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ABSTRACT A wide application of sliding mode variable structure control as a nonlinear robust control
method, has been witnessed in anti-swing positioning control of bridge crane system. Aiming at the problem
that the sliding mode variable structure control system of bridge crane is not robust in approaching process,
a new Global-Equivalent SlidingMode Controller (GESMC) based on bridge crane system is proposed. This
controller can realize the anti-sway positioning control of the bridge crane system under the condition of
uncertain model parameters and external disturbance. The proposed controller, different from the traditional
sliding mode control, excels in improving system robustness through keeping the system states in the
sliding surface during the whole response process. Specifically, it initiates with the design of a global
sliding surface, which can eliminate the sliding mode approach process of the system and achieve global
robustness in the system. Afterwards, a new switching function combined with the equivalent sliding mode
control method is incorporated to effectively reduce the chattering generated when the system reaches the
sliding mode manifold. Its asymptotic stability is proven without a priori knowledge on the bounds of
unknown disturbances by using the Lyapunov stability theory. Lastly, the simulation conducted verifies
the effectiveness and robustness of the GESMC proposed in this paper and meanwhile demonstrates a
comparatively favorable performance for the GESMC in reducing chattering.

INDEX TERMS Bridge crane, anti-swing positioning control, global-equivalent slidingmode control, global
robustness, chattering.

I. INTRODUCTION
Bridge-type cranes act an indispensable role in modern logis-
tics such as ports, warehouses, construction sites and so
on. However, as a typical nonlinear undereducated system,
bridge-type crane system features with multivariable and
strong coupling, which gives rise to challenges in designing a
high performance controller for crane systems to realize the
anti-swing positioning control.

The associate editor coordinating the review of this manuscript and

approving it for publication was Shihong Ding .

Many control schemes have been presented for bridge
cranes in the past decades, which can be roughly categorized
as open-loop control and closed loop-control. Representative
methods of open-loop control include optimal control [1], [2],
trajectory planning [3], [4] and input shaping control [5], [6],
yet whose strong dependence and low robustness hinder their
application in real-world practices. For this reason, a series of
closed-loop control methods have been suggested by numer-
ous scholars, including dynamic PID control [7], fuzzy PID
control [8], adaptive neural network control [9], etc.

Sliding mode variable structure control is a nonlin-
ear closed-loop control method with strong robustness,
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which has been extensively used in bridge crane sys-
tems in recent years, such as Conventional Sliding
Mode Control (CSMC) [10], [11], Hierarchical SlidingMode
Control (HSMC)[12]–[14], Terminal Sliding Mode Con-
trol [15]–[17], decoupled Sliding Mode Control [18], [19],
adaptive Sliding Mode Control [20]–[22], fuzzy Sliding
Mode Control [23], [24], etc. The proposal of sliding mode
variable structure control facilitates precise positioning and
anti-swing control of the bridge crane system. Nevertheless,
because of the long approach time in the sliding mode
control method above, strong robustness only exists in the
sliding mode switching stage but in the approach process,
which means that it only possesses local robustness. In this
regard, some scholars have conducted improvements on the
traditional sliding mode. Specifically, a time-varying ellip-
soid sliding mode control method was designed in [25].
By adjusting the vertical radius of the ellipsoid sliding
surface, the system states can quickly approach the sliding
mode manifold and effectively improve the smoothness and
robustness. Cui and Xu [26] introduced a new adaptive
sliding mode control method based on considering the time-
varying delay and processing disturbance of the system,
which can guarantee the attraction of the sliding mode to the
first-order sliding mode surface in certain amount of time.
In [27], Lu et al. introduced a time-varying sliding enhanced
anti-control scheme by designing a piecewise-defined time
function including trigonometric functions, which not only
eliminated the arrival phase of tracking error, but also ensured
the finite-time convergence of the tracking error. However,
although the proposed controller can effectively shorten the
approach time of the system states to the sliding mode surface
by designing the nonlinear time-varying sliding mode sur-
face, it still cannot solve the defect of weak anti-disturbance
ability in the approach process of the system. So it can
only ensure the local robust control of the system during the
control process.

In this paper, a new sliding mode controller with global
convergence effect is introduced for two-dimensional bridge
crane to overcome the local robustness defect of traditional
sliding mode controller. Firstly, the dynamic model of the
bridge crane with friction and air resistance considered is
established, therefore constructing a new type of whole slid-
ing surface. Afterwards, a nonlinear controller is devised
with the equivalent sliding mode controller, which features
with high robustness against parameter variations, external
disturbances and other uncertain model factors. What’s more,
the analysis of Lyapunov stability theory can certify the
asymptotic stability of the system. Lastly, so as to verify the
potency of the proposed GESMC, simulation and verification
by MATLAB/Simulink platform on the proposed GESMC
are conducted with comparison to CSMC controller and PID
controller based on the approach law. Simulation results are
presented to verify the superior performance of GESMC. The
advantages of the controller proposed in this paper are as
follows:

1) A global equivalent sliding mode control method is
proposed, which can skip the sliding mode approach
process, overcomes the shortcomings of traditional
sliding mode control in the approach stage, and makes
the controller have global robust control performance.

2) It owns better control effect under the condition of
the model parameters change, which is validated by
simulation results.

3) Due to the specific design of the switching function,
the control input is essentially continuous, avoiding
chattering problems and potential damage to the actu-
ating devices.

The rest of this paper is organized as follows. In Section II,
the dynamic model of two-dimensional bridge crane is
briefly introduced and the control problem is formulated.
In Section III, the main results, including the GESMC law
develop and stability analysis of the closed-loop system,
are given. To verify the superior performance of the pro-
posed method, some numerical simulations are provided in
Section IV. Section V gives conclusions.

II. MATHEMATICAL MODEL OF TWO-DIMENSIONAL
BRIDGE CRANE
The two-dimensional bridge crane used in this paper is an
underactuated system with two inputs, three outputs and
3 degrees of freedom shown in Fig. 1. Table 1 can be referred
to the parameters of the two-dimensional bridge crane system
in the figure.

FIGURE 1. Physical model of bridge crane.

TABLE 1. Model parameters of bridge crane system title.
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In this paper we make the following assumptions about the
above model to facilitate our subsequent analysis.

Hypothesis 1: Both the crane and the payload are objects
with uniform mass distribution and can be regarded as known
particles.

Hypothesis 2: The mass and elastic deformation of the
wire rope are ignored in this model.

Hypothesis 3: The swing Angle θ ranges in: −π/2 <

θ (t) < π/2;
Hypothesis 4: The presence of the first and second deriva-

tives of xd , θd and ld is ensured, and xd and ld are not accepted
as zero during the whole control process;

For the two-dimensional bridge crane with variable rope
length as shown in Fig. 1, its dynamic characteristics can be
described by the following model:

(M + m)ẍ − ml cos θ θ̈ − m sin θ l̈ − 2ml̇θ̇ cos θ

−mlθ̇2 sin θ = F − f − Fw (1)

−ml cos θ ẍ + ml2θ̈ + 2mll̇θ̇ + mgl sin θ = −Fθ (2)

−m sin θ ẍ + ml̈ − mlθ̇2 − mgl sin θ = Fl (3)

In engineering practice, bridge crane can often be spotted
in port cargo loading and unloading. Thus, the friction and
air resistance caused by rust and wind resistance cannot be
ignored because of the wet and strong wind marine environ-
ment. The following linear model of friction force takes the
air resistance of the system and the friction between the crane
and the track into account during its establishment:

f = µẋ (4)

where µ represents the friction coefficient between the crane
and the track. In terms of air resistance, this paper adopts
an air resistance model of bridge crane at low speed, which
considers themoving speed of the object, the density of the air
and the geometric shape of the object. Its expression shows
as follows:{

Fw = ka1ẋ2 + ka2(ẋ − l̇ sin θ − lθ̇ cos θ )2

Fθ = ka2 [l(ẋ − l̇ sin θ − lθ̇ cos θ ) cos θ ]2
(5)

In the formula, k refers to the air resistance coeffi-
cient considering air density while a1 and a2 represent the

windward cross-sectional areas of the crane and the payload
respectively. By combining (2), (3), (4), (5) and (6), the state
space model of two-dimensional bridge crane system can be
worked out as:

Ẋ1 = X2, (6)

Ẋ2 = A(X1,X2)+ B(X1,X2)U + L(X1)Fd . (7)

where X1 = [x, θ, l]T, U=[F, 0,Fl]T, Fd =[f +Fw,Fθ , 0]T

represent state vector, input and damping force vector, sepa-
rately. And A(X1, X2), B(X1, X2) and L(X1) are defined as,
shown at the bottom of the page.

To sum up, this paper intends to design a controller with
global robustness which is applicable to the nonlinear system,
so that the bridge crane system can reduce the value of swing
angle θ as much as possible while ensuring the rapid reach of
x and l at the target values.

III. CONTROLLER DESIGN AND STABILITY ANALYSIS
As a variable structure controller based on the whole equiv-
alent sliding mode control, the controller of the bridge crane
system proposed in this paper is designed with the construc-
tion of sliding mode surface followed by control law design.

A. SLIDING SURFACE CONSTRUCTION
In order to achieve the global robustness of the controller,
this paper adopts a global sliding mode surface with global
convergence performance. Meanwhile, since the bridge crane
system is a typical underactuated system, and the swing angle
is an underactuated quantity in the system, we can get the
following equation (8) by dividing both sides of Formula (2)
by ml:

− cos θ ẍ + lθ̈ + 2l̇θ̇ + g sin θ = −
Fθ
ml

(8)

Equation (8) describes the coupling relationship between
payload swing and trolley movement, indicating that crane
displacement plays a significant role in effectively suppress-
ing and eliminating residual payload swing. For this reason,
the following global sliding surface of the crane position
change and the global sliding surface of the rope length

A(X1,X2) =


glm− glm cos2 θ + 2θ̇2lm sin θ − gm cos θ sin θ

M
θ̇2lm sin(2θ )+ glm cos θ − glm cos3 θ − gm(sin θ − sin3 θ )− 2Ml̇θ̇ −Mg sin θ

Ml
2θ̇2lm+ gm cos3 θ + glm sin θ +M θ̇2l − gm cos θ − 2θ̇2lm cos2 θ +Mgl sin θ − glm cos2 θ sin θ

M



B(X1,X2) =



1
M

0
sin θ
M

cos θ
Ml

0
sin 2θ
2Ml

sinθ
M

0
M + m− m cos2 θ

Mm

 , L(X1) =


−

1
M

−
cos θ
Ml

0

−
cos θ
Ml

−
M + m cos2 θ

Ml2m
0

−
sinθ
M

−
cosθsinθ
Ml

0
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change with dynamic swing Angle are designed as:{
sx = ė+ c1e+ c2θ − f1(t)
sl = ėl + c3el − f2(t)

(9)

in which c1, c2 and c3 are normal numbers more than zero;
e represents the deviation of position x; el denotes the devi-
ation of rope length l; f1(t) and f2(t) are the initial functions
of the above two whole sliding mode surfaces, which can be
expressed as:

e = x − xd
el = l − ld
f1(t) = (e0 + c1e0)e−k1t = −c1xde−k1t

f2(t) = c3(l0 − ld )e−k2t

(10)

where k1 and k2 are constants greater than zero. The variable
structure sliding mode control system operates with the entry
from the initial point and then stays in the sliding mode
driven by control law. Under the guidance of the sliding mode
movement, the system approaches the origin of the phase
plane (i.e. the system equilibrium point).

Obviously, according to Equations (8) and (9), when x = 0,
θ = 0, sx(t) = 0, and when l = 0, sl(t) = 0, that
is, the system trajectory will land on the switching plane
from the beginning, avoiding the interference of the external
environment in the dynamic sliding mode approaching stage
of the system, which certified the global robustness of the
system.

B. CONTROL LAW DESIGN
This paper adopts the equivalent sliding mode controller
design method and establishes a continuous smooth switch-
ing function to undermine the chattering effect. This design
method will be expounded in the following paragraphs. First,
let the change law of sliding mode surface be 0, which means:

�
[
A(X1,X2)+B(X1,X2)Ueq+L(X1)Fd

]
+8(X1,X2)=0

(11)

Including Ueq = [Feq, 0, Fleq]T equivalent control,
the control system of Feq and Fleq crane horizontal driv-
ing force F respectively and wire rope lift Fl in their
respective sliding mode surface sx(t) and sl(t) on the equiv-
alent control term, � ∈ R3×3, 8 ∈ R3×1 as the

auxiliary matrix, defined as:

� =

 1 0 0
0 0 0
0 0 1

, 8(X1,X2) =

 c1ẋ + c2θ̇ − ḟ1(t)0
c3 l̇ − ḟ2(t)


Hence, the equivalent control quantity of the controller can

be defined as (12), shown at the bottom of the page.
For the dynamic system of the bridge crane shown in

Equations (1)∼(3), the control law designed in this paper is:{
F = Feq + Fsw
Fl = Fleq + Flsw

(13)

where Fsw and Flsw refer to the switching robust terms of
the horizontal driving force F of the crane and the lifting
force Fl of the wire rope on the sliding surface sx(t) and
sl(t) respectively which can be obtained through setting Ṡx =
−K1sx − η1sgn(sx) and ṡl = −K2sl − η2sgn(sl) [10], that is:

�
[
A(X1,X2)+ B(X1,X2)(Ueq + Usw)+ L(X1)Fd

]
+8(X1,X2) =

−K1sx − η1sgn(sx)
0

−K2sl − η2sgn(sl)

 (14)

where Usw = [Fsw, 0, Flsw]T represents the robust switch-
ing control quantity of the control system, with K1, K2, η1
and η2 all as normal numbers. Substituting Equations (5),
(9) and (10) into Equation (11), the solution below can be
obtained (15), as shown at the bottom of the page.
Thus, the control law of the sliding mode controller can be

expressed as:

F = Fw + f −
[
c1ẋ + c2θ̇ − ḟ1(t)

] (
M + m sin2 θ

)
+
cos θ
l

Fθ

−θ̇2lm sin θ +
[
c3 l̇ − ḟ2(t)

]
msinθ + gm cos θ sin θ

+
[
−K1sx − η1sgn(sx)

] (
M + m sin2 θ

)
−m

[
−K2sl − η2sgn(sl)

]
sin θ

Fl = −m
(
lθ̇2 +

[
c3 l̇ − ḟ2(t)

]
−
[
c1ẋ + c2θ̇ − ḟ1(t)

]
sin θ + gl sin θ

)
+m

([
−K2sl−η2sgn(sl)

]
−
[
−K1sx−η1sgn(sx)

]
sin θ

)

(16)

Apparently, the sliding mode control law in Equation (16)
demonstrates discontinuity, which will induce high frequency
chattering of the output signal of the controller and will take

[
Feq
Fleq

]
=

 Fw + f −
[
c1ẋ + c2θ̇ − ḟ1(t)

] (
M + m sin2 θ

)
+

cos θ
l

Fθ

−θ̇2lm sin θ +
[
c3 l̇ − ḟ2(t)

]
msinθ + gm cos θ sin θ

−m
(
lθ̇2 +

[
c3 l̇ − ḟ2(t)

]
−
[
c1ẋ + c2θ̇ − ḟ1(t)

]
sin θ + gl sin θ

)
 (12)

Usw =

 [−K1sx − η1sgn(sx)
] (
M + m sin2 θ

)
− m

[
−K2sl − η2sgn(sl)

]
sin θ

0
m
([
−K2sl − η2sgn(sl)

]
−
[
−K1sx − η1sgn(sx)

]
sin θ

)
 (15)
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a toll on the actuator in practical engineering applications.
The fact that the chattering phenomenon cannot be eliminated
but only reduced by designing adaptive switching gain, filter,
high-order sliding mode surface [28], [29] and other methods
has prompted us to design a smooth and continuous switching
function sat(∗) in this paper to replace the symbolic function
sgn(∗) in the control law (13), which can reduce chattering
and the complexity of controller structure. Equation (15)
explains its specific definition.

sat(si)


1, si >

π

eε

sin(
eεsi
2

),
π

eε
> si > −

π

eε

−1, si < −
π

eε

(17)

where si = [sx , sl]T. Next, a theorem will be incorporated to
prove that the designed GESMC(see Equation (14)) satisfies
asymptotic stability in the Lyapunov sense.

C. CONTROLLER STABILITY ANALYSIS
Theorem: For the two-dimensional bridge crane model
described in Equation (5), with the adoption of the GESMCof
Equation (11) to control the closed-loop control system and
the controller parameters c1, c2, c3, K1, K2, η1, η2, k1 and
k2 kept more than 0, the closed-loop control system can be
endowed with asymptotical stability.

Proof: If the closed-loop control system proposed is
asymptotically stable, then the controller shall satisfy that the
sliding variable s(t) and its derivative ṡ(t) can converge to
the origin in certain period of time during the whole control
process. Lyapunov energy functions for the whole sliding
mode surface sx and sl are selected as follows:

Vx =
1
2
s2x (18)

Vl =
1
2
s2l (19)

Take the first-order derivative of Equations (18) and (19)
with respect to time with its results showing in
Equation (20) and (21).

V̇x = sx ṡx (20)

V̇l = sl ṡl (21)

Derived from Equation (9) of sliding mode dynamics with
respect to time, the following equation can be obtained after
simplification with substitution in Equation (20) and (21):

V̇x
= sxλx [A(X1,X2)+B(X1,X2)U+L(X1)Fd+8(X1,X2)]

= sx

[
glm− glm cos2 θ + 2θ̇2lm sin θ

M

+
F − f − Fw

M
+

sin θFl − gm cos θ sin θ
M

−
cos θFθ
Ml

+ c1ẋ + c2θ̇ − ḟ1(t)
]

(22)

V̇l
= slλl [A(X1,X2)+B(X1,X2)U+L(X1)Fd+8(X1,X2)]

= sl

[
2θ̇2lm+ gm cos3 θ + glm sin θ +M θ̇2l

M

+
−gm cos θ − 2θ̇2lm cos2 θ − glm cos2 θ sin θ

M

+
M + m− m cos2 θ

Mm
Fl +

sin θ
M

(F − f − Fw)

+ gl sin θ −
cos θ sin θ

Ml
Fθ + c3 l̇ − ḟ2(t)

]
(23)

Substituting GESMC as shown in Equation (16) into
Equation (22) and Equation (23), it can be obtained after
simplification:

V̇x = −K1s2x − η1 |sx | ≤ 0 (24)

V̇l = −K2s2l − η2 |sl | ≤ 0 (25)

Equation (24) and (25) show that the input of the GESMC
controller designed in this paper satisfies the generalized
sliding mode condition: ∀si 6= 0, V̇ = siṡi < 0. V̇ = siṡi = 0
is true if and only if si = 0 which means the sliding mode
exists and each controlled quantity ei(i = x, θ , l) deviation
converges to zero simultaneously. With all these evidence,
it can be verified that the proposed GESMC is asymptotically
stable.

IV. SIMULATION ANALYSIS
In this section, a series of simulation experiments will be
carried out in the MATLAB/Simulink environment to prove
the potency and robustness of the proposed controller. In the
simulation experiments, the physical parameters of the bridge
crane system are set as follows:

M = 10kg, m = 5kg, l0 = 2m, µ = 0.02, k = 1,

s1 = 0.002m2, s2 = 0.004m2, g = 9.81m/s2.

In the simulation process, the controller aims to ensure the
crane to move from the initial position x = 0m to the target
position xd = 1m, while the wire rope l decreases from the

initial state l0 = 2m to ld = 1m, and the swing angle of the
payload comes at 0◦ at the end of the process.
For the purpose of better verifying the performance of

the proposed GESMC, two methods of CSMC [30] and PID
control are selected as comparison of the control effect in
the two-dimensional bridge crane system with variable rope
length. To ensure the integrity of the article, the expressions
of the two controllers are given here.

A. CSMC CONTROLLER

F = M
[
l − K1sx − η1sgn(sx)− c1ẋ − c2θ̇

+
1
M

(f + Fw)+
cos θ
Ml

Fθ −
sin θ
M

F

−
glm− glm cos2 θ + 2θ̇2lm sin θ − gm cos θ sin θ

M

]
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FIGURE 2. The comparative experiment of three control methods.

Fl =
Mm

M + m− m cos2 θ

×

[
−K2sl − η2sgn(sl) − c3 l̇ −

sinθ
M

F

+
sinθ
M

(f + Fw)+
cosθsinθ
Ml

Fθ −
2θ̇2lm cos2 θ

M

+
2θ̇2lm+gm cos3 θ+Mgl sin θ − glm cos2 θ sin θ

M

+
glm sin θ +M θ̇2l − gm cos θ

M

]
where c1, c2 and c3 ∈ R+ denote the sliding constants,
η1, η2, K1, and K2 ∈ R+ are the SMC gains. Moreover,
sx(t) and sx(t) represent the position sliding mode surface
and the lifting sliding mode surface respectively, which are
defined as follows:

sx(t) = ẋ + c1(x − xd )+ c2θ

sl(t) = l̇ + c3(l − ld )

B. PID CONTROLLER

F = k1p(x − xd )+ k1i

∫ t

0
(x − xd )dτ + k1dẋ − k2pθ

− k2i

∫ t

0
θdτ − k2dθ̇

Fl = k3p(l − ld )+ k3d l̇

where k1p, k2p, k3p, k1i, k2i, k1d, k2d and k3d ∈ R+ and all
control gains.

In order to solve the optimal parameter selection prob-
lem caused by the complex structure of GESMC method,
this paper uses Cuckoo Search Algorithm with Adaptively
Selecting Crossover Points (ASCP-CS) method [30] to set its
parameters. To avoid loss of generality, the same optimization
method is used to solve the parameter selection problem
of the two comparison methods. After a large number of
optimization experiments, the parameters of three controllers
are adjusted as the Table 2 showed:
Arrangement of Experiments: The following four groups

of simulation experiments based on different working con-
ditions are designed to prove respectively the control perfor-
mance of GESMC and its robustness to cope with common

TABLE 2. Control gains.

conditions such as external disturbance, payload and damping
changes in engineering applications:

1) SIMULATION GROUP 1
Under accurate parameters and no external interference, this
paper adopts GESMC to carry out anti-swing positioning
control for the two-dimensional bridge crane system, whose
data is presented in Figure 2-3.

Figure 2 presents the performance curves of the three
controllers with determined model parameters and no exter-
nal interference. Conclusions from the comparative analy-
sis: a) The crane position, payload swing Angle and wire
rope length reach the target state within 12s, 14s and 3s
respectively. b) Compared with PID controller, two sliding
mode controllers require longer crane operating positioning
time but possess less crane position overshooting, payload
swing and frequency, and higher speed of wire rope length
reaching the target position. c) The performance comparison
of the two sliding mode controllers conveys that the GESMC
designed in this paper features with smaller payload swing
and frequency within 11s of the crane adjustment time, and
no obvious overshot phenomenon has been observed at the
crane position and the rope length of the steel wire.

Fig. 3(a) and (c) show the change curve of sys-
tem control quantity F and Fl using GESMC, while
Fig. 3(b) and (d) present the change curve of system control
quantity F and Fl using the sliding mode controller based on
the reaching law. Conclusions from the analysis of Figure 3:
a) Since the initial control quantity of GESMC is much
smaller than that of the approach law sliding mode controller,

VOLUME 9, 2021 160377
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FIGURE 3. The change of system control quantity F and Fl of two sliding
mode controllers.

the designed controller can reduce the requirement on the
maximum output torque of the executive motor. b) Thanks
to the effective suppression of the chattering phenomenon in
GESMC, the damage to the actuating motor can be under-
mined considerably, which favorably promotes its engineer-
ing application.

Based on the simulation analysis above, GESMC stands
better control effect compared with CSMC and PID control.

2) SIMULATION GROUP 2
Multi-group simulation experiments are conducted with most
of the system parameter settings in simulation case 1 remain-
ing the same but the payload mass. Then, it is compared and
analyzed with the control effect of CSMC method. In these
experiments, the mass of the payload is 5kg, 15kg and 30kg
respectively.

Fig. 4(a), (b) and (c) refer to the variation curves of various
state quantities of the bridge crane system under the control
of GESMC and under different payload mass conditions.
Fig. 4(d), (e) and (f) provide the variation curve of sys-
tem output after the sliding mode controller based on the
reaching law is adopted in the bridge crane system under
different payload mass conditions. From the local zoomed
Fig. 4(a) and (b), when the controller control gain stays
the same in the case of GESMC, changing payload mass
casts minimal influence on the crane position and payload
swing angle control performance, and it can be basically
overlooked. In contrast, although low sensitivity shows up
in the approach law sliding mode controller during payload
mass changes, significant fluctuation can still be observed
in the control performance curves of the three payload mass
conditions, indicating that the approach law sliding mode
controller is defeated by GESMC in robustness during pay-
load mass changes. Further analysis shows that the mass and
the overshoot of the two controllers in the aspect of rope
length are positively correlated and overshoot of the GESMC

controller designed in this paper is lower than that of the
sliding mode controller with the approach law.

3) SIMULATION GROUP 3
This group describes the changes of control effect of equiv-
alent sliding mode controller in the whole process under
different air resistance and track friction conditions:
Working Condition 1: The friction coefficient between the

crane and the track remains constant at µ = 0.02 and the air
damping coefficient is adopted at k = 1, 5 and 10 to carry out
the simulation experiment, whose results are listed in figure 5.

Fig. 5 tells that the performance curve of the designed
GESMC only changes mildly when the air resistance coef-
ficient k is changed. Specifically, with the increase of the air
resistance coefficient k , the crane positioning running time
and the time for the payload to drops to the specified height
increase by though less than 0.001 shown in Fig. 5(a) and (b).
The increase of payload swing can also be controlled below
0.001◦, as shown in the local zoomed figure in Figure 5(c),
which can basically be regarded as having no effect on the
controller performance.
Working Condition 2: The air damping coefficient remains

constant at k = 1 and the friction coefficient is adopted
at µ = 0.02, 0.2 and 1 between the crane and the track to
carry out the simulation experiment, whose results are shown
in Figure 6.

As for the change of friction coefficient, the sensitivity of
the system is even lower. By observing Figure 6(a)-(c), we can
see that the control performance curves of the system under
the three friction coefficients basically superimpose.

After the analysis above, a conclusion can be drawn that
when the payload mass, damping force and friction coeffi-
cient between the crane and the track change, or there are
uncertain factors, the GESMC displays less sensitivity to the
change of model parameters but has strong robustness.

4) SIMULATION GROUP 4
Based on the settings in simulation group 1, rectangular wave
interference signals with a duration of 0.5s and a relative
amplitude of 15% are applied to the payload swing angle at
t = 12s to simulate man-made or natural disturbances (such
as strong wind and obstacle obstruction) encountered unex-
pectedly during the operation of the system. The experimental
results are shown in Fig. 7.

Influence of rectangular wave interference on crane
displacement x(t) and wire rope length l(t): seen from
Fig. 7(a) and (c), the transient and steady-state responses of
the three controllers in the case of crane displacement x(t) and
wire rope length l(t) stay almost unaffected and bear good
control performance. The comparison is clearly illustrated by
Fig. 2(a) and (c).

Influence of rectangular wave interference on payload
swing angle θ (t): Fig. 7(b) shows that: a) In terms of payload
swing angle θ (t) control, all three controllers sway around
the equilibrium point to varying degrees under the action of
rectangular wave disturbance signals, but all converge to zero
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FIGURE 4. Control effect of the two control algorithms changes when the payload quality changes.

FIGURE 5. Global-equivalent sliding mode control effect under different air resistance(µ=0.02).

FIGURE 6. Global-equivalent sliding mode control under different friction force.

within 3.5s after the end of disturbance. b) Further observa-
tion shows that the GESMC can quickly adjust the motion
of the crane within 0.18s after the end of interference, and
effectively eliminate the remaining swing angle caused by
external interference. However, CSMC method restores the

stability of payload swing angle after 0.21s adjustment, while
the PID controller needs about 1s to realize payload stabiliza-
tion control, as shown in the partial enlarged view in Fig.7(b).
c) When subjected to external disturbance, the sliding mode
controller has better robustness than the PID controller. It is
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FIGURE 7. Variation curves of crane displacement, wire rope length and payload swing angle.

worth noting that, when the interference signal is applied, two
sliding mode controllers are in the sliding mode approaching
stage, and the proposed controller can eliminate the resid-
ual swing faster than CSMC does, which indicates strong
robustness in the sliding mode approaching stage and global
robustness of the proposed controller.

In summary, through four groups of simulation and com-
parison experiments, it is verified that GESMC has better
transient and steady state responses than PID controller and
CSMC do, and it is less sensitive to changes of model
parameters (including load mass, air resistance coefficient
and friction coefficient), and has strong robustness to external
disturbances and global robustness.

V. CONCLUSION
In order to realize the global robust control of the bridge
crane system, this paper proposes a new sliding mode control
method which incorporates global sliding mode manifold
with equivalent sliding mode control for bridge crane system.
Different from the current traditional sliding mode control,
this controller introduces a whole sliding mode surface with
global robustness, so as to keep the system in the slidingmode
dynamic stage from the initial state, which can improve the
robustness of the system. Moreover, regarding to the severe
output chattering problem, a saturation function is designed
to replace the switching function. By setting four groups
of simulation experiments under different working condi-
tions, the proposed controller presents the better transient and
steady state responses than the CSMC and the PID controllers
do and also, and possesses low output chattering effect. Fric-
tion and air resistance almost pose no effect in responding
to the variable payload mass and the proposed controller can
efficiently achieve the elimination of residual swing effect,
displaying a high robustness. Inspired by the existing work,
the proposed controller will be tested on the platform of crane
experiment hardware in the follow-up research to further
verify its predominant performance.
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