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Network-Based Fuzzy Decentralized Sliding-Mode
Control for Car-Like Mobile Robots
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Abstract—In this paper, the trajectory tracking of a car-like
mobile robot (CLMR) using network-based fuzzy decentralized
sliding-mode control (NBFDSMC) is developed. The scaling fac-
tors and the coefficients of the sliding surface for the control of
the steering angle and forward-backward velocity of a CLMR are
adopted by that for the control of two motors. Due to the delay
transmission of a signal through an Internet and wireless module,
a revision of fuzzy decentralized sliding-mode control (FDSMC)
with suitable sampling time (i.e., NBFDSMC) is accomplished by
the quality-of-service (QoS). The proposed control can track a
reference trajectory without the requirement of a mathematical
model. Only the information of the upper bound of system knowl-
edge (including the dynamics of the CLMR, the delay feature of
Internet network, and wireless module) is required to select the
suitable scaling factors and coefficients of sliding surface such that
an excellent performance is obtained. In addition, the stability
of the closed-loop system in the presence of time-varying delay
is addressed. Finally, a sequence of experiments including the
control of unloaded CLMR and the trajectory tracking of CLMR
is carried out to consolidate the usefulness of the proposed control
system.

Index Terms—Car-like mobile robot (CLMR), decentralized
control, fuzzy sliding-mode control (FSMC), network-based
control, proportional-integral-derivative (PID) control, wireless
communication device.

I. INTRODUCTION

S ONE KNOWS, a time-delay (or dead time) is frequently

encountered in various dynamic systems. Such time-delay
systems generally arise as a result of delay in transmission of
information between different parts of the system (e.g., delay
caused by the low-bandwidth transmission lines, slow acous-
tical connections, or long satellite transmissions) [1]-[5]. Re-
cently, Tipsuwan and Chow [6] also discuss a survey paper of
networked-based control methodologies. The above-mentioned
papers conclude that the feedback control (or networked-based
control) in the face of time-delay always results in a limit on the
achievable bandwidth and allowed maximum gain [1]-[6]. Be-
cause the dynamics of car-like mobile robot (CLMR) possesses
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nonlinear and coupled features, a networked-based control of
CLMR becomes a challenging problem.

Because the decentralized control scheme is free from the
difficulties arising from the complexity in design, debugging,
data gathering, and storage requirements, it is more preferable to
CLMR than centralized control [7], [8]. As one knows, the fuzzy
control algorithm [9]-[13] consists of a set of heuristic decision
rules and is regarded as a nonmathematical control algorithm.
Such a nonmathematical control algorithm has been proven to
be very attractive whenever the controlled systems cannot be
well defined or modeled. However, it needs a trial-and-error to
obtain an acceptable tracking performance. It is well-known that
sliding-mode control (SMC) uses discontinuous control action
to drive state trajectories toward a specific hyperplane in the
state space, and to maintain the state trajectories sliding on the
specific hyperplane until the origin of the state space is reached
[14], [15]. This principle provides a guidance to design a fuzzy
controller for achieving system stability and satisfactory perfor-
mance. Therefore, the combination of the two control principles
is called fuzzy sliding-mode control (FSMC) provides a robust
controller for the nonlinear systems [16], [17]. There are five
control parameters for the FSMC. Two coefficients are first set
to obtain the suitable dynamics of the sliding surface, which is
the linear combination of present and past tracking error. Based
on the practical ranges of the sliding surface and its derivative,
two normalizing scaling factors are selected. Finally, the fifth
parameter is the output scaling factor, which is chosen according
to the system stability.

In the beginning, two FDSMCs with two suitable set of
scaling factors for an unloaded CLMR (i.e., the wheels of
CLMR do not contact the ground to proceed the control of two
motors) is constructed. One is for the steering angle, the other is
for the forward—backward velocity. Then, these scaling factors
and the coefficients of the sliding surface are applied for the
trajectory tracking of the CLMR so that a robust performance is
acceptable. The proposed control can track a reference trajec-
tory without the requirement of a mathematical model. Only the
information about the upper bound of the CLMR and the delay
feature of Internet network and wireless module are needed to
choose appropriate scaling factors and coefficients of the sliding
surface. To ensure the quality-of-service (QoS), the sampling
time of the overall control system must be greater than total
transmission time of the closed-loop system (see, e.g., [5] and
[6]). Under these circumstances, the stability of the closed-loop
system in the face of small time-varying delay is also addressed
to satisfy the requirement of the networked-based control.

Finally, a sequence of experiments with different sam-
pling times including: 1) a microprocessor-based FDSMC of
CLMR; 2) a PC wireless module-based FDSMC of CLMR; and
3) an Internet network and wireless module-based FDSMC (or
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Fig. 1. The experimental setup of NBFDSMC for CLMR.

NBFDSMC) of CLMR, is carried out to confirm the usefulness
of the proposed control scheme.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

A. System Description

Fig. 1 shows the experimental setup of network-based fuzzy
decentralized sliding-mode control (NBFDSMC) for a CLMR.
The proposed network-based control system includes the fol-
lowing three parts (e.g., [5], [6]): 1) the remote system (i.e.,
CLMR) and remote controller (i.e., server computer); 2) the
central controller (i.e., client computer); and 3) the data net-
work. The central controller possesses high computing power
and memory and is not suitable to be installed at the remote
site. In this paper, the central controller contains FDSMC and
adaptation to the QoS provided by the network. The remote
controller is assumed to have enough computing power to do
relative simple preprogram, e.g., to calculate the proposed con-
trol input, to convert the control signal received from the central
controller via internet network into a wireless signal to drive the
two motors of the CLMR. In addition, the remote controller can
send the local measurements, such as steering angle and for-
ward—backward velocity of the CLMR, back to the central con-
troller through the Internet network. In this paper, the client and
server computers use transmission control protocol (TCP) as the
layer-4 protocol on the Internet protocol (IP) network.

The main feature of network-based control is time-delay oc-
curred in the data network or wireless module. Define the time
delay in transmitting a signal from the client computer to the
server computer, and from the server computer to the client com-
puter as 7.5 and 7y, respectively. Besides, the time-delays oc-
curred in the wireless transmitting from the server computer to
the CLMR and from the CLMR to the server computer is defined
as 7, and 7,4, respectively. Because the time-delays of the pro-
posed controller and the CLMR are smaller than the delay in
the data network or wireless transmitting, these delays are ig-
nored. One factor of interest in this paper is the selection of the
sampling time A for the proposed control system. The following
criterion: h > T3 > Tes + Toe + Tor + Trs 1S used to ensure the
QoS of the Internet network and wireless module. Together with
a smaller gain for a larger sampling time, the scaling factors and
coefficient of the sliding surface for FDSMC are adjusted to ob-
tain a satisfactory performance [5], [6].

The CLMR with two wheels driving system is depicted in
Fig. 2. The rear wheels are fixed parallel to the car chassis; the
single front wheel can turn to the right or left. The kinematic
constraint of a nonholonomic mobile robot is described as fol-
lows (cf. [18]-[22]):

—&(t)sino(t) + y(t) coso(t) = 0. @)

v

Fig. 2. Kinematic model of a CLMR.

The velocity parameters of the CLMR are expressed as
follows:

v tan(g)
: 2

where (x,,y,) denotes the position of the rear-wheel center
of the CLMR, o (t) is the angle between the orientation of the
CLMR and the X -direction, ¢ is the orientation of the steering
wheel with respect to the frame of the CLMR (i.e., steering
angle), v denotes the speed of the longitude (i.e., forward—back-
ward velocity), and [ is the wheelbase of the CLMR. Similarly,
the kinematics model of the front-wheel of the CLMR is given
as follows:

Zr(t) =wvcos(o),y,(t) = vsin(o), and 6(t) =

v tan(¢)

l 3)
Equation (2) of (3) is applied to calculate a planning trajectory.
A real trajectory of the CLMR is detected by a CCD camera (see
Fig. 4).

The realization of a CLMR is depicted in Fig. 3 including
two servo DC motors with one pulsewidth modulation (PWM)
driver, one microprocessor, one wireless module, and some
mechanisms. Front wheel and rear wheel are individually
driven by the same permanent magnet DC motor. Table I shows
the basic specifications of the CLMR. The corresponding
specifications of the DC motor and PWM driver are described
as follows.

1) Motor (A-max 32 motor from the Maxon Company):
graphite brushes, 20 W, no load speed 6420 rpm, max-
imum continuous torque 0.0473 Nm, maximum con-
tinuous current 1.35 A, torque constant 0.0351 Nm/A,
mechanical time constant 0.014 s, rotor inertia 43 g.ch,
length 61.5 mm, and mass 242 g.

2) Gear box (GP-32C from Maxon): gear ratio 51:1 (front
wheel) and 36:1 (rear wheel), maximum permissible radial
load (12 mm from flange) 140 N, maximum continuous
torque at gear output 6 Nm, maximum efficiency 70%,
mass inertia 0.7 g.cm?, length 43 mm, and weight 194 g.

3) Digital encoder: 2 + 1 index channel, 500 counts per turn,
maximum operating frequency 100 kHz, length 18.3 mm,
and weight 90 g.

Z¢(t) =wvcos(o),yr(t) = vsin(o), and o(t) =
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Fig. 3. Realization of the CLMR.

4) Driver (L298): an integrated monolithic circuit in a 15-lead
multiwatt, and PowerSO20 package, high voltage (up to 46
volt), high current (up to 4 A), and dual full-bridge driver.

The core of the CLMR is the digital signal processing (DSP)
of TMS320LF2407. Its hardware includes general purpose (GP)
timers, analog/digital converter (ADC), full-compare/PWM
units, capture units, quadrature-enecoders pulse (QEP), series
port (e.g., series communication interface (SCI), series periph-
eral interface (SPI), control array network (CAN), and interface
of joint test action group (JTAG).

The SST-2450 is a spread-spectrum radio modem control-
ling an RS-232/RS-485 interface port. It is used for data ac-
quisition and transmission between the server computer and the
CLMR. Its operating frequency range is between 2410.496 and
2471.936 MHz.

The image system to detect the response of trajectory is in-
troduced as follows. The interpolation method to obtain world
coordinate (OXY") from image coordinate (O; X;Y;) is used in
this paper. This is a real-world plane grabbed by CCD with the
coordinate (O.X.Y.); the point (320,480) pixel on the image
plane is defined as (0, 0) cm on the world coordinate. Because a
CCD is not faced squarely to a plane in the world coordinate, an
image of a plane in the world coordinate becomes a trapezium
(the length of upper side and lower side is 2250 and 1450 mm,

Fig. 4. Definition of various coordinates.

TABLE 1
BASIC SPECIFICATIONS OF THE CLMR
Length 38.7cm
Car-Like Width 29.5¢cm
Mobile Robot | Height 15¢cm
Weight 5.5 kg
Front- and Diameter 12.7cm
Rear-Wheel Thickness 4em
Wheelbase | 25.5¢m

respectively, and the depth is 3300 mm). Due to the distortion of
the image plane, a straight line on the image plane is shown as
an oblique line in the world coordinate. Similarly, a straight line
in the world coordinate becomes an oblique line on the image
plane (see Fig. 4).

B. Problem Formulation

The above section has described various hardware of the ex-
perimental setup. The software in this paper contains: 1) the
code composer for editing and downloading the control pro-
gram to DSP; 2) the FDSMC algorithm in DSP written by C
language; and 3) various programs for (a) the transmission of
a reference trajectory from PC to DSP; (b) the generation of a
PWM signal; (c) image processing; and (d) the decode of the
position of the motor. Then, two DC servo motors for the front
wheel and real wheel of the CLMR are controlled by the indi-
vidual FSMC. It is so-called FDSMC. Although two DC motors
are successfully controlled by FDSMC, the weight of CLMR is
much larger than that of the DC motor and the dynamics of the
CLMR is different from that of the DC motor. In this situation,
the dynamics of two DC motors is subjected to unmodeled dy-
namics. Fortunately, the FDSMC possesses strong robustness to
cope with this situation. The comparisons between the FDSMC
and proportional-integral-derivative (PID) control are also given
in Figs. 7-14.

Due to the transmission of control input and system output
via the Internet network and the wireless module, the delay fea-
ture of the signal occurs. Based on the previous studies [1]-[6],
the feedback control in the face of time-delay always results
in a limit on the achievable bandwidth and allowed maximum
gain. Under these circumstances, the scaling factor and the co-
efficients of the sliding surface should be revised according to
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different conditions so that the system response can be compen-
sated without the risk of instability.

Finally, the main subject of this study is to investigate a
network-based control of CLMR. As one knows, an Internet
network possesses a random time-delay; the instability of the
closed-loop system through an Internet network often occurs.
Because the wireless module also possesses a delay charac-
teristic, the NBFDSMC for a CLMR becomes a challenging
problem. The stability of the closed-loop system with the sub-
jection of small time-varying delay is also investigated. Under
some suitable conditions, the uniformly ultimately bounded
tracking result can be assured. Three categories of experiments
are implemented in this paper: 1) a microprocessor-based
FDSMC of CLMR,; 2) a PC wireless module-based FDSMC of
CLMR; and 3) an Internet network and wireless module-based
FDSMC (or NBFDSMC) of CLMR. Moreover, different sam-
pling times for the closed-loop system are adopted to ensure
the QoS. Together with a smaller gain for a larger sampling
time, a sequence of experiments is employed to examine their
corresponding responses.

III. Fuzzy DECENTRALIZED SLIDING-MODE CONTROL
(FDSMC)

Consider the following CLMR (see, e.g., [23]):

A(0)6(t) + B(0,8) + C(0) + N(t) = DU(t) 4)

where 0(t) € R? is the angle of the CLMR, A(f) € R?*2
denotes the inertia matrix of positive definite for any
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Fig. 7. The responses of NBFDSMC (—) and PID control (— — —) of front
wheel for different desired steering angles (- - -) and different ..

0(t), B(9,0) € R? comprises the centrifugal, Coriolis torques,
C(f#) € R? denotes the gravitational torque, N () denotes a
nonlinear time-varying uncertainty, D € R2*2 represents the
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Fig. 8. The responses of NBFDSMC (—) and PID control (— — —) of rear
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control gain, and U(t) € R? is the control torque. It is assumed
that the dynamics of (4) is unknown. However, the upper bound
of function from (4) is supposed to be known.

(Desired) steering angle (degree)
e

30} 4
35} . i
40} i

Time(sec)
(a) (Desired) steering angle.

70 . : : - : : : : - : .

61.261"],"“‘ gt o 4
Q ! Y j{
£
S 50 4
2>
‘S
o
3] 40 -
kel
©
2 sof .
3
t 20
@ y- -
g
S
3 10+ -
2
a ok

.10- ol
1 1 1 1 1 1L 1 L 1 1

Time(sec)
(b) (Desired) forward-backward velocity.
Fig. 9. The responses of trajectory tracking of case 1 for desired steering angle

(---) and desired forward—backward velocity (- - -) in the unloaded condition
using NBFDSMC (—) and PID control (———).

The NBFDSMC includes two parallel NBFSMCs (cf. Fig. 5),
and it has two sliding surfaces shown as follows:

S(t)=GE(t), G =[Gy G:], E(t)=[Ef(t) EIt)]"
(5)

where S(t) € R?, G; = diag(g1i;) > 0, Gy = diag(g2:;) >

0 € R2*2, 4 = 1, 2 are the coefficients of sliding surface, and

Ey(t) = 0,(t) — 0(t), Ex(t) = Ex(t) (6)

where HT(t% c N2
[e1(t)ea(t)]”, and Eo(t) =
(6), it leads to

is a reference trajectory, Fi(t) =
[es(t)ea(t)]”. From (4) and

Ea(t) = 6,.(1)— A~1(9) {DU(t) — B(6,6) - C(0) — N(t)} .
@)

The output of the NBFDSMC is designed as follows:
U(t) = GBU(t) =G3 [GET (t) + Asgn(GE‘r)]
=G5 [S(t) + Asgn(S,)] ®)
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Fig. 10. Theresponses of trajectory tracking of case 1 for desired steering angle

(- ) and desired forward—backward velocity (- - -) using NBFDSMC (—) and
PID control (———).

where S, (t) = S(t—7(t)), E-(t) = E(t—7(t)), 7(t) denotes a
time-varying delay with an upper bound 7,,, which is caused by
the transmission delay of the signal through the Internet network

(Desired) steering angle (degree)

Time(sec)
(a) (Desired) steering angle.
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Fig. 11. Theresponses of trajectory tracking of case 2 for desired steering angle
(---) and desired forward-backward velocity (- - -) in the unloaded condition
using NBFDSMC (—) and PID control (———).

and wireless module, G'3 = diag(gsi;) > 0 € R**? is the
output scaling factor, U(t) is the fuzzy variable of U(t), and
A = diag(6;;) > 0 € R2*2 It is assumed that

{anrdar [ (1) + Nil} for i —

i > =12 9
g3 (Gombir) ©)]

where A\; > 0, go,, = )\min{GQ}’ an = )\max{A(e)}’ dyv =
Amax{D}, fi(t) is the ith element of the following matrix:

F(t) =G, [ér(t) - é(t)]
4G {ér(t)+A‘1(9) [B(e, 9‘)+0(9)+N(t)—DG357(t)] } .
(10)

Before discussing the NBFDSMC in Theorem 1, the fol-
lowing definition about uniformly ultimately bounded (UUB)
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and the result of a bounded-input-bounded-output for a linear
stable system are described.

Definition 1 [24]: The solutions of a dynamic system are said
to be UUB if there exist positive constants v and «, and for every
6 € (0,k) there is a positive constant ' = T'(§), such that
(o)l < 6 = [la(®)|| < v,V > to+T.

Lemma 1 [25]: Consider a linear stable system é(¢) +
cie(t) = s(t), where ¢4 > 0 and |s(t)] < aVt. Then,
le(t)| < a/ci and |é(t)] < 2 as t — oo.

Theorem 1: Applying the NBFDSMC (8) to the unknown
system (4) with the satisfaction of condition (9) gives that
{S(t),U(t)} are UUB and a finite time [see (17)] reaches a
convex set of the sliding surface

Q={SOIIS@I < es(u),
with the possibility sgn (S) # sgn(S-)} (11)
where ¢,(7,) is a positive constant dependent on the upper
bound of time-varying delay ||S(¢o)|| > cs(7u), and ¢o denotes
an initial time. If 7(¢) = 0, i.e., ¢s(7) = 0, then E(t) — 0 as
t — oo.
Proof: Define the following Lyapunov function:

T
V(t) = w >0, as S(¢) # 0. (12)

Taking the time derivative of (12) gives
V(t) = ST(t)S(t). (13)

Substituting (6) and (7) into (13) gives

V(t) = ST(t){G1 [ér(t) - '9(t)]

Gy [Hr(t)—i—A_l(e) (B(e,é)+c<a)+N(t)—DU(t))} }
(14)
Substituting (8) and (10) into (14) yields
V(o) =57(0{ G [8.(0) - 600
+ Gy [ér(t) + A7) (B(a, 0) + C(0) + N(t))] }

— ST(1)G2A™H () DG [S-(t) + Asgn(S,)]
=ST(t)F(t) — ST(t)G2 A 1 (0)DG3 A sgn (S)

— ST(t)G2 A7 (0)DG3Asgn(S;) —sgn(S)]. (15)

If the sliding surface is outside of the convex set 2, i.e.,
IS(®)]] > cs(7u), then sgn(S) = sgn(S;). Substituting this
fact into (15) and using the result G A=(§) D > 0, yields

Vo) < ISONY { o] - 2t |

—IS@ ZA < =AISOI = -Av2v(E)  (16)

A

where A = 121,122 (Ai)- Then, the solution of the inequality (16)

for the initial time #, and the initial value S(%,) is expressed as
follows:

[IS(to)[| — cs]

where ¢ denotes the time the operating point hits the boundary
of the convex set of the sliding surface (11), and ¢ — ¢y denotes
the finite time to approach the convex set. Once the operating
point reaches the convex set, the tracking error is bounded. From
(5) and (8), {S(t),U(t)} are then UUB. Based on Lemma I,
lei(t)| < es(Tu)/(91ii/ 92ii) and |éi(t)] < 2¢5(mu), i = 1,2
ast — oo. If 7(¢) = 0, then ¢5(7,) = 0 and the asymptotical
tracking is obtained. Q.E.D.

Remark 1: 1If the operating point is outside of the convex set
(11) and the inequality (9) is not satisfied, a larger convex set of
sliding surface as compared with (11) can exist such that a finite
time reaches this convex set and the sequences {S(t), U(t)} are
UUB. For simplicity, the detail is omitted.

Remark 2: From (14), it is assumed that $;(¢) increases as
u;(t) = g3:u;(t) decreases, and if s;(¢) > 0, then increasing
u;(t) will result in decreasing s;(%)3;(¢) and if s;(¢) < 0, then
decreasing w;(t) will result in decreasing s;(¢)$;(t). That is, the
control input u;(t) is designed in an attempt to satisfy the in-
equality s;(t)$;(¢t) < 0.

Remark 3: In the beginning, the fuzzy variable is quantized
into the following seven qualitative fuzzy variables: 1) posi-
tive big (PB); 2) positive medium (PM); 3) positive small (PS);
4) zero (ZE); 5) negative small (NS); 6) negative medium (NM);
and 7) negative big (NB). The inputs of fuzzy variable are de-
fined as follows: 5;(t) = gs::(t) and §7(t) = ¢z 5i(t), where
Gy = diag{gs11, gs2o} and G4 :.diag{gén./gén} are applied
to normalize the values 5;(¢) and s;(¢) into the interval [—1, 1].
There are many types of membership functions, some of which
are bell shaped, trapezoidal shaped, and triangular shaped, etc.
For simplicity, the triangular type in Fig. 6 is used in this applica-
tion. The linguistic rule of the :th FDSMC is shown in Table II
by which the center of gravity method is employed to form a
look-up table in Table III that directly relates the inputs 5;(¢)
and 5,(t) with the output ; (). In summary, the control actions
of the diagonal terms in Table III are ZE. This arrangement is
similar to a variable structure controller that has a switching sur-
face. In addition, the control actions of the upper triangle terms
are from NS to NB, and those of the lower triangle terms are
from PS to PB. It is skew-symmetric.

Based on the system stability (9), the output scaling factor
G3 is chosen. Hence, the real control input U(t) = G3U(t)
is obtained to drive the two motors. A larger output scaling
factor is set, a smaller tracking error and a faster response are
achieved; however, the risk of transient (or unstable) response
occurs. Then, a saturation of control input will result in an insta-
bility of the closed-loop system. Hence, an appropriate output
scaling factor is very important such that the robust performance
is accomplished.

t— (17)

IV. EXPERIMENTAL RESULTS

In this section, the experiments are divided into two main
parts: 1) the closed-loop response of the unloaded CLMR (i.e.,

Authorized licensed use limited to: Tamkang Univ.. Downloaded on March 27,2023 at 03:28:55 UTC from IEEE Xplore. Restrictions apply.



HWANG et al.: NETWORK-BASED FUZZY DECENTRALIZED SLIDING-MODE CONTROL FOR CAR-LIKE MOBILE ROBOTS 581

250

Start point

200

150

Y (cm)

100

50 E

-100 -50 0 50
X(cm)

(a) Planning and real trajectory.

(Desired) steering angle (degree)

Time(sec)
(b) (Desired) steering angle.

75

61.261 {1\

50

40

30

20

(Desired) forward-backward velocity (cm/s)

Time(sec)
(c) (Desired) forward-backward velocity.

Fig. 12. Theresponses of trajectory tracking of case 2 for desired steering angle
(- ) and desired forward—backward velocity (- - -) using NBFDSMC (—) and
PID control (———).

the wheels of CLMR do not make contact with the ground to
proceed the control of two motors) and 2) the trajectory tracking
of curve “S ” for the CLMR. The comparisons between the pro-
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Fig. 13. Theresponses of trajectory tracking of case 3 for desired steering angle
(---) and desired forward-backward velocity (- - -) in the unloaded condition
using NBFDSMC (—) and PID control (———).

posed control and PID control are also given to consolidate the
usefulness of the proposed method.

A. Closed-Loop Response of the Unloaded CLMR

In this subsection, there are three cases: 1) the control input
is produced only by the microprocessor on the CLMR without
wireless and network transmitting; 2) the control input is calcu-
lated by a server computer, and then transmitted to the CLMR
by a wireless module; and 3) the control input is calculated in
the client computer and transmitted by an Internet network and
a wireless module to the CLMR. The discrete form of PID con-
trol is described as follows (cf. [26]):

h T,
uprn(k) = Kype(k) + 37 e(k) + K7 [e(k) = (= 1)]
(18)
where K, K;, and K, denote the gains of proportional, inte-
gral, and derivative control, respectively. In this paper, the sym-
bols for the signal to be tracked (or planning trajectory), the re-
sponse of the proposed control, and the response of PID control
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Fig. 14. Theresponses of trajectory tracking of case 3 for desired steering angle
(- - -) and desired forward-backward velocity (- - -) using NBFDSMC (—) and
PID control (———).

are denoted by the dot line (- - -), solid line (—), and dash line
(— — —), respectively. Because the subsystem of the steering
angle is a type one system, its proposed control input is the

TABLE II
RULE TABLE OF THE :TH FDSMC

‘| PB PM PS ZE NS NM | NB

NB ZE NS
NM PS ZE NS

NM NB NB NB NB
NM NB NB NB
NS PM PS ZE NS NM NB NB
ZE PB PM PS ZE NS NM NB
PS PB PB PM PS ZE NS NM
PM PB PB PB PM PS ZE NS
PB PB PB PB PB PM PS ZE

TABLE III
LOOK-UP TABLE OF THE ¢TH FSDMC

©

)

-1.0| 00 | -02|-04]-061|-07|-08|-09 |-095|-1.0]| -1.0 | -1.0
0802100 |-02]|-04)|-06]|-07|-08]-09-095|-1.0|-1.0
06| 04 | 02|00 |-02|-04]|-06|-07]|-08]|-09/|-095|-1.0
041 06| 04 02|00 |-02]|-04]|-06]|-07]-08]-09/|-095
02107 ] 06 | 04 | 02100 )|-02|-04]-06]-07]-08/|-09
0 08 107 |06 | 04| 02]|00/|-02]-04]-06]-07]|-08
0210908 |07 |06 0402100/ -02]-04]-06]|-07
04 109509 | 08 |07 |06 | 04|02 00]-02]-04]-06
06 | 1.0 | 095] 09 | 08 | 0.7 | 06 | 04 | 02 | 0.0 | -02 | -0.4
08 | 1.0 | 1.0 | 095 | 09 | 08 | 0.7 | 0.6 | 04 | 02 | 0.0 | -0.2
1.0 | 1.0 | 1.0 | 1.0 |095| 09 | 08 | 0.7 | 0.6 | 04 | 0.2 | 0.0

output of the fuzzy table (i.e., Table IIT) multiplied by an output
scaling factor gsi1, i.e., an absolute control. On the contrary,
the second subsystem is the forward—backward velocity control
system, i.e., a type zero system. To eliminate the steady-state
error, an integrator is used for the output of the fuzzy table (i.e.,
Table III) multiplied by an output scaling factor, i.e., an incre-
mental control Aus (k) = uz(k)—u2(k—1) (see, e.g., [26]). Al-
ternatively, the second subsystem is thought as a forward—back-
ward velocity control system with an integrator.

To ensure the QoS, different appropriate sampling times for
three cases are determined by experiments. In case 1, the sam-
pling period h = 0.01 s is selected. In the beginning, the co-
efficients for the two sliding surfaces are chosen as follows:
gi11 = 1380, g211 = 6, g122 = 109.3, and ga22 = 0.475.
The scaling factors of the FSMC for the front wheel are set as
gsi1 = G211, gs11 = 00, and g311 = 10. The corresponding
step responses are shown in Fig. 7(a). The scaling factors of the
FSMC for the rear wheel are chosen as gs00 = g222, gs22 = 50,
and gs22 = 2. The relative step responses are presented in
Fig. 8(a). Similarly, the scaling factors and the coefficients of
the sliding surface for case 1 with h = 0.005 s is described in
Table IV. For brevity, theses step responses are omitted. In case
2, the sampling period A~ = 0.035 and 0.06 s are chosen. The
other selections of the scaling factors (i.e., gs;; and g4, 2 = 1,
2) and the coefficients of sliding surface (i.e., g1;; and go4;,
1 = 1, 2) for the front wheel and rear wheel are also depicted
in Table IV; however, g311 and gs22 do not change. The step re-
sponses of the front wheel and rear wheel for case 2 are shown
in Figs. 7(b) and (c), and 8(b) and (c), respectively. Finally, the
sampling period » = 0.08,0.1,0.12, and 0.14 s for case 3 are
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TABLE 1V
SCALING FACTORS AND COEFFICIENTS OF SLIDING SURFACE OF NBFDSMC AND PARAMETERS OF PID CONTROL FOR DIFFERENT SAMPLING TIMES

Front-wheel (1 subsystem) Rear-wheel (2™ subsystem)
h(ms) NBFSMC1 PID control Fig. NBFSM(C2 PID control Fig.
& | & g | & | Koo | K | Kay 8122 | &2 gn | & | Kp2 | Kiz | Kaz
= &1 =822

5 13220 7 9 | 10 138 0.3 100 | 2 -
10 [1380| 6 45 | 10 [20.5] 1.8 ] 0.55 | 7(a) | 109.3 | 0.475 | 50 2 6.5 |85.0 0.06 | 8(a)

20 | SI18 | 45 (225 10 863 | 0.75 | 25 2 -
35 [ 233 ] 355 |129| 10 |92 | 13| 03 |7(b)| 592 | 09 |143| 2 3.5 | 48.00.035 | 8(b)

40 | 167 | 29 [11.3] 10 57.5 1 125] 2 -

50 | 115 | 25 9 10 50.6 1.1 10 2 -
60 96 25 [ 75 ] 10 | 45 08| 0.18 |7(c) | 422 1.1 83 2 2.5 [38.0| 0.03 | 8(c)

70 62 19 | 64 | 10 36.1 | 1.15 | 7.1 2 -
80 49 1.7 |56 | 10 | 42 | 06| 0.14 |7(d)| 33.1 | 1.15 | 63 2 2.0 {24.0| 0.03 | 8(d)

90 40 | 1.55 5 10 303 | LIS | 5.6 2 -
100 | 33 145 | 45| 10 | 3.6 | 04| 0.12 | 7(e) | 27.6 1.2 5 2 1.6 [16.0| 0.03 | 8(e)

110 | 28 | 1.325 | 41 | 10 25.1 1.2 45 2 -
120 | 24 | 125 | 3.8 | 10 | 3.0 | 0.2 | 0.09 | 7(f) | 23.0 1.2 42 | 2 1.4 | 11.5|0.025 | 8(f)

130 | 21 | 1.175 | 3.5 | 10 21.2 1.2 3.8 2 -
140 | 18 1.1 |32 ] 10 | 26 |02 0.08|7(g) | 19.7 1.2 36 | 2 1.2 | 85 |0.025|8(g)

150 | 15 1 3 10 18.4 1.2 33 2 -

addressed (cf. Table IV). The corresponding step responses of
the front wheel and rear wheel are depicted in Figs. 7(d)—(g)
and 8(d)—(g), respectively. Similarly, the other scaling factors
and the coefficients of the sliding surface of FSMC for different
sampling times are also given in Table IV. Their relative step
responses are similar with Figs. 7 and 8; for simplicity, those
figures are left over. Furthermore, the parameters of PID con-
trol for Figs. 7 and 8 are expressed in Table IV.

From (5) and (6), the solution of tracking error is given as
follows:

eq’,(t) = 67;(0)@_91iit/92u
t o910 (t—7)/g2:i $; (’T’)dT
+
0 92ii

i=1,2. (19)

From Table IV, g111/g211 is smaller as h is larger; then from
(19), the convergent rate of e;(t) becomes smaller (see Fig. 7).
However, g31; = 10 is large enough to drive the operating point
to the sliding surface. In short, the bandwidth of the first sub-
system becomes lower as the sampling time is larger. For the
second subsystem, g122/g200 is also smaller when h is larger;
the convergent rate of e5(t) is smaller, and then the incremental
control Aus (k) becomes smaller as h is larger. It implies that
the convergent speed to the sliding surface becomes slower as a
larger sampling time is used. Briefly, the larger sampling time
is chosen, the system bandwidth becomes smaller. Because the
first and second subsystems, respectively, possess an absolute
control and an incremental control, gz11 = 10 > g390 = 2.
In addition, the value of g311 and g3o22 should not be too large

to prevent a chattering (or transient) response. Then, a possi-
bility of saturated control input results in an instability of the
closed-loop system.

As compared with the results of the proposed control and
PID control, the responses of the steering angle for the proposed
control are only a little better than that of PID control. On the
contrary, the responses of the forward—backward velocity con-
trol for the proposed control are better than that of PID control.
Based on our experimental results, merely using a PID control
cannot obtain an acceptable performance, as shown in Figs. 7
and 8. However, an addition of derivative control much im-
proves the system performance. In short, the corresponding ex-
perimental results are better than that of previous studies using
PID control (e.g., [5] and [6]). More importantly, the fact that
the robustness of the proposed control is superior to that of PID
control is confirmed by the trajectory tracking of curve “S” in
the next subsection.

B. Trajectory Tracking of Curve “S” for the CLMR

Based on the results of Section IV-A, the trajectories tracking
three of the above-mentioned cases for the proposed control
and PID control are presented in Figs. 9—14. The scaling fac-
tors and coefficients of the sliding surface for the proposed con-
trol or the parameters of PID control for the unloaded and tra-
jectory tracking of CLMR are the same compare with their ro-
bustness. In the experiment, a planning trajectory is obtained
from the kinematic model of the CLMR (2). The corresponding
real trajectory is achieved by one CCD suspended in a height of
2245 mm (see Fig. 4 for the details). Comparing the results in
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Figs. 10(a), 12(a), and 14(a), verifies that the performance and
robustness of the proposed control are superior to that of the PID
control.

If a complex planning trajectory is assigned, a better tracking
result needs a smaller sampling time to obtain an acceptable
bandwidth for the proposed control system. In other words, a
shorter sampling time for the proposed network-based control
system can track a planning trajectory with higher frequency.

V. CONCLUSION

In this paper, the NBFDSMC for a CLMR is developed. The
characteristics of the NBFDSMC for the CLMR are summary
as follows.

1) No mathematical model for the little known network-based
CLMR is required for the controller design. From the very
beginning, the values of G; and G5 are chosen to stabilize
the sliding surface with the appropriate dynamics.

2) Only the input—output data pairs are required and the in-
formation of the upper bound of system knowledge (e.g.,
the dynamics of the CLMR, the delay feature of a data net-
work, and wireless module) are needed for the selection of
suitable scaling factors.

3) The scaling factors of the proposed control system are
adjusted based on the principle: “a larger sampling time
using a smaller convergent rate of the operating point” (see
Table IV).

4) One interesting factor for the network-based control is the
sampling time h. The following criterion h > 74 > 7.5 +
Tse + Tsr + Trs 18 applied to guarantee the QoS.

5) A larger sampling time implies that an achievable band-
width of the control system is limited (see Figs. 7 and 8).

6) The stability of the closed-loop system in the presence of
small time-varying delay is also addressed. There is an
upper bound for the stability of the closed-loop system.

7) The robust performance of the proposed control is much
better than that of previous studies (e.g., [5] and [6]).
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