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In this paper, an adaptive B-splined-based fuzzy sliding mode control (ABFSM) is presented to the appli-
cation of auto-warehousing crane motion control. The ABFSM comprises an adaptive fuzzy identification
controller (AFIC) and a B-spline-based compensation controller (BCC). The AFIC is designed to approx-
imate the ideal controller of a crane system. To alleviate the load of fuzzy rule base construction,
only the information from the sliding surface is used as the input of AFIC such that the conciseness
and translucency of the control system can be upgraded. On the other hand, the BCC aims to compensate

fg{a”:t(i)\rriséontrol the approximation error of the AFIC. With the introduction of the B-spline function, the boundary of
B-spine the approximation error can be represented by means of polynomial mapping. Thus, the design of the

compensation controller can be achieved based on the characteristics of the B-spline function. In this
paper, the objective of the ABFSM is to track the distance-speed reference trajectory of the crane control
system. With the tuning law of the AFIC and the BCC, the stability can also be guaranteed by means
of Lyapunov function. To validate the performance of the proposed approach, the ABFSM is applied to
auto-warehousing crane motion control under various conditions for X, y, and z directions, respectively.
From the simulation the advantages of the proposed ABFSM are demonstrated, where the capability
to handle the uncertainty with efficiency is verified.
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Lyapunov theorem
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1. Introduction

Owing to its capability to transform engineering experience
into applicable control strategy, extensive real-world applications
of fuzzy logic have been witnessed [1,2,9,14,17,20,23,25,28]. The
key element of fuzzy logic control is that the dynamics of the
ill-defined controlled system can be approximated to a certain
level by fuzzy reasoning. Based on the linguistic “IF A THEN B”
description, the semantic rule reasoning demonstrates a supe-
rior ability than that of the conventional control theory when
inaccurate mathematical modeling is encountered. The charac-
teristics of soft-computation also provide the robustness to operate
within a wide range of conditions when the internal imperfection
and external disturbances are considered in the applications.
For industrial approaches, fuzzy controller design is usually per-
formed through empirical experience to define the rule base [1,12].
To attain system automation, the extensions of fuzzy controllers
by introducing other techniques have aroused much interest and
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became the emerging topics in the field of control engineering
[4,5,10,22,24,26,27,29,32,33,34].

With the advantages of great capacity, high efficiency, comput-
erized operation, and real-time inventory, auto-warehousing crane
system is widely used in industrial applications for storing and
accessing heavy cargoes [3,8,12]. The auto-warehousing crane sys-
tem can move in x, ¥, z directions, where the positioning accuracy
has been challenging since the system is required to operate under
different working conditions such as moving distance and weight of
load. Moreover, the estimation of the exact friction model along
each direction is also important in order to achieve accurate
positioning. Therefore, identifying real-world auto-warehousing
system is a complex task and extracting the knowledge from the
real-world applications is laborious and time-consuming.

To achieve control robustness, sliding mode control has been
suggested to be good approach for its advantages of uncertainty
accommodation and real-time implementation [6,16,18,22,31,35].
However, the unfavorable chattering phenomenon is also intro-
duced by the conventional sliding mode control approaches. To
mitigate the adverse phenomenon, the saturation function was
proposed but the stability cannot be guaranteed. An approxima-
tion error bound estimation mechanism was proposed so that
the chattering phenomenon of the control effort can be improved
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Table 1

Specifications for motion control of crane in x, y, and z directions.
Axis Acceleration Deceleration Maximum Creep Speed Force Positioning

(m/s?) (m/s?) Speed (m/s) (m/s) Limitation Accuracy (m)
(Newton)

X 0.5 0.5 3 0.1 —8500 to 8500 less than 0.005
Y 0.2 0.2 2/3 0.1 0-50500 less than 0.005
Z 0.5 0.5 0.5 0.1 —1500 to 1500 less than 0.002

[10,13-15,30]. However, the adaptive law for estimating the error
bound makes the bound approach infinity if the main controller
is ill-designed. Regarding the adaptive control approaches with
the robust control compensation technique [13,29], the perfor-
mance is subject to the predetermined attenuation level. If an
inappropriate attenuation level is given, the control effort may
lead to undesirable large which is difficult to implement.

The study of B-spline functions has been an emerging topic in
engineering field due to its simplicity in implementation [7,11,19].
Based on the manipulation of the control points, the B-spline func-
tion can be defined and programmed in a recurrent way, and the
input space can be partitioned into sub-domains with B-spline basis
functions. With the advantage of piecewise polynomial mapping,
the B-spline-based approaches were applied as an alternative
design of fuzzy control systems or artificial neural networks,
where the B-spline functions are used as the membership func-
tions or hidden nodes. By incorporating with other learning
algorithms, the B-spline-based concept can be used as a pow-
erful tool for curve-fitting, system identification, and control
problems [7,19].

In this paper, an adaptive B-splined-based fuzzy sliding mode
control (ABFSM) is presented for auto-warehousing crane motion
control. The proposed approach aims to free the burden of
model-based design by introducing fuzzy-logic-based control
and a novel control compensater. The proposed ABFSM comprises
an adaptive fuzzy identification controller (AFIC) and a B-spline-
based compensation controller (BCC). The AFIC is exploited to
approximate the ideal controller for the crane system. To allevi-
ate the requirement of fuzzy rule construction, in this paper,
only the information from the sliding surface is exploited as the
input signal of AFIC such that the conciseness and translucency
of the control system can be upgraded. On the other hand, to avoid
the shortcoming of the chattering of the sliding mode control, the
BCCis exploited to compensate the approximation error of the AFIC.
With the introduction of the B-spline function, the boundary of
approximation error can be represented by means of polyno-
mial mapping. The proposed BCC provides a moderate way to
compensate the performance of the AFIC when the boundary of
approximation error is unavailable in advance. Moreover, with
the adoption of B-spline concept, the function of the compensation
controller can be easily undertaken by a microprocessor, where
the function can be defined in a recurrent way based on the
given knot vector. Thus, the design of the compensation con-
troller can be easily implemented. In this paper, with the tuning
law of the AFIC and the BCC, the objective of the ABFSM is to track
the distance-speed reference trajectory of the warehousing crane
system while the stability of closed-loop control system can also
be guaranteed by the means of Lyapunov function. To validate the
performance of the proposed approach, the ABFSM is applied to the
auto-warehousing crane motion control under various loading con-
ditions in x, ¥, and z direction, respectively. Simulation is conducted
to demonstrate the advantages of the proposed ABFSM, where the
capability to handle the uncertainty with efficiency is verified. This
paper is organized as follows. In section 2, the dynamics of the
auto-warehousing crane system and the design of distance-speed
reference curve are given. In section 3, the designs of the AFIC and

Table 2
Parameters of reference curve.

Axis  Minimum Spax-speed (M)  Deceleration (m)  Maximum Speed (m/s)
X 0.3 0.2 0.013
y 0.2 0.2 upward  downward
0.002 0.005
z 0.2 0.2 0.002
Table 3
Parameters for the crane motion equations in x, y, and z directions.
Axis X y z
Crane mass loaded 1.5x10%kg  5x10°kg 2x10° kg
unloaded 1.35x10%kg 3.5x10°kg 5 x 10%kg
Friction Coefficient o 0.03 none 0.03
oy 0.001 none 0.001
Time constantty 0.1s 0.07s 0.05s
Braking constantCpyge i 5x10° 3.5x10° 2x10°

BCCare given. In section 4, the design of the ABFSM and the stability
analysis are represented. In section 5, to investigate the capabilities
of the proposed approach, the ABFSM is applied to the crane system
control with different working conditions. Finally, the conclusion
is given in section 6.

2. Design of the auto-warehousing crane system
2.1. Motion equations of the crane system

In this subsection, the dynamics of the auto-warehousing crane
system of the x, y and z directions, and the specifications are given
in Tables 1-3, are discussed [ 12]. The motion equations of the crane
system of the x, ¥, and z directions are described below.

1) For the x and z directions, the motion equations are given as
follows:

My Sk(t) = Finpue k(t) — N, (1)
My Si(t) = Forake k (2)

where k=x and z. The parameter m,, is the mass of crane, S(t)is
the distance of crane to the start position at time t, Fypy k(t) is the
control input to the crane system with the consideration of delay of
mechanical transmission, «, is the coefficient of friction, which can
be given with the coefficient of static friction a5  when Se(t)=0or
with the coefficient of dynamic friction ag ; when Sy(t) > 0. N, =
gmy = 9.81my is the normal force. Fyp, kis the braking force when
the brake is activated. In this paper, the time delay of mechanical
transmission is assumed as a time constant and the control inputs
are regulated as

Finut 6) = [Fupcat = 1) = (6)] exp () + (o) 3)

where T, = 0.025 s is the sampling time, 7} is the time constant
of delay, and u,(t) is the control input of the controller. In (3), the
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Fig. 1. Distance-speed reference curve for k direction (k=x, y and z).

braking force can be regarded as a resisting force that decreases
exponentially with speed, which is expressed as

ds,(t) 1.5
Fbrake,k = *Cbrake,k( L{;t )

(4)

where Cpyqie i is the constant of braking force for the k direction.

2) For the y direction, the motion equations can be divided into
the upward motion and the downward motion, which are
given as follows:

Finput,y(t) —myg — Ffriction’ Whe"Finput,y(t) > myg + an’ctian (upward motion)

lny§y(t): input,y([)’mngr(Ffriction)’ Whe"Finput,y(t)>0‘94my (downward motion) (5)

Fprake,y = My8: otherwise

—T.
Finput,y(t): [Finput,y(t - 1)_Faccumulated(t)] exp( ?ys) + Faccumulated(t)
(6)

Faccumulated,y(t) = Faccumulated,y(t - ]) + uy(t) (7)

where my is the mass of crane in the y direction and Ffcrion iS
the friction force, which is considered as a constant of 50N. In y-
directional motion control, the controller takes over from the brake
system when the input force to the crane overcomes the gravity and
friction force for upward motion. For downward motion, it takes
over when the input force is larger than 0.94m, to prevent the
crane from falling due to gravity. Otherwise, the brake is always
applied on the crane to keep it motionless. The braking force in the
y direction is expressed as follow

myg8(Sy(t)) — Cprake,ySy>(t)(upward motion)
Fbrake,y = . A (8)
Myg + Chrake,ySy>(t) (downward motion)

where

) 1, when $,(t)=0
8(Sy(1)) = _ 9)
0, otherwise

and Cpqge,y is the constant of braking force in the y direction. The
parameters of the crane system and loading conditions for the x, y,
and z directions are listed in Table 2 and 3.

2.2. Design of reference curve

To achieve efficient crane control and accurate positioning, a
distance-speed reference curve for each direction is predefined
according to the specifications of the crane system such as the max-
imum speed, acceleration and deceleration. The distance-speed
reference curve is designed to control the crane system to undergo
the processes of acceleration, maximum speed, deceleration, creep
speed, and braking along each direction. The profile of the distance-
speed reference curve for each direction is shown in Fig. 1, where
the moving distance of the crane S;,4 ; is known in advance and can
be written as

(10)

where k=%, ¥, and z. In (10), the moving distance is divided
into five regions, and the length of each region is denoted as
sacc,kvsmax—speed,kvsdec,kvscreep,kv andsbrake,k' respectively. In Region |,
the crane is accelerated from the starting point to a determined
maximum speed Vingx_speed,k» Which is calculated according to the
moving distance in each direction. However, the determined max-
imum speed should not exceed the given maximum speed in
Table 2. In Region II, the crane is expected to move at the speed
Vinax—speed k- In Region, 111, the region is designed to decelerate the
crane from Vigx_speed,k t0 the creep speed Vireep k- In Region IV,
the crane is expected to move at the speed of V., | before it
reaches Region V. In Region V, the brake system takes over the
control to stop the crane. For the simplicity of the reference tra-
jectory design, S;;ce, i and Sp,qpe  are defined with fixed values as
depicted in Table 1 and the lengths of Sycc k,Smax—speed, k-Sdec,k Vary
according to the desired moving distance in the k direction.

To determine the distances of Region [, II, and III, first, Newton’s
motion law is applied to the motions of Region I and III, which are
given as follows:

Smd,k = Sacc,k + smax—speed,k + Sdec,k + Screep,k + Sbrake,k

2

Vmax—speed,k = 2daqcc, kSacc.k (12)
2 _y2

Vmax—speed,k = Vcreep,k + 20gec kSdec,k (13)

Since that the acceleration and deceleration in each direction
are given with the same values, it can be rewritten as follows.

1 1
Sdec,k = Tak(zaksacc,k - chreep,k) = sacc,k - Takvczreep,k (14)
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Fig. 3. The diagram of the proposed ABFSM crane motion control for k direction (k=x, y, and z).
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where ay = Ggec k = Agec, k- Based on (14), (10) can be shown as 1 ‘
follows
1 08 .
2
Sacc,k =0.5 (Smd,k - (Smax—speed,k + Screep,k + sbreak,k) + Takvcreep,k) 0§k i
(15)
0.4+ :
With (12) and (15), it can be found that if Smax_speed!k is given 02} i
with the minimum value as given in Table 2, then Sy, and \
Vinax—speed, Will be maximized. Therefore, to determine the value of QE ) g 0 5 4 &
Sace.k» the mil?imum value omeax_speed’k is first usec! in(15)tocalcu- ®
late the maximum value of Vmaxfspeed’k. If the obtained Vmaxfsm_,ed’,<
is less than the maximum value in Table 1, it will be considered as :
an applicable condition, or Vmax_speed , Will be determined accord- : ' )
ing to the maximum value. With Vmaxfspeed’k is defined, then the 08 -
finalized Sy x and Sge ; Will be given by (14) and (15).
06 .
3. Design of ABFSM -
3.1. Sliding mode fuzzy inference control system 02k i
Sliding mode control has been a wildly discussed control tech- 0
nique due to its capability to handle internal variation and external 6 6
disturbance of the controlled system. In order to elaborate the
design of ABFSM, a tracking error is derived from the difference
between the state trajectory x and the desired command x¢, which 1
is given as follows.
e=x"—x. (16) 08} 1
With a sliding surface is defined as 06 .
‘ 0.4
sf:é+,31e+,82/ e drt 17) )
0 02t -
Where 81 and §; are positive constants. Based on (17), the objective
of proposed ABFSM is to force the system state trajectory toward 0 5 2
to the sliding surface and stay on it, i.e., s¢(t) = $7(t) = 0. Thus, the )
equivalent dynamics of the controlled system is governed by ©
é+ .31 e+ ,329 =0 (18) Fig. 2. The B-spline basis functions.
With (18), it implies that lime(t) = O for any starting initial condi-
t—o0
tions, i.e., the tracking of the reference trajectory is asymptotically
Adaptive B-spline-based fuzzy
sliding mode control (ABSFM)
. N(s,
N Tuning law (570
(42)
léi,k
B-spline-based
> compensator
(36)
Sd B B
I J l } Control gain
i ] tuning law
Reference curve | Xek 4 ~E illxlrdflz::i Srk 1)
generator _ i (17 l S
2 Pik Uy .
Adaptive Fuzzy u
—»{ Inference Controller —A>€
(35) +
Xk Auto warehousing
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Fig. 4. (a) Premise and consequence parameters of the AFIC for x and z direction (b)
Premise and consequence parameters of the AFIC for y direction.

achieved if the gains Biand B, are selected properly [10]. In the
traditional fuzzy system design, the controlled system dynamics is
often used to form the input space of the control system. Assume
there are n inputs, the fuzzy sets associate to the i-th input will be
defined in the corresponding dimension. However, when the num-
ber of dimension increases, the number of the generated fuzzy rules
grows exponentially. To overcome the problem of “curse of dimen-
sionality” and upgrade the conciseness of fuzzy rule base, in this
paper, a fuzzy-logic-system using information from sliding surface
as its input is defined in order to alleviate the burden of fuzzy rules
constitution. The fuzzy rules are given in the following form:

Rule i: IFsgyisM,; (sri(t)) THEN w(t) = p; (19)
where p, , and M,  the i-th control gain and the label of fuzzy set
of the k direction, respectively.

In the AFIC, the triangular membership functions and singletons
are used to define the IF-part and THEN-part inference. Thus, the

output of the AFIC can be defined based on the center-of-gravity
defuzzification method.

m
" Wi,
u(t) = 721‘:” i _ p'w (20)

D Wi

where m is the number of rules, w; is the firing strength of the i-th
rule.

Table 4

Spent time, final position, and positioning accuracy (3 m and 30 m, x direction).
Axis X
Distance (m) 3 30
Loading condition loaded unloaded
Crane mass (kg) 1.5 x 104 1.35x 10%
Spent time (s) 7.125 18.675
Final position (m) 3.0001 29.9981
Position accuracy (m) 0.0001 0.0019

Table 5

Spent time, final position, and positioning accuracy (3 m and 20 m, y direction).
Axis y
Distance (m)/Direction 3/up 20/up 3/down 20/down
Loading condition loaded unloaded loaded Unloaded
Crane mass (kg) 5% 103 3.5x 103 5x 103 3.5x 103
Spent time (s) 8.8 34.675 9 35
Final position (m) 2.9997 19.9995 3.0018 19.9985
Position accuracy (m) 0.0003 0.0005 0.0018 0.0015

Table 6

Spent time, final position, and positioning accuracy (2 m, z direction).
Axis z
Distance (m) 2 2
Loading condition loaded unloaded
Crane mass (kg) 2x103 5 x 102

Spent time (s) 6.1 5.70
Final position (m) 2.0015 1.9988
Position accuracy (m) 0.0015 0.0012

3.2. Design of B-spline function

To describe the operation of the B-spline compensator, the B-
spline basis functions is reviewed first. Define the knot vector T,
which comprises a set of knots from a sequence of real numbers
[7,19].

T = o1 [hopsj- (21)

In (21), p is the parameter to determine the number of B-spline
basis functions and j denotes the order. Thus, the i-th B-spline basis
function of order j denotesN; ;(i4), can be defined as follows:

(Mitj — MINigq jo1 (i)
Miyj — Kit1

(—pi)Nij_q1 ()
N: — > +
) Mitj—1 = Hi

s i = < Uiyj,
(22)

1 if gy s < iy
Nia(u) = _ : (23)
0 otherwise
The function of (22) is a recursive definition which speficies
how the j-th order function is constructed from two blend-
ing functions of order j-1. The B-spline basis functions with p=4
and different order 2, 3, and 4 are given in Fig. 2(a-c), respec-
tively. With different orders and knot vectors, different B-spline
basis functions are represented. To describe the polynomial map-
ping of the B-spline functions, assume a coefficient set C =

[co c1 o ¢ o Cp1 Cop) "with 2p +1 elements is given,
then the B-spline function f;,(1) can be defined as follows.
2p
folm) =" "iNij(i) = C'N(w), (24)
i=0

where N(it) = [Noj(i) Ny (1) sz,j(u)]T. In this B-spline
compensation controller, the property of partition of unity is
exploited, where the output of each B-spline basis function is pos-
itive and the summation of all B-spline basis function outputs is
equal to 1. In this paper, the function of (24) is used to describe
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the approximation error. Since the bound of the lumped approx-
imate error cannot be exactly obtained in advance, the elements
of C are difficult to obtain. To overcome this shortcoming, the
adaptive parameter estimation based on the Lyapunov theorem
is exploited to ensure the performance of BCC.

3.3. Design of ABFSM

The control diagram of the proposed ABFSM is described in Fig. 3,
where the output can be given as follows

UapFsM = UA + Up, (25)

where u,4 is the output of the AFIC and up is the output of the
B-spline-based compensator. Based on (1), (3) and (5)—(7), the con-
trolled system can be given as follows.

X () = fie + i (8) (26)

where x;(t) = Si(t),the controlled system dynamics of the k direc-
tion can be defined as

1 T
fie = — [Finput.k(t = 1) — ux(0)] exp ( k) — ayNg (27)
my, Tk
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for k=x and z, and

1
fy=m*y

—Myg — Ficrion (upward motion)

1
fyZm*y

-T.
[Finput,y(t - 1) - Faccumulated(t)] exP( ?ys )Faccumulate‘d,y(t - ])

(28)

-T.
[Finput,y(t - 1) - Faccumulated(t)] eXp( ?ys )Faccumulated,y(t - 1)

—Myg + Fiction (downward motion)

(29)

For the real-world crane system, the dynamics of unloaded
condition are well known according to the specifications or mea-
surement. Thus, the unloaded model of the crane system can be

rewritten.

X (6) = fif + (1),

(30)
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where f! represents the unloaded behavior of the crane system.
However, for the loaded conditions, the dynamics of the crane sys-
tem deviate from the unloaded case. Thus, the controlled system
can be modified as

Ri(6) = fil + u(6) = f + AF + w (0). (31)

In (31), Af denotes the lumped term of dynamics variation
and the uncertainty due to different loading conditions, whcih
can be assumed to be bounded, i.e., |Af| < D. The parameter D

can be given with a positive constant. Substituting (25) into (31)
and based on (16) and (17), it yields
Stk = €k + Kr€y + kaey = uf — uapic — up. (32)

where uy = —f! + X — B1€ — Bae for the unloaded condition and

up = ff,i +X¢ — B1éy — Baey for the loaded conditions. According to
the approximation ability, there exists an optimal fuzzy systemu}, ,
to approximate uj [10].

U5 = YW (33)
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and the “approximation error” is defined as

(34), =up —uy

In (34), the approximation error is assumed to be bounded by
a constant Ey (|&,| < Ey). In fact, the optimal parameter vectors in
(20) to approximate the ideal controllers of the three directions are
difficult to determine. Thus, an estimate function of (20) is defined

as

ﬂA’k = pkTwy, (35)

where fyis the estimation of pj; for the x, y, and z directions, respec-
tively.

3.4. Stability analysis with the B-spline-based compensator

To compensate the approximation error, the output of the B-
spline-based compensation controller is given according to (24).

2p
up i = fp(spk(t)) = Sgﬂ(sf,k(t))ZCi,kNi,k(Sﬁk(f)), (36)
i—0
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To alleviate the compensation controller design, suppose that
there exists an ideal set of control point as following.

2p
0 < lexl = )¢ Niklsri(0)), (37)
i=0
Thus, (28) can be rewritten
2p
g i = sgn(sp(0)D &N klS74(t)), (38)
i=0

where {; ;is the i-th element of Cfor the x, y, and z directions,
respectively.

To investigate the stability of the ABFSM, define a Lyapunov
function candidate in the following form

LS

2p
1 BRTHe 1 x—a
V= =55, + +—) &y, 39
k k T m_zo: ik (39)
i=l

N
Y
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where k=x,yand z,¢; \ = cl K -Gk, i=0,1, ..., 2p. Differentiat-
ing (39) with respect to time and using (35) gives

E Cl kCl k

Vie = St.iSrk + 25 Lk

~ - 2p
- kapk Ci,kCik
=S kTwy + &, +ug )+ + 40
1 1 (OKT Wy + e + Up i) e EO e (40)
1=l

¢
—ka(skak'*‘*)-Fka(ek-i-uB ,<)+Z i.kCi ki
i=0

where py, is the estimation error of p,. To assure the convergence,
the learning laws are derived as follows

P = — Dk = —SpkNaWy (41)

Then, (40) can be rewritten as

Cz kélk
Vie = Spx(ex + Up i) +Z

o . (42)
= spalei = (SO (ENi(spa(O) + D=
i=0 i=0
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Fig. 12. Z-directional distance-speed control of the crane system (2 m, unloaded). (a) Time-speed curve. (b) Distance-speed curve. (c) Error between crane speed and
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To achieve Vj, < 0, the learning law of the compensation con-
troller is derived as follows.

Eik = —Cik = —nelsri(O)IN; (57 (D))- (43)

Therefore, (32) can be rewritten as

2p 2p
Vie = spiler — Z(fi,ksgn(sf,k(f))Ni,j(Sk)) - Zﬁi,kISf,k(f)\Ni,j(Sﬁk(f))
iz0 i—0
2p 2p
< Ispkllexl — ISf,k\Zfi,kNi,j(Sf,k) - ISﬁkIZEi,kNi,j(Sﬁk)
i—0 i—0
2p
= Iss.kl(lek| — Zcszi,j(Sf,k)) <0.
i—0

(44)

This implies that V, is negative semidefinite. Define the follow-
ing term

2p
(45)P = (> _crNij(s7x) — lexlisyul = —ViBecause  Vi(0)is
i=0
bounded and V(t) is nonincreasing and bounded, then
t
/ Pi(T)dT < Vi(s7.(0), Ci 1(0)) — Vie(sgk(£), € k(£)) < o0 (46)
0

Also, because Py(t) is bounded, it can be shown that [lim Py(t) = 0by
— 00

Barbalat's Lemma [21]. That is s; — 0 as t — oo, then the stability
is guaranteed.

Remark: Since the auto-warehousing system works under a
limited loading range, the error bound in (34) can be given with
afinite constant. However, the chattering phenomenon of the slid-
ing mode control is unfavorable. In this paper, with the introduction
of the B-spline function, the description of the error bound is rep-
resented in a polynomial manner. In (37), the approximation of
the error bound is represented based on the polynomial mapping
derived from the coefficients and the B-spline basis functions. Based
on the learning law of (43), only the coefficients associated with the
activated basis functions are tuned. Thus, the estimation of the error
bound can be represented in an effective and efficient way.

4. Simulation results

To verify the effectiveness of the proposed approach, the crane
system is controlled by the ABFSM to move 10 and 30m in the
x direction, 3 and 20 m in the y direction, and 2 m in the z direc-
tion. The loading conditions for the crane system in the x, y, z
directions are given in Tables 4, 5, and 6, respectively. The initial
settings of the premise and consequence parameters of the AFIC
are shown in Fig. 4. The parameters of the ABFSM are selected
withk; =2, ky =1,ny =50, . = 10 for the AFIC,andp = 3,j = 2,
T=[-20 -2 -06 -02 0 02 0.6 2 20],Cisinitialized
with zeros and 1. = 0.01 for the BCC. The results of the 3 m motion
control in the x direction with the load of 1.5 x 10%*kg and the
30 m motion control in the x direction without load are shown in
Figs. 5 and 6, respectively. The results of the 3 m upward motion
controlin the y direction with the load and the 20 m upward motion
control in the y direction without load are shown in Figs. 7 and 8,
respectively. The results of the 3 m downward motion control in
the y direction with the load of 5 x 103kg and the 20m down-
ward motion control in the y direction without load are shown in
Figs. 9 and 10, respectively. Finally, the results of the 2 m motion
control in the z direction with the load of 2 x 10°kg and the
2 m motion control in the z direction without load are shown in
Figs. 11 and 12, respectively.

Regarding handling disturbance and uncertainty, the per-
formance of the traditional control techniques is acceptable
if the characteristics of the controlled plant are understood
at a certain level. However, with the different demands of load-
ing and desired distance, the comprehensive understanding of the
auto-warehousing crane system is difficult to achieve. The analytic
modeling and the dynamic assumptions are usually inaccurate and
the control gains have to be refined for specific working condition.
To cope with the nonlinearity of the practical crane systems, in the
proposed ABFSM, the online parameter adaptation is adopted in the
fuzzy inference process. With the introduction of the informa-
tion from sliding surface as the input of the fuzzy controller, the
dilemma between the controller complexity and control perfor-
mance is solved when the number of fuzzy rules in the AFIC is
much smaller than that in the traditional FLCs. Thus, a simple
but effective way is proposed. The results in the x, y, z direction
are given in Tables 4-6, respectively, where the performance of the
ABFSM are observed.

5. Conclusions

In this paper, the ABFSM has successfully applied to the motion
control of the auto-warehousing system. In the AFIC, the fuzzy
logic inference is introduced to provide a means to approximate
the ideal controller for the crane system when its dynamics are
complex to be comprehended. To alleviate the burden of fuzzy
rule construction, only the information from sliding surface is
exploited as the input such that the conciseness and translu-
cency of the control system can be upgraded. On the other hand,
the BCC aims to compensate the approximation error of the AFIC.
To achieve the efficient motion control, a distance-speed reference
curve for each direction is designed before the beginning of con-
trol process according to the specifications of the crane system.
Thus, a powerful yet easy-to-use methodology is given for online
gain determination when optimal or sup-optimal fuzzy system is
difficult to obtain. Two main contributions of the paper are 1) the
stability of closed-loop adaptive fuzzy controller can be guaranteed
by the means of Lyapunov function, and 2) using the concept of
sliding-mode control and B-spline functions, the proposed ABFSM
possesses the merit of being easily undertaken by a microprocessor.
To validate the performance of the proposed approach, the ABFSM
is applied to the auto-warehousing crane motion control under
various loading conditions for x, y, and z directions, respectively.
Through the simulation results and illustrations, the feasibility and
the robustness of the proposed ABFSM are verified.
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