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ABSTRACT Uncertain handling chain system (HCS) of container ports brings steady-state error to the
original control decisions, and even worse, dramatically degrades the system performance. The steady-state
error will cause unsatisfied freight requirement to be much higher than the expected value for a long time,
resulting in the decrease of system robustness and resilience. In this work, a novel sliding mode control with
power integral reaching law (SMC-P) is presented for nonlinear HCS of container ports under uncertainty.
Specifically, the integral of system state variable, the exponential reaching law and the power of the switching
function are integrated to the traditional reaching law. And it is proven that the eliminated steady-state
error, the accelerated approach speed, and the reduced chattering can be effectively obtained by SMC-P.
A nonlinear HCS in container ports with uncertain freight requirement and handling ability is considered.
SMC-P is compared with traditional method, genetic algorithm, quasi-sliding mode control and integral
sliding mode control. Simulation results show that SMC-P does not only balance both steady-state error
reduction and chattering avoidance caused by uncertainty, but also optimize the performance, robustness, and
resilience of the uncertain nonlinear HCS. This study also brings economic and sustainability contributions
for port authorities.

INDEX TERMS Resilience, uncertain nonlinear handling chain system, slidingmode control, power integral
reaching law.

I. INTRODUCTION
Container ports are key elements of global port and ship-
ping supply chains, providing connection between shipping-
and-traffic -based transportation modes. Chinese ports play
an important role in the maritime transport of containers,
as stated in the results of the latest survey of Shanghai
International Shipping Institute (updated to April 2020),
in which there are seven Chinese ports ranked in the world
top 10 container ports, in terms of number of handled
containers. However, accompanied with the deterioration
of the global economic and trade environment, container
ports are facing more challenges, such as fiercer and fiercer
competition, improving the service level, attracting freight
source, saving operation cost, promoting operation efficiency
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(He etc., 2019) [1]. The resilient and efficient container han-
dling chain system (HCS) has been presented as an opportu-
nity to improve the operations and performances of container
port simultaneously (Xu etc., 2019) [2]. Because of these
benefits, the container handling chain system has attracted
much attention from port authorities and other players in the
port and shipping supply chain, and researchers worldwide.

The resilient and efficient HCS strongly relies on the fol-
lowing interactive coupling stages: the delivery/receipt of
containers, the loading and unloading of yard cranes, the tem-
porary storage of containers at the yard, the horizontal trans-
portation of containers between berth and yard, the loading
and unloading of gantry cranes, and the shipment of container
vessel (Zheng et al., 2019) [3]. These processes are very
complex and dynamic. This concept has placed pressure on
the management and maintenance of HCS today. In addi-
tion, HCS relates to the chaotic supply chain environment
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(i.e., demand and cost fluctuation, severe weather, techni-
cal faults, trade policy), which imposes a high degree of
uncertainty in making decisions about the system scheduling
scheme. Furthermore, most previous works have neglected
the fact that the port and shipping supply chains are increas-
ingly affected by uncertainty, which leads to higher risk in the
long term. Resilience has been widely discussed for various
systems to reduce risks in dynamic environments (Feng etc.,
2019) [4]. The system structure and maintenance resources
are principal factors that affect its resilience (Cai et al.,
2018) [5]. For port authorities to be successful, it is becoming
especially crucial to achieve higher resilience and efficiency
in the management of container terminals within the context
of HCSs.

A. LITERATURE REVIEW
In scientific literature, many contributions are available on the
HCS of container ports, such as single-equipment scheduling,
resources allocation and integrated scheduling (Han et al.,
2010; Luo et al.,2011; Said et al.,2015; Türkoğullarıet al.,
2016) [6]–[9] in order to increase efficiency. Many method-
ologies, such as adopting new technologies, work organi-
zation models and information systems (Ballis et al., 1997;
Paixão et al., 2003; Facchini et al., 2017) [10]–[12] have
been proposed to identify optimal solutions in the planning
and management of container port HCS to reduce transit
time and related operation costs. Traditionally, the HCS
in container ports have been studied separately and inde-
pendently for the three main machines. Because operations
in container ports run synchronously, optimizing a par-
ticular aspect of the HCS cannot guarantee the improve-
ment in the overall productivity of container port operations
(Said et al.,2015) [8]. Integrated scheduling of container
handling equipment is essential in improving the efficiency
of container ports (Luo et al.,2011) [7]. Said et al. (2015)
considered the container port as a global system instead of
single optimization problems and optimized the container
handling problems, quay crane assignment problem, yard
crane assignment problem, and truck assignment problem
simultaneously [8]. Liang et al. (2018) established a coupling
model to solve the quay crane scheduling problem (QCSP)
from two aspects: the task dispatch and quantity configura-
tion of quay cranes [13]. However, most of these researches
generally consider deterministic environment, whereas the
uncertain factors are involved less.

In fact, container port operators must face to various
uncertain factors and unknown issues. Hence, the uncer-
tainty is naturally inevitable in the HCS of container ports.
Uncertainty in HCS mainly includes vessel arrival time,
task handling time, equipment reliability, infrastructure con-
straints, container information inaccuracy, handling resource
unavailability, weather variability, etc (Iris et al., 2019) [14].
These uncertainties will impact the initial schedule, cause
extra cost, and degrade the actual operation performance of
container port. More recently, much attention has been paid to
container port uncertainty issue. One way to deal with these

uncertainties include revision or rescheduling when uncer-
tainty is realized, called the predictive-reactive approach
(Aytug et al., 2005) [15]. Considering the intra-/inter-port
handling of the containers, Facchini et al. (2020) defined a
mathematical model based on a computational algorithm for
non-linear programming, in order to identify the number of
containers to be stocked in port and/or in dry port, minimize
the overall running costs and the carbon footprint and support
decision makers in identifying the best strategy [16]. How-
ever, once the uncertainty occurs, the planners should adjust
or reschedule the initial schedule to satisfy the reality. This
adjustment or rescheduling incurs extra cost, and impacts the
other plans or schedules. If the uncertainty can be considered
in the initial schedule, the risk of adjusting schedules will be
reduced significantly.

Other ways are to generate perturbation-insensitive robust
schedules by considering uncertainties while making plans
(Han et al., 2010) [6]. Han et al. (2010) addressed berth and
QuayCrane Scheduling Problem in a simultaneousway under
uncertainties of vessel arrival time and container handling
time [6]. Zhen (2013) considered yard template planning
under uncertain vessel arrival times and berthing positions,
and proposed a mixed integer programming model and a
solution method [16]. Golias et al. (2014) presented a mathe-
matical model and a solution approach for the discrete berth
scheduling problem, where vessel arrival and handling times
are not known with certainty [18]. Mhalla et al. (2016) pre-
sented a robust control strategy towards uncertainty for sea-
port handling equipments and tried to reduce unavailability of
machines in transportation system and to minimize the total
transfer time [19]. Zheng et al. (2019) investigated single yard
crane scheduling to minimize the expected total tardiness of
tasks, and focused on the case with uncertain release times
of retrieval tasks [3]. Considering the uncertainty of vessel
arrivals and the fluctuation in the container handling rate of
quay cranes, Iris et al. (2019) developed a recoverable robust
optimization approach for the weekly berth and quay crane
planning problem and suggested a proactive baseline sched-
ule with reactive recovery costs [14]. Considering uncertainty
and traffic congestion, He et al. (2019) not only optimized
the efficiency of YC operations, but also optimized the extra
loss caused by uncertainty for reducing risk of adjusting
schedule as the result of the task groups’ arriving times
and handling volumes deviating from their plan [1]. Up to
present, most of literatures about uncertain HCS in container
ports have been modeled from an operations research view-
point. However, the vast majority disregard the operation
resilience problem inherent in the uncertain HCS of container
port.

B. MOTIVATIONS FOR WORK
A close container port handling chain is inevitable to reduce
dwell times and improve service level and efficiency as far
as possible. Since the entire container port system is capital
intensive and complicated with lots of operation regulations,
container port operators tend to establish an efficient HCS
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and wish to maintain a resilient running of the whole system
despite uncertainties.

The key feature of a HCS lies in that there are various
uncertain factors and unknown issues in the whole container
port operation, which brings the following main difficulties.
Firstly, uncertainties make the HCS modeling more compli-
cated, dynamic, and inevitable in the practice of container
ports (Xu et al., 2019) [2]. Secondly, system performance
may be degraded by the affection of presence of nonlinearities
and external disturbances (Han et al., 2017) [21]. Thirdly,
the actual HCS in container ports requires small steady-state
error, fast and good robustness, strong resilience, which has
led great difficulties to design an appropriate control strat-
egy. The control approaches can improve the performance
by optimizing control decisions on the system behaviors
(Xu et al., 2019; 2020) [2], [20]. In these cases, it can be
observed how the system behaviors can vary and what are the
effects of control decisions. As such, a great number of con-
trol techniques have been proposed for uncertain nonlinear
systems, see e.g. (Incremona et al., 2015; Khanzadeh et al.,
2017; Mobayen et al., 2018; Wang et al., 2020) [22]–[25].
A robust SMC for uncertain discrete singular systems with
time-varying delays and external disturbances was investi-
gated [21]. A design theory of the finite-time robust-tracking
composite nonlinear feedback controller was proposed
for the fast synchronization and performance improve-
ment of the uncertain chaotic systems of master-slave
Chua (Mobayen et al., 2018) [24]. However, in our
knowledge very few researches have been published yet
(August 2020) on the robustness and resilience of the
nonlinear HCS in case of uncertainty of container ports.

Sliding mode control (SMC) is widely adopted in
lots of complex and engineering systems, including the
underactuated system, dynamical networks, underwater vehi-
cles, robotics and spacecrafts, the inverted pendulum sys-
tem, (Mobayen et al., 2014; Incremona et al., 2015;
Khanzadeh et al., 2017; Wang et al., 2018) [22], [23], [26],
[27]. It has the superiorities, such as fast response, insen-
sitiveness, robustness and good tracking properties against
parametric perturbations or model uncertainties or unknown
disturbances (Mobayen et al., 2011; Han et al., 2017;
Zhang et al., 2018) [21], [28], [29]. However, SMC
approach suffers from an important drawback of chattering.
Mobayen et al. (2017) investigated a novel nonsingular fast
terminal sliding-mode control method for the stabilization
of the uncertain time-varying and nonlinear third order sys-
tems. Moreover, knowledge about the upper bounds of the
disturbances was not required and the chattering problemwas
eliminated [30]. Quasi-sliding mode control has been proven
to be an effective and efficient robust control technique to
deal with nonlinearities, uncertainties, and chattering effects
(Liu et al., 2017) [31], but brings great steady-state error,
which is not feasible in practice.

In summary, few scholars have considered the uncertainty
in the nonlinear HCS of container ports from a control view-
point (Xu et al., 2019; 2020) [2], [20], which is the core

of this work. It is very constructive and meaningful to use
control techniques to evaluate the robustness and resilience
of the HCS in case of uncertainty of container ports, since
in many real cases the freight demand of containers might
vary due to many different aspects. Therefore, this research
has been done to fill these gaps and support container port
operators in identifying the optimal control decisions.

C. CONTRIBUTIONS
Motivated by the aforementioned concerns, we further devel-
oped a sliding mode control with power integral reaching
law (SMC-P) to deal with the HCS of container ports with
nonlinearities and external disturbances, which not only gets
rid of the chattering phenomena induced by the traditional
sliding mode control but also eliminates the steady-state error
of the system.

The major contributions of this work are multi-fold. To the
best of our knowledge, a SMC-P is presented for the uncertain
nonlinear HCS of container ports for the first time. There
are some studies that focus on traditional operation optimiza-
tion of the HCS. This study goes beyond these studies by
evaluating the performance, robustness, and resilience of the
uncertain nonlinear HCS of container ports with a control
approach. Compared with the existing control approaches,
the integral of system state variable, the exponential reach-
ing law, and the power of the switching function are inte-
grated to the traditional reaching law for accelerating the
approach speed, reducing the chattering, and eliminating the
steady-state error.

This study also brings practical contributions for port
authorities. The extra losses, such as unsatisfied freight
requirement, container arrive rate, steady-state error, and
resilience, caused by uncertainty are measured. Simulation
studies demonstrate the effectiveness of the proposed SMC-P
by comparing with traditional method, genetic algorithm,
quasi-sliding mode control and integral sliding mode control.
Ports can analyze and manage the uncertain nonlinear HCS
more resiliently and efficiently through the proposed method,
and this would contribute to economic and sustainability
efforts of container ports.

II. UNCERTAIN NONLINEAR HANDLING CHAIN SYSTEM
IN CONTAINER PORTS
A. NONLINEAR MODEL
Nonlinear model of handling chain system in container ports
is shown in FIGURE 1. For detailed description of the han-
dling chain system in container ports, we refer the readers
to Xu et al. (2019) [2]. Notation and variable are detailed in
TABLE 1. In the following work, uppercase and lowercase
words, such as FR and fr, are used in the frequency and time
domains, respectively. There are two nonlinear segments in
this model: the value of arate(t) can’t be less than 0, and there
is an upper limit value COMRATEm for comrate(t) because
of the actual limited handling ability. It is more complex
and difficult to tune the control parameters during system
operation in the nonlinear model for enhancing the service
level and operation performance.
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FIGURE 1. Nonlinear model of handling chain system in container ports.

TABLE 1. Notation and variable.

FIGURE 2. Uncertain nonlinear model of handling chain system in container ports.

B. UNCERTAIN NONLINEAR MODEL
Freight requirement and handling ability in container ports
are usually uncertain. They prevail in real port operations.
For more visualization, f1 and f2 represent the uncertainty dis-
turbances of the freight requirement and the handling ability
respectively in FIGURE 2.

From FIGURE 2, if comrate(t) is less than or equal to
COMRATEm, then

FR(s)+ F1(s)−
ARATE(s)
1+TGs

− F2(s)

s
= UFR(s) (1)

It is set that Fun(s) = FR(s)+F1(s)−F2(s), fun(t) = fr(t)+
f1(t)− f2(t), u(t) = arate(t) (in this uncertain nonlinear HCS,

arate(t) is the control signal), x1(t) = ufr(t). To describe
simply, ‘‘(t)’’ is omitted in the following text. Then, fun +
TG · dfun/dt − arate = dx1/dt + TG · d2x1/dt2. It is set that
x2 = dx1/dt , then the state equations are:

dx1/dt = x2 (2)

dx2/dt = (fun + TG · dfun/dt − u− x2)/TG (3)

III. QUASI-SLIDING MODE CONTROL AND
STEADY-STATE ERROR
Sliding mode control (SMC) has been widely applied to
many kinds of uncertain nonlinear control system. However,
there’s a drawback of chattering, which can be effectively
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eliminated by quasi-sliding mode control [31]. In this section,
we will establish quasi-sliding mode control and check its
steady-state error.

A. QUASI-SLIDING MODE CONTROL
The linear switching function, (4), is employed:

s = c1x1 + x2 (4)

The time derivative of s is:
ds
dt
= c1

dx1
dt
+
dx2
dt

= (c1 −
1
TG

)x2 +
1
TG

(fun + TG
dfun
dt
− u) (5)

Here, u− and u+ are used to denote the upper and lower
limits of u(t), respectively. Due to TG > 0, (6) and (7) will
definitely be established according to the generalized sliding
mode condition.

(c1 −
1
TG

)x2 +
1
TG

[fun + TG
dfun
dt
− u+] < 0 (6)

(c1 −
1
TG

)x2 +
1
TG

(fun + TG
dfun
dt
− u−) > 0 (7)

To satisfy two nonlinear segments, it is set that u− = 0 and
u+ = COMRATEm [20]. To make the sliding mode area as
large as possible, it is set that

c1 = 1/TG (8)

Substituting (8) into (5), then it can be derived that

ds/dt = (fun + TG · dfun/dt − u)/TG (9)

The reaching law can improve the dynamic quality of the
reaching motion. To effectively reduce chattering, the expo-
nential reaching law based on the saturation function is
employed:

ds
dt
=

{
−ε · sign(s)− k · s, |s| > 1

−ε · s/1− k · s, |s| ≤ 1
(10)

where ε > 0, k > 0,1 is a small positive real number. When
the system stabilizes, s is generally located in its boundary
layer. Then

ds
dt
= −

ε

1
s− k · s =

1
TG

(fun + TG
dfun
dt
− u) (11)

Since the uncertain components f1 and f2 are unknown,
they are not considered when calculating the output of the
sliding mode controller. Then

u = fr + TG(dfr/dt + ε · s/1+ k · s) (12)

B. STEADY-STATE ERROR ANALYSIS
Substituting (12) into (9), then it can be derived that

ds
dt
=

1
TG

(fun − fr)+
d(fun − fr)

dt
−
ε

1
s− ks (13)

Let 1f (t) = f1(t)− f2(t), fh = 1f /TG + d1f /dt , then

ds/dt = fh − ε · s/1− ks (14)

Take the Laplace transform on both sides of the above (14).
To avoid confusion, use v instead of s as the complex variable
in Laplace transform function.

v · S(v) = Fh(v)− (ε/1+ k)S(v) (15)

S(v) = Fh(v)/(v+ ε/1+ k) (16)

By means of application of the final value theorem, there
are

lim
t→∞

fh(t) = lim
v→0

v · Fh(v) (17)

lim
t→∞

s(t) = lim
v→0

v · S(v) = lim
v→0

v · Fh(v)/(v+ ε/1+ k)

= lim
t→∞

fh(t) · lim
v→0

1

1(v+ k)+ ε

=
1

ε +1 · k
lim
t→∞

fh(t) (18)

If fh1 ≤ lim
t→∞

fh(t) ≤ fh2, then

1

ε +1 · k
fh1 ≤ lim

t→∞
s(t) ≤

1

ε +1 · k
fh2 (19)

From (2), (4) can also be expressed as

s = c1x1 + dx1/dt (20)

After performing Laplace transform on both sides of (20),
it can be obtained that

S(v) = c1 · X1(v)+ v · X1(v) (21)

And it can be deduced that

X1(v) = S(v)/(c1 + v) (22)

Using the final value theorem, we get

lim
t→∞

ufr(t) = lim
t→∞

x1(t) = lim
v→0

v · S(v)
c1 + v

= lim
v→0

v · S(v) · lim
v→0

1
c1 + v

=
1
c1

lim
t→∞

s(t) =
1

c1(ε +1 · k)
lim
t→∞

fh(t)

(23)
1

c1(ε +1 · k)
fh1 ≤ lim

t→∞
ufr(t) ≤

1

c1(ε +1 · k)
fh2 (24)

If lim
t→∞

fh(t) 6= 0, the steady-state error cannot be elimi-
nated by using the saturation function.

IV. SLIDING MODE CONTROL WITH POWER INTEGRAL
REACHING LAW
The commonly used method to reduce steady-state error
is integral sliding mode control (ISMC) (Shideh etc.,
2019) [32]. In ISMC, the switching function is s = c1x1 +
x2 + c2

∫
x1dt . However, ISMC just increases the integral of

the system state variable in the switching function, and no
measures are taken for the reaching process. In this section,
the reaching law is improved by adding the integral of the
system state variable in the reaching law and enhancing the
reaching strength to eliminate the steady-state error.
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A. REACHING LAW BASED ON INTEGRAL OF x1
If the reaching law employs the integral of x1, that is ds/dt =
−ki|

∫ t
0 x1dτ |sgn(s). Where ki is the integration coefficient,

ki > 0. To satisfy the generalized sliding mode condition
(s ·ds/dt < 0), the absolute value sign is added to the integral
of x1, they multiply with the sign function sgn (s), and the
negative sign is added.

Similar to the calculation of u in (12), there is

u = fr + TG
dfr
dt
+ kiTG|

∫ t

0
x1dτ |sign(s) (25)

Substituting (25) into (9), we can get

ds
dt
=

fun − fr
TG

+
dfun
dt
−
dfr
dt
− ki|

∫ t

0
x1dτ |sign(s)

= fh − ki|
∫ t

0
x1dτ |sign(s) (26)

Take the Laplace transform on both sides of (26), then

v · S(v) = Fh(v)− ki|X1(v)/v|sign(s) (27)

It can be deduced that X1(v) = ±
vFh(v)−v2·S(v)

kisign(s)
. From (22)

and (27), the steady-state error of ufr can be obtained by the
following equations:

v · S(v) = Fh(v)− ki|
S(v)

v(c1 + v)
|sign(s) (28)

S(v) =
±v(c1 + v)Fh(v)

kisign(s)± v2(c1 + v)
(29)

lim
t→∞

s(t) = lim
v→0

v · S(v) = lim
v→0

±v2(c1 + v)Fh(v)
kisign(s)± v2(c1 + v)

= lim
v→0

vFh(v) · lim
v→0

±v(c1 + v)
kisign(s)± v2(c1 + v)

= lim
t→∞

fh(t) · lim
v→0

±v(c1 + v)
kisign(s)± v2(c1 + v)

= 0

(30)

lim
t→∞

ufr(t) = lim
t→∞

x1(t) =
1
c1

lim
t→∞

s(t) = 0 (31)

In summary, the integral used in reaching law can
effectively eliminate the steady-state error.

B. POWER INTEGRAL REACHING LAW
If there is only an integral in the reaching law, the reach-
ing speed is slower in the beginning because the value of
the integral gradually increases over time. To improve the
dynamic quality of the reaching process, this work combines
the exponential reaching law with the integral of Section 4.1,
and proposes an integral reaching law, as shown in (32).

ds
dt
= −[(1− e−β|s|)(ε + k|s|)+ kie−β|s||

∫ t

0
x1dτ |]sgn(s)

(32)

where, 0 < α < 1, β > 0, ki > 0.
The brackets in (32) contains two parts: the original expo-

nential reaching law and the integral of x1. The original
exponential reaching law multiplies with 1 − e−β|s|, and the

integral of x1 multiplies with e−β|s|. When the system state
variable x1 is far away from the sliding surface, |s| is relatively
large, e−β|s| ≈ 0, and (1 − e−β|s|) ≈ 1. At this time,
the reaching law of (32) is similar to the exponential reaching
law, which can enhance the reaching speed. As the system
approaches the sliding surface, |s | becomes smaller and
smaller. When |s| is very small, e−β|s| ≈ 1, (1− e−β|s|) ≈ 0,
and the integral of x1, which plays a major role, is used to
weaken the steady-state error.

It is expected that e−β|s| and 1− e−β|s| are always between
0 and 1, so the absolute value sign is added to s in the
exponential part. In addition, to guarantee that the generalized
sliding mode condition (s · ds/dt < 0) is not affected by the
integral of x1 (the integral of x1 maybe positive or negative),
the integral of x1 is added with an absolute value sign, and the
sum of the two parts multiplies with the sign function sgn (s).

To reduce the chattering and further increase the reaching
speed, similar to the power reaching law, the above reaching
law multiplies with |s|α , then (33) is obtained.

ds
dt
= −[(1− e−β|s|)(ε + k|s|)+ kie−β|s||

∫ t

0
x1dτ |]

· |s|αsgn(s) (33)

Similar to Section 3.1, the control output of SMC-P can
be calculated in (34). The proposed SMC-P doesn’t rely on
the complete information about the state of the HCSs and the
disturbances. Only the information of TG and COMRATEm
is needed to calculate the control output of SMC-P, which
impose a great flexibility to real applications.

u = fr + TG
dfr
dt
+ TG[(1− e−β|s|)(ε + k|s|)

+ kie−β|s||
∫ t

0
x1dτ |]|s|αsgn(s) (34)

V. SIMULATION ANALYSIS
To verify the performance of SMC-P, an uncertain nonlinear
HCS in container ports with fluctuant f1 and f2 is simu-
lated. In this work, we use the integral of time multiplied
by the absolute error (ITAE) as a benchmark to understand
the resilience for an uncertain nonlinear HCS in container
ports. f1 and f2 are sinusoidal signals with offset, shown in
the flowing (35-36):

f1 = f10 + A1 · sin(ω1t + ϕ1) (35)

f2 = f20 + A2 · sin(ω2t + ϕ2) (36)

where, f10 = 0.05, A1 = 0.005, ω1 = 1, ϕ1 = π/6, f20 =
−0.1, A2 = 0.001, ω2 = 1.5, and ϕ2 = −5π/12.
Four methods, traditional method (TM), genetic algorithm

(GA)(Luigi et al., 2020)[33], quasi-sliding mode con-
trol (QSMC) and ISMC, are employed to compare with
SMC-P. In this nonlinear HCS in container ports, TG = 2,
TQ = 1.5, TF = 3, TU = 0.5, TI = 0.5, and
COMRATEm = 1.3. TM is directly simulated in the non-
linear HCS in container ports, as shown in FIGURE 2.
In GA method, TG and TQ are fixed value, while TF ,
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FIGURE 3. Comparison of ufr among five methods.

TU , and TI are optimized with ITAE of ufr as the fitness
function. The ranges of TF , TU and TI are [3,30], [0.1,7]
and (0,1], respectively. In QSMC and ISMC, the exponential
reaching law in (10) is employed and the saturation function is
used to replace sign function to reduce chattering. According
to (10), ε = 0.5, 1 = 0.05, k = 1 in QSMC and ISMC; and
according to (33), α = 0.8, β = 4 in SMC-P.
The initial values of ufr, arate, and comrate are 1, 0

and 0, respectively. It is expected that unsatisfied freight
requirement would reduce to 0, or as small as possible. All
experiments were performed byMATLAB 7.1 on a computer
equipped with an Intel Core i7, 3.6 GHz CPU and 12 GB
RAM.

A. FR IS A STEP SIGNAL
In this section, f r is a step signal:

fr = fr0 · 1(t) (37)

where, fr0 = 1. The best TF , TU and TI obtained by GA
method are: TF = 12.3169, TU = 0.1 and TI = 1. According
to the switching function s = c1x1+x2+c2

∫
x1dt , c2 = 2 in

ISMC; and according to (33), ki = 1.6 in SMC-P.
The comparisons of ufr and control signal u (in this uncer-

tain nonlinear HCS, control signal is arate) among five meth-
ods are plotted in FIGUREs 3 and 4 respectively. In the
1st and 2nd subfigures of FIGURE 4, the ordinate of the
curve for the first 10 days is on the left, while the ordinate
of the curve for the last 40 days is on the right. The thick
dashed line is the dividing line. The ordinate on the left
can completely present the initial curve, and the ordinate
on the right is consistent with other subfigures to promote
convenient comparison among these subfigures. Steady-state
error, settling time (ts) and ITAE of five methods are given

FIGURE 4. Comparison of control signal among five methods.

TABLE 2. Steady-state error, Settling time and ITAE.

in TABLE 2. In TABLE 2, em, which is themaximum value of
ufr in the 30th to 50th days, is used to describe the steady-state
error. ts is measured by taking 0.02 as the benchmark of ufr’s
error, which is the same as that in the following subsection B.
Because ufr obtained by TM and GA are always larger than
0.02, there is no data of ts in the columns of TM and GA.
ITAE is only calculated for the first 50 days.
From FIGURE 3, ufr obtained by TM does not increase

significantly before the 10th day, while ufr obtained by GA
decrease in the first few days. However, both of them continue
to increase after the 10th day and cannot converge to a certain
value. It is because comrate is easily smaller than the sum of
fr and f1, due to f2 <0. ufr obtained by other three methods
can converge to certain values close to 0. The convergence
speeds of ufr obtained by ISMC and SMC-P are faster than
that obtained by QSMC.

From FIGURE 4, control signal u obtained by TM starts
to decrease gradually from 2 and then fluctuates in a range
slightly larger than 1. u obtained by GA first falls fast from
10 and then continues to fluctuate. Within the last 40 days, u
obtained by GA is not much different from those obtained by
the latter three methods. The waveforms of u obtained by the
other three methods remain at 1.3 at the beginning and then
fluctuate because of interference signals f1 and f2. There is a
significant chattering between these two stages in u obtained
by ISMC. The switching process between these two stages in
u obtained by QSMC and SMC-P are much smoother.
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FIGURE 5. Comparison of ufr among five methods.

From TABLE 2, em obtained by TM and GA are much
larger than those obtained by the other three methods. It can
be calculated that em obtained by QSMC, 0.0141, is equal to
fh2 ·1/c1(ε+1 · k) in (24), which is the maximum value of
lim
t→∞

ufr(t). em obtained by SMC-P is obviously smaller than
those obtained by QSMC and ISMC. ts obtained by QSMC is
longer than those obtained by ISMC and SMC-P. ts obtained
by SMC-P is a bit longer than that obtained by ISMC. The
relationship between ITAE of these five methods is similar to
that of em. ITAE obtained by SMC-P is the smallest in those
obtained by five methods.

B. FR IS A SINUSOIDAL SIGNAL WITH OFFSET
In this section, fr is a sinusoidal signal with offset:

fr = fr0 + A · sin(ωt + ϕ) (38)

where, A = 0.1, ω = 0.2, ϕ = 0. The best TF , TU and TI
obtained by GA method are 13.3959, 0.1 and 1, respectively.
c2 and ki are the same as those in the subsection A of this part.
ufr and control signal u obtained by five methods are plotted
in FIGUREs 5 and 6 respectively. Similar with FIGURE 4,
in the 2nd subfigure of FIGURE 6, the ordinate of the curve
for the first 20 days is on the left, while the ordinate of the
curve for the last 80 days is on the right. em, ts and ITAE
of five methods are given in TABLE 3. In TABLE 3, em is
the maximum value of ufr in the 60th to 100th days. Same as
subsection A, there is no data of ts in the columns of TM and
GA. ITAE is only calculated for the first 100 days.
From FIGURE 5, ufr obtained by TM and GA, which

continue to increase, cannot converge to a certain value.
It is because comrate is easily smaller than the sum of fr
and f1, due to f2 < 0. ufr obtained by other three methods
can converge to certain values close to 0. The convergence

FIGURE 6. Comparison of control signal among five methods.

TABLE 3. Steady-state error, Settling time and ITAE.

speeds of ufr obtained by ISMC and SMC-P are faster than
that obtained by QSMC. There is little difference between
waveforms of ufr obtained by ISMC and SMC-P.
From FIGURE 6, control signal u obtained by TM starts

to decrease gradually from 2 and then fluctuates in a range
slightly larger than 1. u obtained by GA first falls fast from
10 and then continues to fluctuate. Within the last 80 days, u
obtained by GA is not much different from those obtained
by the latter three methods. The waveforms of u obtained
by the other three methods are similar with each other in all
100 days. They remain at 1.3 at the beginning and then fluc-
tuate. In the switching process of these two stages, the wave-
forms of u obtained by QSMC and SMC-P are smoother than
ISMC.

From TABLE 3, em obtained by TM is much larger than
those obtained by the other four methods. em obtained by
QSMC is still equal to fh2 ·1/c1(ε+1·k) in (24). em obtained
by SMC-P is obviously smaller than that obtained by QSMC
and ISMC. Although ts obtained by ISMC is the shortest
in these methods, ts obtained by SMC-P is slightly longer
than that obtained by ISMC. ITAE obtained by SMC-P is
obviously smaller than those obtained by other four methods.

Overall, both ISMC and SMC-P can reduce steady-state
error in nonlinear handling chain systems with interferences.
ISMC and SMC-P are obviously better than TM, GA and
QSMC in steady-state error, settling time and resilience.
In general, SMC-P is better than ISMC. However, these are
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FIGURE 7. ufr obtained by ISMC with different c2.

FIGURE 8. ufr obtained by SMC-P with different k i.

only comparisons between ISMC and SMC-P under cer-
tain parameters. To confirm whether SMC-P is better or
not, detailed comparisons between ISMC and SMC-P under
various parameters are shown in the following Section.

C. DETAILED COMPARISONS BETWEEN ISMC AND SMC-P
In this subsection, detailed comparisons are made between
the ISMC and SMC-P of taking several values for the param-
eters c2 and ki to validate the effectiveness of SMC-P. Except
for parameters c2 and ki, other parameters are the same as the
subsection B of this part.

In FIGUREs 7 and 8, ufr obtained by ISMC with different
c2 (c2 = 1, 2, 3, 4 and 5) and SMC-P with different ki(ki =
0.8, 1.6, 2.4, 3.2 and 4.0) are plotted. To distinguish the
steady-state error and fluctuation with different parameters,
the values of ufr from the 40th day to the 80th day are
drawn in the subgraphs. In FIGUREs 9 and 10, the values
of control signal u obtained by ISMC with different c2 and
SMC-P with different ki are given. In FIGURE 11, the values
of steady-state error obtained by ISMC with different c2
and SMC-P with different ki are compared. In FIGURE 10,
the values of ITAE obtained by ISMC with different c2 and
SMC-P with different ki are compared. In FIGUREs 11 and
12, the abscissas above and below belong to c2 of ISMC
and ki of SMC-P respectively. The left and right ordinates are
the same.

FIGURE 9. Control signal obtained by ISMC with different c2.

FIGURE 10. Control signal obtained by SMC-P with different k i.

From FIGUREs 7 and 8, the overall change trends of ufr
obtained by two methods with different parameters are not
much different. However, it can be seen from the sub-graphs
that the steady-state errors are different under various param-
eters. In ufr obtained by ISMC, the larger c2, the smaller
the steady-state error. In ufr obtained by SMC-P, the larger
ki, the smaller the steady-state error. The steady-state errors
of ufr obtained by SMC-P are smaller than those of ufr
obtained by ISMC. The fluctuation of ufr obtained by SMC-P
is obviously less than that of obtained by ISMC.
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FIGURE 11. Steady-state error obtained by ISMC and SMC-P.

From FIGUREs 9 and 10, the curves of u are relatively
smooth with no chattering when c2 and ki are smaller, such
as c2 = 1 and 2, ki = 0.8, 1.6 and 2.4. However, the chattering
between the 10th day and the 20th day becomemore and more
serious with the increase of the parameters c2 and ki, such as
c2 = 3, 4 and 5, ki = 3.2 and 4.0.
From FIGUREs 11 and 12, the steady-state error and ITAE

obtained by ISMC or SMC-P gradually decrease as c2 or ki
increases. The values of steady-state error and ITAE obtained
by ISMC are greater than those obtained by SMC-P. The
minimum steady-state error and ITAE obtained by ISMC are
still larger than the maximum steady-state error and ITAE
obtained by SMC-P.

In general, although both ISMC and SMC-P can reduce
steady-state errors, SMC-P achieves better results than ISMC
in considering the trade-off between steady-state error reduc-
tion and chatter avoidance. Therefore, it is validated that
SMC-P outperforms ISMC in the aspects of performance,
robustness and resilience when dealing with the nonlinear
HCS of container ports under uncertainty. However, there
is the same phenomenon between SMC-P and ISMC that
deserves the attention of container port operators. That is,
with the gradual increase of parameters, the steady-state error
gradually decreases, while the chattering may appear and
becomemore serious. In the operation of container ports, how
to select the appropriate parameters requires reasonable con-
sideration for the two factors in accordance with the planning
and management objectives.

Through comparing (12) with (34), the computational
complexity of the proposed SMC-P increases more slightly
than that of ISMC and QSMC. However, uncertain nonlinear
model of handling chain system in container ports takes days
as the unit, which highlights the calculation performance,
while the increase of calculation time (seconds) may be
ignored. Moreover, it is found through simulation that the
SMC-P operation time is only 1.27 seconds. In view of the
calculation time requirement of uncertain nonlinear HCS
in container ports is not much high, the slight increase of
time of the proposed SMC-P is acceptable. With respect
to the calculation performance, the SMC-P outperforms
other four methods in ufr, u, steady-state error, settling time

FIGURE 12. ITAE obtained by ISMC and SMC-P.

and resilience. In addition, SMC-P does not only balance both
steady-state error reduction and chattering avoidance, but also
optimize the performance, robustness, and resilience of the
uncertain nonlinear HCS.

VI. CONCLUSION
This work proposes a sliding mode control method with
power integral reaching law for the uncertain nonlinear HCS
in container ports. This method adds the integral of the system
state variable to the reaching law to reduce steady-state errors,
and uses the power reaching law to accelerate the reach-
ing speed and weaken the chattering. Considering uncer-
tain freight requirement and handling ability, simulations
among five methods verify the effectiveness of SMC-P in
the aspects of steady-state error, settling time and resilience;
detailed comparisons between ISMC and SMC-P under vari-
ous parameters show SMC-P can better achieve the trade-off
between reducing the steady-state errors and weakening the
chattering. The method proposed in this work meets the
actual management and maintenance requirements of HCS
in container ports. It helps port authorities to design more
effective and competitive control decisions.

There are several directions s to further and improve the
work, which can be considered as future avenues for research:
• Development in new advanced control approach
Despite the good performance of our proposed SMC-P

in this work, there are novel ways to develop it further in
order to obtain results better to achieve the trade-off between
reducing steady-state errors and weakening chattering and
in a shorter time. This can be done by combining other
techniques, such as feedback linearization control, adaptive
control, fuzzy control, or neural network into steps within
the SMC.
• Extension into some complicated uncertainties
Uncertainties always exist in the real world; however,

some complicated uncertainties cannot be represented just
with parameters, e.g., disruption events, vessels backlog-
ging, inaccuracy of container information, and equipment
failure. Therefore, HCS in container ports considering com-
plicated emergencies will be a valuable future research
direction.
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