of users, the path planning in human robots must
constrain the angular velocity performance.

In fact, the constraint problem is often considered in control
design because any violation of the constraints can lead to
performance degradation [17]. An important consideration
in designing controllers in robotic systems is that it should
be simple to implement in real-time [18]. At present, the
performance requirements of constrained systems are met by
saturation functions and barrier Lyapunov functions (BLFs)
[19]—[21]. However, both of these approaches are designed for
passive physical constraints and require a complex controller
structure. Furthermore, the controller cannot actively restrict
angular velocity of the system. To our knowledge, fuzzy path
planning under restricted angular velocity has not been applied
to the tracking control of human support robots.

The paper proposes a new tracking control method in
which the controller restrains the spin velocity of obstacle
avoidance by restricting the angular velocity performance. In
many problems, theoretical study and engineering applications
are equally important and should be studied together. Here we
investigate a cushion robot [6]. The cushion robot and an ex-
ample of its use are photographed in Figs. 1 and 2, respectively.
The cushion robot moves on three omnidirectional wheels to
flexibly assist elderly people moving inside a room, conveni-
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Fig.1. Photograph of cushion robot.

Fig.2. The cushion robot in use [6].

ently supporting their daily life activities.

Motivated by the above observations, we developed a
cushion robot with several novel functionalities. The main
contributions of this paper are summarized below:

1) The path planning method is proposed on the basis of
fuzzy algorithm. To guarantee the user’s safety, the angular
velocity of obstacle avoidance is limited on the robot’s turning
motion. The desired motion path is obtained in real time using
the output angle from starting point to goal.

2) The saturation function formulations and barrier Lya-
punov function state of previous works [19]—[21] are replaced
by a new tracking control method. In the proposed approach,
the angular velocity constraints are imposed by the controller.
Closed loop stability of the tracking error system is established
by a Lyapunov function and the safe motion of the angular
velocity is derived.

3) The applicability of the proposed scheme is demonstrated
on a motion path of obstacle avoidance. The efficiency of
tracking control with safe angular velocity is demonstrated
on the cushion robot.

The remainder of this paper is organized as follows. Section
IT formulates the dynamic model of the cushion robot, and
Section III derives the motion path of obstacle avoidance. The
tracking control problem with constrained angular velocity is
presented in Section IV. Simulation and experiment results
are given in Sections V and VI, respectively. Conclusions are
provided in Section VII.

II. DYNAMICS MODEL OF THE CUSHION ROBOT

The tracking control is based on real-time motion paths of
the cushion robot. The coordinates and structure of the cushion

robot, from which the tracking control is derived, are shown in
Fig. 3. The robot has three omnidirectional wheels controlled
by three independent DC motors.

¥ vi(h)

o X

Fig.3. Structure of cushion robot.

The variables in Fig. 3 are defined below:

Y(x,0,y): Absolute coordinate system;

v: Speed of the cushion robot;

v;: Speed of an omniwheel (i = 1,2, 3);

fi: Force on each omniwheel;

C' Center of gravity of the cushion robot;

G : Center of gravity of the load (supplied by the user);

ro: Distance between C and G

: Angle between x axis and speed v;

0: Angle between x axis and the position direction of each
omniwheel;

[: Distance between the centers of the cushion robot and the
omniwheels.

The dynamics model is given by [6]

MoX (t) = B(O)u(t) )
where
M+m 0 0
My = 0 M+m 0
0 0 Io + mr%
(t) fi
X(@) =1 yt) |, ut)=]| fo
o(t) IE
—sinf —sin(3F +60) —sin(3F +0)
B(0) = | cosf  cos(ZE+6) —cos(iF +0)

l l l

where M is the mass of the cushion robot, m is the equivalent
mass of the user, and Iy and mrZ denote the mass inertias of
the cushion robot and m, respectively. fi, fo, and f3 are the
driving forces on the three omnidirectional wheels. Clearly,
the system of differential equation (1) is nonlinear because
the direction angle 6 changes with time.

Setting
z1(t) = X(t)
i 2
{1‘2(t) ZX(t) ( )
Equation (1) can be expressed as follows:
Z1(t) = z2(t) 3)
io(t) = My ' B(0)u(t).
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The actual motion trajectory is X (¢), and the real-time
planned motion trajectory is X (t), the trajectory tracking
error e () and velocity tracking error ey (t) are given by

er(t) = X (1) — Xq(t) )
ea(t) = X (t) — Xa(t) = wa(t) — Xa(t). ©)

The design of the control input force is
u(t) = B~ (0) Mo[Xa(t) + Kper(t) + Kaea(t)]  (6)

where K, and K are controller parameters to be designed.
The error dynamics are then obtained as

é1(t) = ea(t) )

ég(t) = Kdez(t) + erl(t).

Definition 1: Considering the system of the cushion robot
(1), O(t) is the actual angle of obstacle avoidance and 0(t) is
the actual angular velocity of the motion. In the path planning
of the cushion robot, the velocity 0(t) is regarded as safe
under the condition |#(¢)| < a, where a is a specified positive
constant.

This paper designs a controller w(¢) under the safety
constraints of G(t) The design simultaneously satisfies the
following two requirements:

1) The trajectory tracking error e (t) and velocity tracking
error eo(t) are asymptotically stable.

2) The actual angular velocity 0(t) satisfies

6()| < a. (8)

Remark 1: This study plans a path with safe angular
velocity. Therefore, the tracking motion angular velocity é(t)
is an important performance index. Equation (8) provides a
simple means of restricting the angular velocity of the cushion
robot.

Human support robots work in narrow environments with
complex surroundings. Therefore, the cushion robot cannot be
guided by a prescribed motion path. Instead, the robot’s path
is specially planned to avoid collisions between the robot and
obstacles. The tracking of such a path is accomplished by a
controller with angular velocity constraints. Fig.4 is a block
diagram of the proposed control system for the cushion robot.
The following sections present the fuzzy path planning and
the controller with angular velocity constraints, respectively.

Cushion
robot

,___________

o
&
=

&

=

()

T

Fig.4. Block diagram of the control system.
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III. Fuzzy PATH PLANNING

The path planning is divided into two parts: In the first
part, the cushion robot searches a collision-free path based on
the information gained from its sensors; in the second part, it
moves towards the goal while avoiding the nearby obstacles.

A. Determination of Membership Functions and Fuzzy Set

To move within an unknown indoor environment, the robot
requires a collision avoidance functionality. For this purpose,
the robot considers the values of its input variables, such
as the distances and direction angles between itself and the
surrounding obstacles. The required inputs are the distance
information of the front, left, and right obstacles (Dp, Dy,
and Dpg, respectively), and the direction angle Ar between
the forward direction of the robot and the target point. The
output Ap is the steering angle for obstacle avoidance by the
cushion robot.

Without loss of generality, the membership functions in
the fuzzy algorithm design can be assumed as triangular and
symmetric. The inputs to the fuzzy algorithm are two distance
variables with different values, namely F' (far) and N (near),
and five values of the direction angle. The distance values
are defined as fuzzy membership functions shown in Fig.5.
The values of the direction angle are LB (left big), LS (left
small), Z (zero), RS (right small), and RB (right big). Their
membership functions are shown in Fig. 6. The distance and
input angles to the fuzzy system determine the steering angle
Ap of the robot. The steering angle is output in the form of
five values assigned as T'LB (left big), TLS (left small), TZ
(zero), TRS (right small), and TRB (right big) (see Fig.7).

U
N DL DF F DR
1.0
08¢t
0.61
04rt
02r
0 L L . L . M
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Dy/Dg/Dy (m)
Fig.5. Fuzzy membership functions of Dy, Dp, and Dp.
AU
LB LS Z RS RB
N EANANAN
0.75 0.8
0.6
0.4
VARY,
0
—40 -20 0 20 40
Ar (deg)

Fig.6. Fuzzy membership functions of Ap.
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Fig.7. Fuzzy membership functions of Ap.

B. Determination of Fuzzy Rules

The fuzzy rules are if then statements consisting of a
premise and a consequent. The knowledge rule-base comprises
3x 5 = 40 rules. When the robot perceives a left (right) target
point, it turns left (right). When the frontal obstacle is close
and the target point is behind the obstacle, the cushion robot
selects the safer of the two turns (right or left). If the left
obstacle is equidistant or further than the right obstacle, the
cushion robot makes a left turn; otherwise, it turns right. Once
all of the nearby obstacles have been avoided, it moves straight
toward the target. As an example, an obstacle is placed to the
left of the cushion robot in Fig.8. The rules governing the
robot response are given below (similar rules apply in other
obstacle scenarios).

Obstacle

Left Front

Cushion robot

F
Right

Fig.8. Obstacle to the left of the cushion robot.

Rule 1: If Dy is N, Dg is F, Dgr is F, and Ar is LB,
then Ap is TZ.

Rule 2: If Dy, is N, D is F, Dr is F, and Ap is LS,
then Ap is TZ.

Rule 3: If Dy, is N, Dr is F, Dr is F', and Ap is Z, then
Apis TZ.

Rule 4: If Dy, is N, Dr is F, Dgr is I, and Afr is RS,
then Ap is TRS.

Rule 5: If Dy is N, Dp is F, Dr is F, and Ap is RB,
then Ap is TRB.

C. Fuzzy Inference Mechanism and Defuzzification

Fuzzy inference is the core of the fuzzy algorithm. The
steering angle of the cushion robot is influenced by the
goal direction and distances to obstacles. This relationship
is described by the fuzzy rules, here implemented by the
Mamdani fuzzy inference method. To explain the fuzzy in-
ference mechanism, we suppose an input set of {Dj = 1.1,
Drp = 23, Dp = 3, Ap = 15°}. According to Fig.5,

the real values Dy = 1.1, Dp = 2.3, and Dr = 3 are
mapped to the fuzzy subsets N, F, and F|, respectively, and
the real value Ap = 15° is mapped to the fuzzy subsets Z
and RS. Therefore, fuzzy Rules 3 and 4 are activated. The
Mamdani inference method obtains the fuzzy membership of
the output. The fuzzy memberships of Rules 3 and 4 inference
results are presented in Figs. 9 and 10, respectively. The fuzzy
membership of the synthesis inference result is presented in
Fig. 11.

14

TLB TRB

TRS

TLS 1z

=30 -20 -10 0 10 20 30
Ap (deg)
Fig.9. Inference result of Rule 3.
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Fig. 10. Inference result of Rule 4.
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Fig. 11. Synthesis inference result.

Once the fuzzy synthesis inference result is obtained, the
inference results are defuzzified by the centroid method (9),
and logically summed to give the cushion robot’s steering
angle Ap.

[4, 1(AD) ADd(AD)
£alt) = AfAD d(Ap) ®
Oa(t +1) = 04(t) + Abg(t) (10)

where Af,(t) is the clarity value of the steering angle Ap.
Inserting this into (10), we get the motion angle 64(t) of
obstacle avoidance of the cushion robot, and hence the desired
path X;(t) can be obtained using 04(¢).
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Remark 2: From the values of the input variables, namely,
the robot-obstacle distances (D, Dy, and Dg) and the direc-
tion angle (Ar), we can determine the fuzzy input variables.
The fuzzy rules are determined by searching a collision-free
path in trial-and-error simulations, using the triangular and
symmetric membership functions. The fuzzy output steering
angle of obstacle avoidance Ap is then obtained by the
Mamdani fuzzy inference method.

D. Path Planning

Here, we set the motion velocity v = 0.5 m/s, the initial
position at z(0) = Om and y(0) = Om, and 6(0) = «/4
rad. The goal direction and obstacle distances are detected by
the ultrasonic sensors of the cushion robot. The resulting fuzzy
planned angle 6,(t) of obstacle avoidance is shown in Fig. 12.
The paths planned in real-time (X;(t)) and computed by the
artificial potential field method are compared in Fig. 13.

1.61
141
1.2F
1.0f
0.8
0.6F
04F
02F

0

Planned angle (rad)

0 20 40 60 80 100
Time (s)

Fig.12. Planned angle of obstacle avoidance.
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Fig.13. Motion path of the cushion robot.

Along path OA;, the planned angle of obstacle avoidance
from time ¢t = 0 to ¢ = ¢y is #; = w/4. Thus, we obtain

xq(t) = cosby x v
ya(t) =sinf; x v

04(t) = 0. (11)

Integrating both sides of (11) from O to ¢, the planned path
is described by
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xq(t) = cosfy X vt
ya(t) = sinfy x vt

Oa(t) = 01. (12)

Likewise, the planned motion path for obstacle avoidance
OA~ is obtained as follows

xq(t) = cos by X vt, 0<t<ty
xq(t)=costy x vty +cosbly x v(t —t1), t1 <t <ty
xq(t) = cos by X vty + cosba X vty + -+ -
+COS€7XU(t—t6), te <t <ty
ya(t) = sin by x vt, 0<t<ty
ya(t) =sin by x vty +sinfy x v(t —ta), t1 <t <ty
ya(t) =sin by x vty +sinfy x vig + - -
+sin97><v(t—t6), te <t <ty
ad(t):%7 0§t<t1
Gd(t) =0.136, t;1 <t<ts
0a(t) = 0.823, tg <t <ty
(13)

Equation (13) completes the path planning X4(¢). Next, we
will design a controller with angular velocity constraints to
track the desired path.

Remark 3: A path planning method for the cushion robot
is proposed on the basis of fuzzy inference algorithm. The
planned motion path is obtained as (11)—(13) when the angle
of obstacle avoidance is determined using (9) and (10).

IV. DESIGN OF TRACKING CONTROLLER

Our designed controller tracks the path planned by the
cushion robot in an indoor environment under the safety
constraints imposed on the angular velocity.

Theorem 1: Considering the error equation (7), if there exist
symmetric positive matrices P and (), as well as matrices S
and R, satisfying the following linear matrix inequality (LMI):

S R O 0
PO 0 0
0 0 0 2|=Y (14)
0 0 2 0

then the trajectory tracking error e;(t) and the velocity track-
ing error es(t) are asymptotically stable.

Proof: To prove Theorem 1, we define the Lyapunov func-
tion

V() = LeT(t)Pey(t) + %egT(t)Qeg(t). (15)

2

The time derivative of V(¢) along the tracking error of
system (7) is given by

V(t) = el (t)Pey(t) + el (1) QK e (t) + eQT(t)Qerl(t).
(16)
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Pre-multiply and post-multiply equation (14) by z7 () and
x(t), respectively. where

(1) = {eg(t) e (1) ‘é(t)’T 1} .
We obtain
€5 (t)Ses(t) + ef (t)Pes(t) + €5 (t) Rea (t)
a |- a |- T
+§’0(t))+§’0(t)’ <0 (17)
where
S=QK, R=QK,.
By (16) and (17), we have
V(t) < —a ’é(t)‘ . (18)

From (18), we know that V(t) < 0, implying that V() = 0
with |0(¢)| = 0. Namely, there is a single zero solution in the

following set:
E= {é(t)\V(t) - o} - {é(t)\é(t) = o}. (19)

Therefore, by LaSalles principle, the trajectory tracking
error eq(t) and the velocity tracking error es(t) are asymp-
totically stable. |

As the tracking error system (7) is asymptotically stable
by Theorem 1, the condition (18) is obtained. Further, using
the condition (18), we can get the angular velocity constraints
performance in the obstacle avoidance. Therefore, we can state
Theorem 2.

Theorem 2: Considering the asymptotically stable error
system (7), if there exist symmetric positive matrices P and
@ satisfying the following LMI:

-3 0 0
0 -ipP 0

<0
0 0 V() —|—a‘9(0)

’ ) (20)
—a

the safety of the angular velocity constraints performance (8)
is guaranteed under a suitable controller in the form of (6),
where. '

’H(t)‘ <a

where

1

+ 5¢2 (0)Qex(0).

Further, the controller parameter matrices are given by
K;=Q'S, K,=Q 'R

Proof: By (18), we obtain

V(0) = 3ef (0)Per(0) +

V(t) < —a ‘é(t)‘ . @1)

Integrating both sides of inequality (21) from O to ¢ as

/OV(t)dtg/O (—a‘é(t)D dt
fa(‘é(t)’f‘é(O)D.

(22)

we obtain

V() - V(0) < (23)

Inequality (23) can be rewritten as

’()‘<v ’ ‘7 (24)

Pre-multiply and post-multiply equation (20) by y”(¢) and
y(t), respectively, where

y"(t)=[es(t) ef(®) 1]
We obtain

— e (P () — 3ed (1Qes(t)

+V(0)+a’ ‘—a <o. (25)
From (15) and (25), it follows that
VE) +V(0) +a ‘9’(75)‘ < a2 (26)
Combining (24) and (26) leads to
a ]9@)’ < a? 27)
Hence, we have
’é(t)‘ <a

Furthermore, by Theorem 1, the controller that ensures safe
angular velocity is given by

K;=Q™'S, K,=Q 'R

The tracking safe angular velocity constraints performance
is satisfied. ]

Remark 4: A new tracking control method with angular
velocity constraints performance is proposed, and the safe
angular velocity can be obtained from the common Lyapunov
function V'(t). Therefore, when the fuzzy obstacle avoidance
angle 04(t) of the cushion robot is determined, the motion
angular velocity is restricted to the safe range. Our simple
method avoids the need for a saturation function with com-
pensation [19], [20], or a complex BLF for state variable
constraints [21].

Remark 5: The matrices P, (), S and R can be obtained by
solving the LMIs (14) and (20). Thus the controller parameters
can be determined as Kq = Q™ 'S, K, = Q'R through
Theorem 2.

Remark 6: The asymptotically stable condition (14) of
tracking error system is given in Theorem 1. Using the
condition (18) of Theorem 1, the angular velocity constraints
performance (8) is gotten in Theorem 2. The significant feature
of the proposed controller (6) is its ability to directly restrict
the motion angular velocity.
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V. SIMULATION RESULTS

In this section, the proposed tracking control algorithm with
fuzzy path planning and safety constraints on the angular
velocity is verified in a cushion robot. The physical parameter
values of the cushion robot are given in Table I.

TABLE 1
PHYSICAL PARAMETERS

Parameter Value

Mass M 15kg

Maximum load m 75kg
Distance [ 0.45m

Inertia of mass Iop 0.67 kg-m?

Maximum velocity v 0.6 m/s
Maximum angular velocity 1.8rad/s

The user load parameters are m = 60kg and 7 = 0.1 m.
To ensure the user’s safety, we set a = 7/6rad/s, i.e., |f(t)| <

7 /6 rad/s. Solving the inequalities (14) and (20), we obtain the
controller parameters K, = diag{—20.59,—25.34,-4.59}
and K, = diag{—5.18, —5.18, —10.02}. The simulation re-
sults are presented in the following figures.

Figs. 14 and 15 plot the trajectories of the = and y positions,
respectively. Real-time tracking by the cushion robot con-
formed to the planned obstacle avoidance path (see Fig. 16).
This confirms the asymptotic stability of the tracking error
state equation. Fig. 17 plots the motion angular velocity of

30r
251
g 201
g
E=NNE
= = e Planned trajectory
= 1Of
Tracking trajectory
5 -
0 L 1 1 L )
0 20 40 60 80 10C
Time (s)
Fig. 14. Trajectory tracking of x position.
301
251
201
B
R
= 10F
== == Planned trajectory
r ——— Tracking trajectory
0 ! 1 i 1 J
0 20 40 60 80 100
Time (s)
Fig. 15. Trajectory tracking of y position.

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 4, OCTOBER 2017

301

251

15F
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10+
== = Planned path

Tracking path
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X position (m)

Fig. 16. Path tracking.

0.61
0.5r
0.41
0.3F
0.2F
0.1F
0
—0.1F
—02F
—03}
—0.4F
-0.5%

Angular velocity (rad/s)

Time (s)

Fig. 17. Safe motion angular velocity.

obstacle avoidance. The proposed control method guaranteed
an angular velocity within the safe operating range, demon-
strating that the cushion robot can be safely adopted by
users. These simulation results confirm that the controller (6)
effectively realizes path tracking while properly constraining
the angular velocity performance.

Next, we examine the user-dependent tracking performance
of the cushion robot. In this simulation, we vary the user’s
load as m = 50kg and apply the same K, K, and initial
values to the controller (6). The simulation results are shown
below.

Fig. 18 plots the tracking errors in the = and y positions. A
few tracking errors appear in the 25—60 s range, but these low
amplitude errors have little effect on the trajectory tracking.
The motion angular velocity of obstacle avoidance is shown
in Fig.19. Again, the cushion robot constrains the angular
velocity within the safe range for the user.

To verify the effectiveness of the tracking control under
angular velocity constraints, we compared the performance
of our proposed control system with that of unconstrained
tracking control.

In these comparative simulations, the parameter matrices K,
= diag{—51,—55,—21} and K; = diag{—16,—28,—13}
in the controller (6) were adjusted manually and iteratively
until the trajectory tracking began from the same initial values
in both cases. The simulation results are presented in the
following figures.

Fig. 20 plots the tracking performance of the cushion robot
along the planned obstacle avoidance path. Evidently, the un-
constrained controller achieves asymptotic stability and good
path tracking, but the angular velocity of the cushion robot
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Fig. 18. Tracking errors.
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Fig. 19. Safe motion angular velocity.
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Fig.20. Path tracking.

exceeded the prescribed safe range during obstacle avoidance
tasks (see Fig.21). Therefore, constraining the angular velocity
in the controller is an essential part of the cushion robot design.

VI. EXPERIMENT RESULTS

This section shows an experiment in which the cushion
robot with the proposed fuzzy path planning and angular
velocity constraints realizes safe path tracking.

The physical parameter values of the cushion robot are given
in Table I. A camera, which records the real-time position
of the robot and feeds these values back to the controller,
is installed on the roof. The position includes the x and y
positions, and the planned angle of obstacle avoidance 04(t).
The camera frame rate is 30 fps. OpenCV is used to recognize

and output the robot position and posture during the path
tracking.

0.
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Fig.21. Motion angular velocity.

To clarify the performance of obstacle avoidance and track-
ing control, two obstacles are put on the floor and a load
(instead of a user) is put on one side of the robot to reflect
the load change and center of gravity shift. The experimental
environment is shown in Fig.22. The resulting fuzzy planned
angle 04(t) of obstacle avoidance is shown in Fig.23.

Fig. 22.

Experimental environment.
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Fig.23. Planned angle of obstacle avoidance.

Therefore, the planned collision-free motion path is obtained
as follows.



618

xa(t) = cos by x vt, 0<t<24
za(t) = cos by x 24v

+cosf2 x v(t — 24), 24 <t <35
zq(t) = cosbr x 24v 4 cos b2 x 11v

+cosf3 x v(t — 35), 35<t<45
xq(t) = cos b1 x 24v 4 cos by x 11v

+cosf3 x 10v + cos s x v(t —45), 45 <t <65
ya(t) = sin 6 x vt, 0<t<24
ya(t) = sin 6y x 24v +sin 6y x v(t — 24), 24 <t <35
ya(t) =sin6; X 24v + sinfz x 11v

+sinf3 x v(t — 35), 35 <t<45
ya(t) =sin61 X 24v +sinfy x 11v

+sinfs x 10v + sin 4 x v(t —45), 45 <t <65
fa(t) = =, 0<t<24
04(t) = 0.921, 24<t< 35
0a(t) = 0.701, 35<t<45
0a(t) = 0.806, 45 <t <65

(28)

We carry out two tests: one without any load m = Okg,
and the other with m = 15kg. The experimental results are
presented below.

Figs. 24 and 25 plot real-time tracking by the cushion robot
for the planned obstacle avoidance path, respectively. A few
tracking errors appear around the corner, but these low ampli-
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Fig.24. Path tracking (m = 0kg).
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Fig.25. Path tracking (m = 15kg).

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 4, OCTOBER 2017

tude errors have little effect on the path tracking. The driving
input forces fi, fo, and fs on the three omnidirectional
wheels are shown in Figs. 26 and 27, respectively. The motion
angular velocity of obstacle avoidance is shown in Figs.28
and 29. These experimental results confirm that the controller
(6) effectively realizes path tracking with or without a load
while properly constraining the angular velocity performance.
Therefore, the cushion robot with the proposed fuzzy path
planning and safe angular velocity constraints controller is
reliable for assisting the in-room movement of users.

VII. CONCLUSIONS

This paper proposed a new tracking control approach for
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Fig.26. Control input forces (m = 0kg).
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a cushion robot, which constrains the angular velocity of
obstacle avoidance within a safe range for elderly and/or infirm
users. Safe motion of the cushion robot is guaranteed by
fuzzy path planning of the obstacle avoidance method. The
obtained tracking controller stabilizes the robot using a com-
mon Lyapunov function, and properly constrains the angular
velocity performance. Such constraints have not been imposed
in previous path planning studies of wheeled service robots.
The effectiveness of safe turning by fuzzy path planning and
tracking control was confirmed in simulation and experiment
results. The proposed method was implemented in a cushion
robot, but is expected to be equally applicable to other wheeled
service robots.
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