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Abstract

This paper proposes an adaptive hierarchical sliding mode control method based on radial basis function neural network for
an uncertain 2D overhead crane system. A second-level sliding surface is defined by a linear combination of two subsystem’s
sliding surfaces. A radial basis function neural network is adopted to approximate the unknown dynamic model. The control
law is designed in order to ensure the stability of sliding surfaces and an updated law for neural network’s weight matrices
is derived from a candidate of Lyapunov function. Simulation results show that the effectiveness of the proposed control
scheme, such as smaller swing and accurate position as desired. Besides that, the controller is installed in micro-controller for
the actual model in laboratory and experiment result evaluate the applicability of this control design in industrial applications.

Keywords 2D overhead crane - Adaptive hierarchical sliding mode control - Neural network - Radial basis function

1 Introduction

Overhead crane is essential load or unload equipment, widely
used in many areas such as at construction sites, factories, and
harbors. The model of a crane belongs to a class of underac-
tuated mechanical systems, with one control input (a trolley
driving force) and two system variables to be controlled (the
trolley position and the swing angle of payload). That leads
to the unexpected swing of payload in operation which can
cause dangers to workers or destroy surrounding devices.
Therefore, the control objective of the crane is to move trol-
ley on the desired path and make the payload oscillation as

B Tuan Anh Phan
anhtuanphan2510@gmail.com

Hai Xuan Le
xhaicuwc.edu.vn@gmail.com

Thai Van Nguyen
thai.nguyenvan9495 @ gmail.com

Anh Viet Le
anhvietlee0101 @gmail.com

Nam Hoai Nguyen
nam.nguyenhoai @hust.edu.vn

Minh Xuan Phan
minh.phanxuan @hust.edu.vn

College of Urban Works Construction, Hanoi, Vietnam

Hanoi University of Science and Technology, Hanoi, Vietnam

Published online: 20 March 2019

smallest as possible. Research on enhancing the quality and
reliability of the control crane system has been scrutinized
and developed by many researchers.

Various attempts for control of the overhead crane have
been proposed, concentrate on methods because it ensures
the precision of motions using the feedback states. For exam-
ple, Fang et al. [1] investigated three different controllers that
include proportional-derivative control law and two coupling
designs based on squared energy and kinetic energy for a
3D crane. A nonlinear feedback technique was ultilized in
[2], where the control signal contains a slow component to
ensure the payload track a reference and a fast supplement
to eliminate oscillations. In [3], the authors investigated the
feedback linearization method and its application in con-
trol of a 2D crane with hoisting motion. Le et al. [4, 5]
used partial feedback linearization to design a scheme which
was a combination of two portions obtained from the feed-
back linearization of the actuated and un-actuated states.
Several other studies concerned the approaches using fuzzy
logic inference [6—8] due to the advantage that there is no
requirement about accurate system modeling when design-
ing control scheme.

Besides the aforementioned control methods, sliding
mode control, which is regarded as a robust and effective
technique, was applied in many non-linear control problems
[9-13]. For a class of underactuated systems like the over-
head crane, the issue related to defining sliding surfaces and
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ensuring stability is a difficult task due to the requirement
of preserving the stability of two subsystems with only one
control signal. Various definitions of sliding surfaces have
been presented, for example, in [9] and [11], the sliding sur-
face was defined as a linear combination of two components
include the sliding surface of actuated states and the error
of un-actuated ones, or in studies [10] and [14], an inter-
mediate variable was determined as a linear combination of
state errors, then second-level surface was defined based on
intermediate variable.

The hierarchical sliding mode control (HSMC), a typical
type of sliding mode control which is especially suitable for a
class of underactuated systems, was published in recent stud-
ies [15] and [16]. Wang et al. [15] proposed HSMC structure
for a class of second-order underactuated systems, which is
divided into two subsystems based on control target, then
a first-level sliding surface of each subsystem is defined. A
second-level sliding surface was determined as a combina-
tion of these first-level sliding surfaces and utilized to design
control law. In [17], Wang et al. not only extended the applied
ranged of the method in [15] for a class of SIMO underactu-
ated systems but also developed another structure of hierar-
chical sliding mode control, where sliding surface of the first
subsystem was defined as first-layer sliding surface, then this
sliding surface was combined with the sliding surface of the
second subsystem in order to construct the second-layer slid-
ing surface. This process continues until the sliding surface
of the last subsystem. Moreover, the stability of all subsystem
surfaces when using HSMC was proved in that article. HSMC
structure was applied to the overhead crane system in [18]
and the simulation results verify the quality of that control
method. In [19], the HSMC structure was used together with
fast terminal sliding surface definition to enable finite-time
convergence to equilibrium closed-loop system.

On the other hand, due to the fact that there exist variations
of system parameters as well as input disturbances, many
researchers considered to design adaptive control laws that
uncertainties of the system are estimated. In [20] and [21],
adaptive control laws were presented, in which unknown
parameters of the crane are updated and experiment results
show the performance of these methods. Besides, numerous
works attempt to integrate the approximation using artifi-
cial neural network for fuzzy-logic systems into conventional
non-linear control laws. In [22], the authors used the dynamic
surface control to create the frame of controller, then used the
output of radial basis function network to represent the uncer-
tain dynamical terms. In [23] and [24], a fuzzy uncertainty
observer was employed to represent the system uncertainties
as well as actuator nonlinearity. Hung et al. [25, 26] consid-
ered control methods for a class of nonlinear systems which
contained unknown functions estimated by neural network
and fuzzy-neural network. In [27], Huang et al. proposed
an adaptive control strategy for a three degree-of-freedom
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dynamic absorber system using sliding mode control scheme
and RBF network. In [28], the authors use RBF network to
constitute an approximation, in which two dynamical func-
tions were estimated online, and traditional sliding mode
control to design the control law for offshore container crane.
Nevertheless, most of the previous studies have developed the
theoretical control laws and verified through simulation. The
capability of implementing the neural-based adaptive law on
the real-time applications have not been mentioned.

Due to the aforementioned analysis, in this work, an
adaptive hierarchical sliding mode control (AHSMC) was
investigated to solve the experiment-oriented control prob-
lem of the 2D overhead crane. Hierarchical sliding mode
control (HSMC) is utilized to create the frame of controller,
in which sliding surface in the second layer is determined as
a linear combination of sliding surfaces of the two subsys-
tems. Meanwhile, all four non-linear dynamical functions
of the overhead crane are estimated by RBF network to
cope with external disturbance and parametric uncertainties.
The simulation results for the HSMC and AHSMC control
laws are compared to evaluate the performance of those.
More importantly, the AHSMC controller is implemented
on micro-controller to control the overhead crane prototype
in laboratory, and the experimental results emphasize that
the controller still guarantees the system robustness in case
of large variation of parameters and disturbances. Further-
more, the proposed method also reduces the amount of work
when applying in various different environments due to the
advantage that there is no need to adequately describe the
model of system.

This paper is divided into five parts: Introduction, Hier-
archical sliding mode control for overhead crane, Adaptive
hierarchical sliding mode control based on neural network,
Simulation and experiment results, and Conclusion.

2 Hierarchical sliding mode control
for overhead crane

2.1 Dynamic model of 2D overhead crane

Figure 1 illustrates the diagram of a 2D overhead crane, that
includes trolley and payload. Trolley and payload are con-
sidered like moving on Oxy plane. We assume that static
friction is non-exist, the rope is inflexible, the rope mass is
ignored and the trolley and the payload are considered as
material particles.

Mathematical model of 2D overhead crane is described as
follows [7]:

(M +m)i +mlf cos® — ml§*sin = F

lé+gsin9+5€cos0:0 )]
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Fig. 1 Overhead crane system

where M is trolley mass, m is payload mass, / is rope length,
g is gravitational acceleration, 6 is swing angle of the payload
with respect to the vertical line, x is position of the trolley
with respect to the origin, F is drive force applied to the
trolley.

Defining u=F and the state vector as X T—[x; xax3 x4] =
[xx6 é], the motion Eq. (1) can be transformed to the state
space expression as:

X1 =x2

X2 = fi(X) +g1(X)u

X3 = x4

X4 = f2(X) + g2(X)u ()

Here fi, g1, f> and g» are as follows:

ml6?sin6 + mg sin 6 cos O

X) =
SiX) M +msin% 6
o
81 M +msin?6
FX) = (M+m)gsin0+mlézsin90039
2 (M +m sin® )]
0
HX) = ———
(M + msin” 9)l

2.2 Hierrarchical sliding mode control

Hierarchical sliding mode control method which was pro-

posed by Qian et al. [ 16] is an appropriate approach for a class

of underactuated systems. In this section, HSMC is designed

for the 2D overhead crane. Control law is constructed based

on Lyapunov theory to ensure sliding surfaces’s stability.
Defining error vector

_ X1 — X4 _ X — Xq _ el
dn_{m—%}_[Q—%}_[%]

where x4 and 6, desired position and desired swing angle. It
is asumed that x4 is exist and bounded, then Eq. (2) can be
rewritten as:

el =en

er = fi(X)+g1(X)u — Xa

e3 = ey

es = fo(X) + g2(X)u (3)

Firstly, first-level sliding surfaces of subsystems are
defined as:

s1 =c1e; +ep

§2 = C2e3 +¢e4 4

where ¢ and ¢, are positive constants.
Next, the second-level sliding surface is constructed as a
linear combination of two first-level sliding surfaces:

s =as) + Bs @)

From (4) and (5) we obtain the derivative of second-level
sliding surface:

S =as) + Bs
=a(cier +e2) + f(c2é3 + é4)
=a(ciez + fi+ g1u — Xq)
+ Blcaes + f2 + gou) (6)

Based on the methodology of equivalent control of vari-
able structure control, total control law include two parts as
follows:

U= Ueq + Usw (7)

Considering Lyapunov function candidate V = %sz. Dif-
ferentiating V with respect to time, we obtain:

V =s§
=s(a(ciez + fi +giu — Xa)
+ B(c2es + f2 + gou))
= s(aciex + Beres + af) + Bfr — aky
+ (g1 + Bg2)u) (3)

In order to ensure the stability of second-level sliding sur-
face, let:

(g1 + Bg2)ueq +acier + ferea +afi + ffr —aia =0
(g1 + Bg2)usw +kis + kasgn(s) = 0 )
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be the equivalent law and switching law, where k| and k, are
positive constants.
From (7) and (9), we obtain control signal that given by:

u = —(acreza +af1 + pcres + Bfo
— akig +kis + kosgn(s)) /(g1 + B&2) (10)

Substituting (10) into (9) we have

V = 5§ = s(—kys — kasgn(s)) = —k1s> — ka|s| <0

3 Adaptive hierarchical sliding mode control
based on neural network

In this section, based on HSMC structure, which is presented
in section II, an AHSMC law for uncertained overhead crane
using RBFNN is designed and the stability of closed-loop
system is analysed.

3.1 Control law design

Considering mathematical model of error state (3), in which
four dynamical functions of system f1(X), g1(X), f2(X)
and g»(X) are unknown, where X = [x £ 0 617 € 2x C
R*, with £y being a known compact set. RBF network is
utilized to apprximate f1(X), g1(X), f2(X) and g>(X) as
follows:

AX) = W h(X) +e1(X)
g1(X) = W) h(X) + e2(X)
F2(X) = W5 h(X) +e3(X)
g2(X) = W h(X) + £4(X) (11)
where W;(X); i = 1,2,3,4 is an ideal weight matrix,
lei(X)| <& i =1,2,3,4is the approximation error with
constants & > 0.

Defining W;, Wo, W3 and W; as estimations of
Wi, Wa, W3 and Wy, respectively, f1, 1, f> and g as esti-
mations of fi, g1, f> and g, respectively. The outputs of

RBF networks are an approximation of real uncertain func-
tions which are determined as follow:

fi(X) = Wl h(X)
81(X) = Wl h(X)
HX) = Wlhx)

£2(X) = W] h(X) (12)
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Considering a Lyapunov function candidate as follows:
1 4
V= §<s2+ZWiTFi1Wi> (13)
i=1

with Wi =W, — Wi is the error of weight matrix.
Differentiating the Lyapunov function (13) with respect
to time and after some calculations, we obtain:

4
V=si+y WIET'W
i
( acier + afl + ﬁcze4)
=S N
+Bf2 — X1a + (ag1 + Bg2)u
a(m +gl) + ﬁ(vm +83)
+ s N

+ocu<W2T@ + 52) + ﬂu(WZ{z + 84)

4 .
+ SWIETW, (14)

1

The control signal u# of the AHSMC law is determined as
follows:

u=—(acies +afi+peres+ B
— ¥1a +kis + kasgn(s))/(ag1 + B&2) (15)

Substituting (15) into (14):
V = —kis? — kals| + Wf(as@ — F1_1W1>
+ WzT ((xus}l - Fz_lﬁfz) + W%T (,Bs@ - F3_1W3)
+ W4T (ﬂus@ — F4_1W4)

+ s(oey + Bez +auey + Buey) (16)

Adaptive laws for weight matrices Wl, Wg, W3 and W4
are selected as:

Wi = Fy (Olsﬁ - 77|S|W1>

Wz = Fz(otusl} — 77|S|W2)
W3 = F3(,Bsh - U|S|W3>
Wy = F4(aus@ - n|s|u74) (17)

where F, F,, F3, F4 and n are positive constants.
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The adaption mechanism (17) leads the derivative with
respect to time of the Lyapunov function (16) to:

4
V= —kis> —kals| +nls| Y W,.T<Wl- - Wi)

i=1

+ s(aer + Be3 +auer + Bues) (18)
Using Cauchy—Schwarz inequality as:
4 4 )
97 () =3 w7 o )
i=1 i=1
4 1 2 4
=-> (H Wi - 5||W||) +onlsl Y IWE (19)
i=1 i=1

Substituting (19) into (18):

V < —kis® —kals| + |s|en

4 1 2 1 4
- n|s|_Z<HWi) —5||W||> +lsl o Il
i=1 i=1
4 1 2
=—k1s2—n|s|Z<HWi —5||W||)
i=1
1 4
- |S|<k2 —en =0 ) ||W,»||2) (20)

i=1

where |ae| + Be3 + quey + Buey| < en
From (20), if parameter & is designed such that k, — ey —
IS W% > 0 then V < 0.

3.2 Stability analysis

Theorem 1 Consider the closed-loop system with the plant
(1), the AHSMC law (15) and the weight updated law for the
neural network (17). Then, the second-level sliding surface is
asymptotically stable if parameters of control law is designed
such that ky — ey — 0 0, IIW; |1 > 0.

Proof Intergrating both sides of (18), we obtain:

t t
/dV:/ —kis% — ka|s|
0 0

4
+ 7nls| ZWl’T(Wi - Wi)

i=1

+ s(aey + Be3 +auey + Buey)dt 21

Then
t
V()= V(1) +/ —kys® — kas|
0

4
— nls| Z W,-T<Wi - Wi)
i=1

— s(aey + Bes +auey + Puey)dt

t 4 _ 1 2
> [Castens Y ([ - 5iw)
i=1

4
1
+ |s|<k2 —en =g ) IV ||2>dr (22)
i=1
From (22):
t 4 ~ 1 2
v =vo - [aseals Y (val- - znwn)
0 i=1
1 4
+ |s|(k2 —en — ZnZIIWin)dt
i=1
<V(0) < o0 (23)
Therefore, s € Lo i.€. supls| = ||s]lo < 00 (24)

t>0
Furthermore, from (18) we have:
V| = 1ss|
4
< kas® +kals |+ nls| Y W (Wi — W)
i=1
+ s(oey + Be3 +auer + PBuey)

< kis* +ka|s| + |s|en

4 _ 1 2 1 4
—nlsl ) (HWi |- 5||W||) +nlsl Y 1wl
i=l1 i=l1

4
1
2 12
<kis +k2|5|+|5|3N+Zn|S|E Wil

i=1

(25)

From Eq. (25), it is obvious that |§| < ki|s| + k2 +en +
IS W% < oo, hence § € Loo

ie. supls| = [|§llee < 00
t>0

(26)
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From (22), we obtain:

4 2
- 1
kis?+ls| :(HWi - Euwu)
i=1

V(0) > / dt

0 1 & )
Hsl{ ko —en — 2 ) IVl

i=1

=/0 5] kz—eN—Zn;nWin di
o0 o0 4 -

+/ mﬁm+/ mﬂzqu
0 0 i=1

1 2
- §||W|I> dt

27)

It is obvious that:
S kisde = 0, [ Isl (k2 = en — Ju oL Wil )

- 2
Ommﬁfmnzilwwi—%mwodzzo
Hence, from Eq. (27) we have: fooo |s|dt < oo,

v

o
L&Hﬂ1<u>md/1s%t<w,taseL2 (28)
0

Since s € Lo, § € Ly and s € Lo, due to Barbalat’s
lemma we have lim s = 0. Therefore the second-level slid-

. . 11— 00 A
ing surface s is asymptotically stable.

Theorem 2 [19]: Consider the closed-loop system with a sta-
ble equilibrium point consisting of the plant (1), the AHSMC
law (15) and the weight updating law of neural network (17).
It is assumed that sy and s, are bounded (i.e. sy € Loy and
$2 € Loo). Then, we have that first-level sliding surfaces s
and sy are asymptotically stable if parameters of control law
is designed such that ky — ey — }‘n Z?:l [W; > > 0.

Proof Due to sup|s| = [|s]loo < 00, sup|s| = [|$]lee < 00,
>0 >0
and the assumption that sup|sz| = [[s2]loc < 00, sup|s2| =
>0 t>0
52100 < 00, we obtain sup|si| = [|51]lee < 00, sSupls2| =
t=0 t>0
$2/l00 < 00.

From the derivation of control design, we find that «, 8
do not influence the stability of the closed-loop system, if
ko —en — 0 300, IWi|1? > 0 is satisfied.

Hence, we can construct two sliding surfaces as follows:
S1 = (o151 + Bs2), 2 = (aas1 + Bs2) (29)
where o1, «; are arbitrary positive constants and o] # 2.
Because the roles of S; and S, are identical, we can suppose
that co > [;° Sfdt > [;° S3dt > 0. From Eq. (29), we
obtain:

@ Springer

o0
05/ S?dt
0
o0
= / (oclzslz + 20185152 + ﬂzsg)dt < 00 30)
0
o0
05/ S3dt
0
o0
= f (357 + 20285152 + B2s3)dt < 00 (31)
0

Hence,
o0
0</ (ﬁ—sﬂm
0
a% — a%)slz + 2(a; — ap)Bsysadt

o0

-,

r (o1~ cd)s
0 +2(ay — a2)Bs1(S1 — a1 51)dt

= / —(a1 — az)zs%dt +/ 2(a; — ap)Bs181)dt
0 0
(32)

Yoy

From (32) we obtain:

o o0
/ (o —az)zslzdt </ 2(a1 — ap)s1S1dt
0 0
o0
5/ 12(cty — a2)s1811dt
0

o0
< 2oy —az|/ 51 llacl St1ds
0

=2lar —azlllsilloollS1lly <00 (33)

o0
Therefore, / stdt < oo (34)
0

Because s1 € Lo, S| € Lo, and s1 € L; according to

Barbalat’s lemma we have lim s; = 0. Similarly, lim s; =
0 11— 00 11— 00

Therefore all first-level sliding surfaces s; and s, are
asymptotically stable.

Comment [19]: For underactuated systems with stable
equilibrium like overhead crane, the assumption that s, €
L and s, € Ly can easily be satisfied.

4 Simulation and experiment results

In this section, the HSMC and AHSMC methods are verified
by simulation and experiments with the actual model of 2D
overhead crane in laboratory. The real object in laboratory is
shown in Fig. 2.
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Fig.2 The 2D overhead crane control system in laboratory

The physical parameters of the real overhead crane are
given as follows: M =25 kg, m =8 kg, [ = 1.2, g = 9.81.
The parameters of HSMC law are selected as: c; = 3, ¢] =
001, « =2, B = 1.4, ki = 0.1, k = 2. The RBF
network is constructed with the usage of 200 nodes, where
the input X = [6 é]T, the centers j; are evenly spaced on
ui = [—1.2,1.2] x [—1.6, 1.6] and the widths ¢; = 0.8,
for i = 1, 2. The adaptive parameters are designed as F; =
0.1, n = 3, the initial weight matrices Wi (0) are all equal to
0.1.

4.1 Simulation results

The simulation results of the AHSMC method in compari-
son with those of the HSMC law are shown in Figs. 3, 4 and
5, respectively. These figures show the position of trolley,
the swing angle of payload, and the control force, respec-
tively. Table I indicates comparison detail of controllers using
HSMC and AHSMC law.

According to the Table 1, it is clear that both the HSMC
and AHSMC schemes ensure the quality of the overhead
crane, in which performance of the HSMC method shows
better performance in comparison with that of the AHSMC
law. However, the design process of the AHSMC does not

wee SP
08 |—AHSMC
_ -~ HSMC
Eoe >
S ""
Z04 £4 ]
£ 74
'
0.2/
00 2 1 8 10
Times (s)
Fig. 3 Position of trolley
0.15
—AHSMC
=, 01 --HSMC |
2
5 0.05 g
=
g
ch 0 <z
=
“.0.05
= 2 4 6 8 10
Times (s)
Fig.4 Swing angle of payload
100; -
—AHSMC
_ --HSMC |
&
: d
©
E
-
o
0 2 4 6 8 10
Times (s)
Fig.5 Control force
Table 1 Comparation of the HSMC and AHSMC laws
HSMC AHSMC
Settling time (s) 4
Overshoot (%) 0 5
Maximum angle (rad) 0.065 0.1

require full information of the crane’s model, which is diffi-
cult to achieve in practice.

Based on simulation results, the AHSMC law is installed
on the microcontroller for the prototype in the laboratory.
A digital controller is constructed on STM32F4 micro-
controller, the trolley is driven by a three-phase asynchronous
motor and the inverter 3G3JX, the position and the velocity
of the trolley are measured by the encoder E40S6-1024-3-T-
24, the swing angle and the angular velocity of payload are
gained by the sensor MPU6050. The experiment result for
the AHSMC method is shown in Fig. 6.
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Fig.6 Experiment result for Position of trolley
AHSMC law. a Position of [ Desired Position === "Actual Position ]
trolley. b Swing angle of 80 :
payload. ¢ Control force
70 + ;.
60 +
E 50 + :
CA
g} -
g 30 + b
20 + B
10 + B
0 t
5 10
Times (s)
(a)
Swing angle of payload
0.10 T

0.05 + /JV\ ]
0.00

=)
g N —
2 \/f
2 -0.05 + ]
<
o
[
s -0.10 + -
@
-0.15 + 1
-0.20 } + + + +
5 10
Times (s)
(b)
Control Signal
150 T
100 -
g 50 - -
@
5
T \/—_\
50 4 ]
-100 + ‘ + + + ;
5 10
Times (s)

(c)
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As can be seen from the Fig. 6, the trolley arrived at the
expected position in nearly 5 s and the absolute value of
the angle of the payload is less than 0.15 rad. Therefore, the
digital controller using AHSMC law has good performance in
the actual environment which contains external disturbances
and parametric uncertainties.

5 Conclusion

This paper has proposed an adaptive control scheme for the
2-D uncertain overhead crane based on hierarchical sliding
mode control structure. The radial basis function neural net-
work is applied to constitute an adaptive mechanism for
estimating the unknown dynamics. The stability of sliding
surfaces in all layers are proven by using the Lyapunov the-
ory and Barbalat’s lemma. Both simulation and experimental
results verify that the controller is effective to move the trol-
ley with smaller payload oscillation. In addition, as there is
no requirement about an adequate description of the plant, the
presented controller is possibly applied capable in numerous
different industrial applications.
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