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Considering the nonlinearities, uncertainties of large erecting system, and the circumstance disturbances in erecting process,
a novel sliding mode control strategy is proposed in this research. The proposed control strategy establishes the sliding mode
without reaching phase using an integral sliding surface. Thus, robustness against uncertainties increases from the very beginning
of the process. Furthermore, adaptive laws are used for the controller to estimate the unknown but bounded system uncertainties.
Therefore, the upper bounds of the system uncertainties are not required to be known in advance. Then, the time-varying term is
applied to ensure the global robustness. Moreover, the boundary layer method is used to attenuate the high frequency chattering.
The experiment results demonstrated that the proposed strategy could effectively restrain parametric uncertainties and external
disturbances and improve the tracking accuracy in the erecting process. In addition, the control performance of the proposed
control strategy is better than that of the PID control and the conventional sliding mode control.

1. Introduction

The large erecting system, as shown in Figure 1, ismainly used
to erect and withdraw heavy equipment rapidly. It consists of
erecting arm, proportional valve, erecting hydraulic cylinder,
and a fixed base platform [1]. Generally, the electrohydraulic
proportional control system is used as actuator to drive the
erecting system. Due to the nonlinearities, uncertainties of
the electrohydraulic proportional system, and the circum-
stance disturbances in erecting process, the conventional lin-
ear control methods cannot guarantee rapidity and stability
in the erecting process. Controlling such uncertain systems
is quite challengeable and has drawn much attention to the
research community. Many researchers have used nonlinear
control methods to compensate the nonlinear feature of
erecting system. Firstly, the nonlinear predictive control tech-
nique was proposed in the previous research [2], while the
system uncertainties are not taken into consideration. Thus,
several kinds of intelligent control strategies were adopted
in erecting systems by some researchers [3, 4]. However, the
results of these control strategies cannot overcome system
uncertainties, especially the uncertainties out of uncertain
parameters.

Slidingmode control (SMC) is a validmethod for nonlin-
ear system control. In recent years, SMC has been extensively
applied to nonlinear control systems, such as motor control,
robot control, and servo system control [5–8]. It has been
successfully implemented to compensate the effects of the
load variations [9], friction and internal leakage [10], and
uncertain original volume [11]. However, the designed con-
troller with SMC contains discontinuous function, which can
cause chattering [12–14], so the performance of the control
system is affected, and the SMC does not have robustness
in the sliding mode. To achieve finite time convergence
of system states, Choi proposed the time-varying sliding
mode control [15], in which the time-varying sliding surface
instead of the original sliding surface was used to make the
sliding surface across the initial state at the initial moment.
Reference [16] applied the time-varying sliding mode control
to position control system, hydraulic servo system, and
induction motor control. Metin et al. [17] presented sliding
mode control with time-varying sliding surface for a class
of nonlinear systems, which was transformed into a linear
time invariant (LTI) systemby frozen-time approach.Though
simulation results show that the control strategy has global
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Figure 1: Schematic diagram of the erecting system.

stability, the robustness against the uncertainties and external
disturbances was not discussed in Metin’s research.

Motivated by the above discussions, we propose a time-
varying integral adaptive slidingmode control strategy for the
large erecting system which incorporates an integral sliding
surface which eliminates the need for prior knowledge about
the high order differential item of input signals and results in
the elimination of reaching phase. In addition, the adaptive
control law is introduced to guarantee robustness against the
parametric uncertainties, unmodeled dynamics, and external
disturbances. Moreover, the time-varying term is applied to
ensure the system global robustness. The proposed control
strategy has been experimentally implemented to control
a hydraulic experimental platform of erecting system. The
experimental results demonstrate the effectiveness of the
proposed control strategy.

This research was organized as follows. In Section 2, the
nonlinear model of the erecting system was presented. The
main results on the design of the proposed time-varying
integral adaptive sliding mode controller were given in
Section 3. Experimental results were shown in Section 4 and
conclusions were given in Section 5.

2. Mathematical Model of Erecting System

Figure 1 shows that the erecting arm is driven by an elec-
trohydraulic proportional control system (EPCS) and the
erecting arm can be rotated around the joint 𝑂. The rotation
angle of the erecting arm is controlled as follows: once the
reference angle 𝜃𝑑 and the actual angle 𝜃 are transmitted to
the controller, the output control signal 𝑢 is calculated with
the control algorithm. Then, the valve spool position and
direction are controlled by the signal 𝑢. The flow and the
direction supplied to each cylinder chamber are determined
based on the valve spool position. And the motion of the
erecting arm actuated by the cylinder is controlled by the
flow. To illustrate the motion of the erecting arm, a reference
coordinate system 𝑋𝑂𝑌 is established (see Figure 1). Let
𝑂𝑂1 = 𝑙1,𝑂𝑂2 = 𝑙2,𝑂𝑂3 = 𝑙4, and ∠𝑂𝑂2𝑂1 = 𝛼1, and at zero
second let 𝑂1𝑂2 = 𝑙3, ∠𝑂1𝑂𝑂2 = 𝜃0, and ∠𝑋𝑂𝑂3 = 𝛾 where
𝑂3 is the center of gravity of the erecting arm. The EPCS of
the erecting system is a valve controlled asymmetric hydraulic
cylinder system, and its dynamic characteristics are different
from those of the traditional symmetrical cylinder. The load

flow and pressure need to be redefined in the process of
modeling.The nonlinear model is composed of force balance
equation, valve flow equation, and continuity equation of the
cylinder volume [18].

2.1. Force Balance Equation for Piston. Based on Newton’s
second law, the force balance equation of the piston can be

𝐴1𝑃1 − 𝐴2𝑃2 = 𝑚�̈�𝑃 + 𝐵𝑐�̇�𝑃 + 𝐾𝑋𝑃 + 𝐹𝐿, (1)

where 𝐴1 denotes the effective area of the head side of the
piston, 𝐴2 denotes the effective area of the rod side of the
piston, 𝑚 denotes the equivalent mass of the cylinder, 𝐵𝑐
denotes the viscous damping coefficient, 𝐾 denotes the load
spring gradient, and 𝑃1 and 𝑃2 denote the supply pressure
and return pressure, respectively.The loadwhich acted on the
cylinder is mainly composed of inertia load. Since the spring
gradient𝐾 is very small, 𝐾𝑋𝑃 is neglected in this research.

When the piston is moving in the steady state, (1) can be

𝐴1 (𝑃1 − 𝑛𝑃2) = 𝐹𝐿0, (2)

where 𝑛 = 𝐴2/𝐴1, and 𝐹𝐿0 represents the steady load force
which acted on the piston. The load pressure can be defined
as

𝑃𝐿 = 𝑃1 − 𝑛𝑃2. (3)

Based on the rotation differential equation law, the
dynamics of the erecting arm are governed by

𝐽 ̈𝜃 = 𝐹𝐿𝑙1 sin𝛼1 − 𝐺𝑙4 cos (𝛾 + 𝜃) , (4)

where 𝐽 denotes themoment of inertia of the erecting arm,𝐹𝐿
denotes the active force generated by the cylinder, 𝜃 denotes
the erect angle, and𝐺 denotes the gravity of the erecting arm.
In the triangle𝑂𝑂1𝑂2, the following equation can be derived
based on the sine law:

𝑙1

sin𝛼1
=

𝑙3 + 𝑋𝑃

sin (𝜃 + 𝜃0)
, (5)

where 𝑋𝑃 denotes the displacement of the piston rod. In (4)
and (5), active force 𝐹𝐿 can be written as

𝐹𝐿 =
𝐽 ̈𝜃 + 𝐺𝑙4 cos (𝛾 + 𝜃)

𝑙1𝑙2 sin (𝜃 + 𝜃0) / (𝑙3 + 𝑋𝑃)
. (6)

2.2. Valve Flow Equation. The valve flow equation is a typical
nonlinear equation. Since the effective piston area of the two
sides is different, so the flow through the valve orifices is also
different. Suppose that the spool valve is a symmetric valve,
and the flow to the supply and return port of the valve is



Mathematical Problems in Engineering 3

proportional to the spool displacement 𝑥V. Then the flow of
oil through the valve orifices can be written as

𝑄1 =

{{{{{

{{{{{

{

𝐶𝑑𝑤𝑥V√
2 (𝑃𝑠 − 𝑃1)

𝜌
𝑥V ≥ 0

𝐶𝑑𝑤𝑥V√
2𝑃1

𝜌
𝑥V < 0

(7)

𝑄2 =

{{{{{

{{{{{

{

𝐶𝑑𝑤𝑥V√
2𝑃2

𝜌
𝑥V ≥ 0

𝐶𝑑𝑤𝑥V√
2 (𝑃𝑠 − 𝑃2)

𝜌
𝑥V < 0,

(8)

where𝑄1 is the supplied flow rate to the forward chamber,𝑄2
represents the returned flow rate of the backward chamber,𝑃𝑠
is the supply line pressure, 𝐶𝑑 is the discharge coefficient of
spool valve, 𝑤 is the spool valve area gradient, and 𝜌 is the
oil mass density. Since a rapid response valve is used here, it
is assumed that the spool displacement 𝑥V is proportional to
the control signal 𝑢(valve input control voltage), and then the
following equation is given by 𝑥V = 𝑘𝑝𝑢, where 𝑘𝑝 is a positive
proportional coefficient.

If the piston velocity is defined as V in the steady state,
V = 𝑄1/𝐴1 = 𝑄2/𝐴2, and further 𝑄2/𝑄1 = 𝑛. Based on (6),
(7), and (8), the pressures 𝑃1 and 𝑃2 can be written as

𝑃1 =

{{{{{

{{{{{

{

(𝑛
3
𝑃𝑆 + 𝑃𝐿)

(𝑛3 + 1)
𝑥V ≥ 0

(𝑛𝑃𝑆 + 𝑃𝐿)

(𝑛3 + 1)
𝑥V < 0

(9)

𝑃2 =

{{{{{

{{{{{

{

𝑛
2
(𝑃𝑠 − 𝑃𝐿)

(𝑛3 + 1)
𝑥V ≥ 0

(𝑃𝑠 − 𝑛
2
𝑃𝐿)

(𝑛3 + 1)
𝑥V < 0.

(10)

Define the load flow as 𝑄𝐿 = 𝑄1 and substitute (9) into
(7) and yield

𝑄𝐿 =

{{{{{

{{{{{

{

𝐶𝑑𝑤𝑥V√
2

𝜌

1

1 + 𝑛3
(𝑃𝑠 − 𝑃𝐿) 𝑥V ≥ 0

𝐶𝑑𝑤𝑥V√
2

𝜌

1

1 + 𝑛3
(𝑛𝑃𝑠 + 𝑃𝐿) 𝑥V < 0.

(11)

The valve coefficients can be obtained fromdifferentiating
equation (11).

The flow gain is

𝐾𝑄 =
𝜕𝑄𝐿

𝜕𝑥V
=

{{{{{

{{{{{

{

𝐶𝑑𝑤√
2

𝜌

1

1 + 𝑛3
(𝑃𝑠 − 𝑃𝐿) 𝑥V ≥ 0

𝐶𝑑𝑤√
2

𝜌

1

1 + 𝑛3
(𝑛𝑃𝑠 + 𝑃𝐿) 𝑥V < 0.

(12)

The flow-pressure coefficient is

𝐾𝑐 = −
𝜕𝑄𝐿

𝜕𝑃𝐿

=

{{{{{{

{{{{{{

{

−𝐶𝑑𝑤𝑥V√2/𝜌 (1 + 𝑛
3) (𝑃𝑠 − 𝑃𝐿)

2 (𝑃𝑠 − 𝑃𝐿)
𝑥V ≥ 0

−𝐶𝑑𝑤𝑥V√2/𝜌 (1 + 𝑛
3) (𝑛𝑃𝑠 + 𝑃𝐿)

2 (𝑛𝑃𝑠 + 𝑃𝐿)
𝑥V < 0.

(13)

From (12) and (13), we can define the valve flow equation
as

𝑄𝐿 = 𝐾𝑄𝑥V − 𝐾𝑐𝑃𝐿. (14)

2.3. Continuity Equation of the Cylinder Volume. Assume that
the pressures in each piston chamber are the same every-
where. Both the temperature and the density are constant.The
continuity equation of the cylinder volume can be described
as

𝑄1 = 𝐴1�̇�𝑃 + 𝐶in (𝑃1 − 𝑃2) +
𝑉0

𝛽𝑒

�̇�1 (15)

𝑄2 = 𝐴2�̇�𝑃 + 𝐶in (𝑃1 − 𝑃2) − 𝐶out𝑃2 −
𝑉0

𝛽𝑒

�̇�2, (16)

where 𝛽𝑒 is the effective fluid bulkmodulus,𝑉0 is the effective
system oil volume, and 𝐶in and 𝐶out are the internal and
external leakage coefficient of the cylinder, respectively.

Combine (9), (10), (15), and (16) to get

𝑄1 + 𝑛𝑄2

(1 + 𝑛2)
= 𝐴1�̇�𝑃 + 𝐶𝑡𝑃𝐿 +

𝑉0

𝛽𝑒 (1 + 𝑛
2)
�̇�𝐿 + 𝑏𝑃𝑠, (17)

where

𝐶𝑡 =
1 + 𝑛

1 + 𝑛3
𝐶in +

𝑛
3

(1 + 𝑛3) (1 + 𝑛2)
𝐶out

𝑏 =
1 + 𝑛

1 + 𝑛2
𝑏1𝐶in −

𝑛

1 + 𝑛2
𝑏2𝐶out;

𝑏1 =
𝑛
3
− 𝑛
2

1 + 𝑛3
, 𝑏2 =

𝑛
2

1 + 𝑛3
𝑥V ≥ 0

𝑏1 =
𝑛 − 1

1 + 𝑛3
, 𝑏2 =

1

1 + 𝑛3
𝑥V < 0.

(18)

The left part of (17) is

𝑄1 + 𝑛𝑄2

(1 + 𝑛2)
=
𝑄1 + 𝑛

2
𝑄1

(1 + 𝑛2)
= 𝑄1 = 𝑄𝐿. (19)

Equation (17) is converted into

𝑄𝐿 = 𝐴1�̇�𝑃 + 𝐶𝑡𝑃𝐿 +
𝑉0

𝛽𝑒 (1 + 𝑛
2)
�̇�𝐿 + 𝑏𝑃𝑠. (20)

Define the state variables 𝑥 = [𝑥1 𝑥2 𝑥3] =

[𝑋𝑃 �̇�𝑃 �̈�𝑃], where 𝑥1, 𝑥2, and 𝑥3 represent the displace-
ment, velocity, and acceleration of the piston rod, respectively.
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Based on (4), (6), (11), and (20), the system model can be
expressed in a state-space form as

�̇�1 = 𝑥2

�̇�2 = 𝑥3

�̇�3 = 𝑎1𝑥2 + 𝑎2𝑥3 +
𝑔 (𝑥V) 𝑢

𝑎3

+ 𝑎4 + 𝐹,

(21)

where 𝐹 denotes the uncertain disturbance, and

𝑎1 = −

𝛽𝑒 (1 + 𝑛
2
)

𝑚𝑉0

(𝐴
2

1
+ 𝐶𝑡𝐵𝑐) ;

𝑎2 = −(
𝐵𝑐

𝑚
+

𝐶𝑡𝛽𝑒 (1 + 𝑛
2
)

𝑉0

) ;

𝑎3 =

𝑚𝑉0/𝐴1𝛽𝑒 (1 + 𝑛
2
) 𝐶𝑑𝑤𝑘𝑝

√2/𝜌 (1 + 𝑛3)

;

𝑎4 = −(
�̇�𝐿

𝑚
+

𝐶𝑡𝛽𝑒 (1 + 𝑛
2
)

𝑚𝑉0

𝐹𝐿 +

𝐴
2

1
𝛽𝑒 (1 + 𝑛

2
)

𝑚𝑉0

𝑏𝑃𝑠) ;

𝑔 (𝑥V) =
{

{

{

√(𝑃𝑠 − 𝑃𝐿) 𝑥V ≥ 0

√(𝑛1𝑃𝑠 + 𝑃𝐿) 𝑥V < 0.

(22)

3. Time-Varying Integral Adaptive Sliding
Mode Control for Erecting System

Time-varying sliding mode control strategy is introduced
based on accurate mathematical model, and it is suitable
for the control of nonlinear system. However, the tracking
control error will become greater if the actual system has
parametric uncertainties, unmodeled dynamics, and external
disturbances. Since the erecting system is a typical uncertain
nonlinear system, a time-varying integral sliding surface and
adaptive control laws are introduced to alleviate the above
shortcomings.

After performing the Laplace transform, (1) and (16) can
be rewritten as

𝐴1𝑃𝐿 = 𝑚𝑋𝑃𝑠
2
+ 𝐵𝑐𝑋𝑃𝑠 + 𝐾𝑋𝑃 + 𝐹𝐿, (23)

𝑄𝐿 = 𝐴1𝑋𝑃𝑠 + 𝐶𝑡𝑃𝐿 +
𝑉0

𝛽𝑒 (1 + 𝑛
2)
𝑃𝐿𝑠 + 𝑏𝑃𝑠. (24)

Based on (14), (23), and (24), the block diagram of the
valve controlled asymmetric hydraulic cylinder system is
shown in Figure 2.

Suppose that the desired angle signal is 𝜃𝑑 and the
corresponding displacement of the piston rod is 𝑋𝑃𝑑, in the
triangle 𝑂𝑂1𝑂2; we have

𝑋𝑃𝑑 =
√𝑙1
2
+ 𝑙2
2
− 2𝑙1𝑙2 cos (𝜃𝑑 + 𝜃0) − 𝑙3. (25)
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Figure 2: Block diagram of the valve controlled asymmetric
hydraulic cylinder.

Similarly, the actual 𝜃 and𝑋𝑃 have the following relation-
ship:

𝑋𝑃 =
√𝑙1
2
+ 𝑙2
2
− 2𝑙1𝑙2 cos (𝜃 + 𝜃0) − 𝑙3. (26)

Control strategy is to control the angle 𝜃 to track the
desired signal 𝜃𝑑 or the displacement𝑋𝑃 to track the desired
displacement signal 𝑋𝑃𝑑 as closely as possible. For the real
system, the following assumption is given.

Assumption 1. The desired position 𝑋𝑃𝑑(𝑡), velocity �̇�𝑃𝑑(𝑡),
and acceleration �̈�𝑃𝑑(𝑡) are all bounded.

Definition 2. In system (21), if the input control signal is
defined as (37) and the adaptive laws are chosen as (40), the
system will be globally stable. In addition, tracking error of
the system (21) will be convergent.

From the above analysis, the schematic diagram of time-
varying integral adaptive sliding mode control is shown in
Figure 3 with respect to the erecting system.

It can be found from Figure 3 that the controller is
based on time-varying integral adaptive slidingmode control
strategy. The controller consists of time-varying integral
sliding mode control and adaptive control.

The time-varying integral sliding mode without reaching
phase is established. The reaching phase is eliminated by
using an integral surface and the chattering is reduced by
using the concept of dynamic slidingmode control.We define
the tracking error:

𝑧 = 𝑥1 − 𝑥1𝑑. (27)

The integral surface is given as

𝑠 = 𝑐1𝑥1 + 𝑐2𝑥2 + 𝑥3 + 𝑘∫

𝑡

0

𝑧𝑑𝜏 + 𝜑 (𝑡) , (28)

where 𝑐1 and 𝑐2 are positive constants; 𝜑(𝑡) denotes time
varying item, which satisfies 𝑡 → ∞ and 𝜑 → 0. Then,
choose the exponential type surface, with 𝜑(𝑡) = 𝑚1𝑒

−𝑡/𝑛,
where 𝑒is Euler’s number, 𝑛 is positive constant, and the
smaller the 𝑛 is, the faster the convergence speed of the 𝜑(𝑡)
is.
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Figure 3: The schematic diagram of the time-varying integral sliding mode control.

To obtain the global robustness of sliding mode control,
we make the sliding mode stay on the surface at initial states,
namely, 𝑠(𝑡) = 0, 𝑡 = 0. Thus, the parameter𝑚1 is obtained:

𝑚1 = −𝑐1𝑥1 (0) − 𝑐2𝑥2 (0) − 𝑥3 (0) − 𝑘∫

𝑡

0

𝑧 (0) . (29)

The derivative of (29) can be written as

̇𝑠 = 𝑐1𝑥2 + 𝑐2𝑥3 + �̇�3 + 𝑘𝑧 −
𝑚1

𝑛
𝑒
−𝑡/𝑛

− 𝑘𝑧 (0) 𝑒
−𝑡/𝑛
. (30)

Substituting (21) into (30), we have

̇𝑠 = 𝑐1𝑥2 + 𝑐2𝑥3 + (𝑎1𝑥2 + 𝑎2𝑥3 +
𝑔 (𝑥V) 𝑢

𝑎3

+ 𝑎4)

+ 𝑘𝑧 − (
𝑚1

𝑛
+ 𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
.

(31)

We define the following Lyapunov function:

𝑉1 =
1

2
𝑎3𝑠
2
≥ 0. (32)

The derivative of (32) can be written as

�̇�1 = 𝑠 [𝑐1𝑎3𝑥2 + 𝑐2𝑎3𝑥3

+ (𝑎1𝑎3𝑥2 + 𝑎2𝑎3𝑥3 + 𝑔 (𝑥V) 𝑢 + 𝑎3𝑎4

+ 𝑎3𝑘𝑧 − (
𝑎3𝑚1

𝑛
+ 𝑎3𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
)] .

(33)

Setting 𝜉1 = 𝑎1𝑎3, 𝜉2 = 𝑎2𝑎3, and 𝜉3 = 𝑎3𝑎4, we can rewrite
(33) as

�̇�1 = 𝑠 [𝑐1𝑎3𝑥2 + 𝑐2𝑎3𝑥3

+ (𝜉1𝑥2 + 𝜉2𝑥3 + 𝑔 (𝑥V) 𝑢 + 𝜉3 + 𝑎3𝑘𝑧

− (
𝑎3𝑚1

𝑛
+ 𝑎3𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
)] .

(34)

Define 𝜉1, 𝜉2, 𝜉3, 𝑎3 as the online estimated value of 𝜉1,
𝜉2, 𝜉3, 𝑎3, respectively. And define 𝜉1, 𝜉2, 𝜉3, 𝑎3 as the online
estimated value error of 𝜉1, 𝜉2, 𝜉3, 𝑎3, respectively. To obtain
the update laws of parameters, we define a new Lyapunov
function:

𝑉 =
1

2
(𝑎3𝑠
2
+ 𝜆1𝜉

2

1
+ 𝜆2𝜉

2

2
+ 𝜆3𝜉

2

3
+ 𝜆4𝑎

2

3
) ≥ 0. (35)

The derivative of (35) can be written as

�̇� = 𝑠 [𝑐1𝑎3𝑥2 + 𝑐2𝑎3𝑥3

+ (𝜉1𝑥2 + 𝜉2𝑥3 + 𝑔 (𝑥V) 𝑢 + 𝜉3 + 𝑎3𝑘𝑧

− (
𝑎3𝑚1

𝑛
+ 𝑎3𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
)]

+ 𝜆1𝜉1 (−
̇̂
𝜉1)+ 𝜆2𝜉2 (−

̇̂
𝜉2) + 𝜆3𝜉3 (−

̇̂
𝜉3)+ 𝜆4𝑎3 (−

̇̂𝑎3) .

(36)

To ensure 𝑠 ̇𝑠 ≤ 0, the control law is chosen as

𝑢 = [𝑎3 (−𝑘𝑧 + (
𝑚1

𝑛
+ 𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
)

−𝑐1𝑎3𝑥2 − 𝑐2𝑎3𝑥3 − 𝜉1𝑥2 − 𝜉2𝑥3 − 𝜉3 − 𝜀𝑠 − 𝜂 sgn (𝑠) ]

× (𝑔 (𝑥V))
−1
,

(37)

where 𝜀 and 𝜂 are positive definite constants. The control law
in (11) involves a discontinuous control sign function sgn(𝑠),
which leads to the practical issue of chattering due to its
imperfections in switching devices and delays. In addition,
the chattering causes oscillations of the control input around
the sliding surface, thus the unwanted wear and tear of the
actuators occur. To suppress the high-frequency chattering,
continuous functions are often used in literatures to avoid the
chattering of the control force and to achieve the exponential
asymptotic stability. The saturation function sat(𝑠) rather
than the sign function has been used to avoid chattering.The
sat(𝑠) is expressed as

sat (𝑠) =
{{{

{{{

{

1 𝑠 > Δ

𝑠

Δ
|𝑠| ≤ Δ

−1 𝑠 < −Δ,

(38)

where Δ is thickness of the boundary layer, and Δ > 0.
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Figure 4: Hydraulic experimental platform of erecting system.

Substituting (37) into (36), we have

�̇� = −𝜀𝑠
2
− 𝜂𝑠 ⋅ sat (𝑠) + 𝜉1 (𝑠𝑥2 − 𝜆1

̇̂
𝜉1)

+ 𝜉2 (𝑠𝑥3 − 𝜆2
̇̂
𝜉2) + 𝜉3 (𝑠 − 𝜆3

̇̂
𝜉3)

+ 𝑎3 [𝑐1𝑠𝑥2 + 𝑐2𝑠𝑥3 + 𝑘𝑠𝑧

− (
𝑎3𝑚1

𝑛
+ 𝑎3𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
− 𝜆4

̇̂𝑎3] .

(39)

To ensure �̇�4 ≤ 0, the adaptive laws are chosen as

̇̂
𝜉1 =

1

𝜆1

𝑠𝑥2;

̇̂
𝜉2 =

1

𝜆2

𝑠𝑥3;

̇̂
𝜉3 =

1

𝜆3

𝑠;

̇̂𝑎3 =
1

𝜆4

[𝑐1𝑠𝑥2 + 𝑐2𝑠𝑥3 + 𝑘𝑠𝑧 − (
𝑎3𝑚1

𝑛
+ 𝑎3𝑘𝑧 (0)) 𝑒

−𝑡/𝑛
] .

(40)

Substituting the above adaptive laws into (36), we have

�̇� = −𝜀𝑠
2
− 𝜂𝑠 ⋅ sat (𝑠) ≤ 0. (41)

From the above analysis, we find that the global asymp-
totic stability is guaranteed since �̇� ≤ 0. And we design
the time-varying integral sliding surface taking system initial
value 𝑠(0) = 0 into consideration, which implies 𝑉(0) = 0
and �̇�(0) = 0. Thus 𝑉(𝑡) and 𝑠 are equal to zero all the time;

namely, the system trajectory stays on the sliding surface at
any time. Hence, the reaching phase is eliminated and the
system is robust against parameter uncertainties and external
disturbances from the outset of the system operation.

Remark 3. From Assumption 1 and (41), it is clear that the
Lyapunov function𝑉 is bounded and lim𝑡→∞𝑉 = 0. Accord-
ing to the Lyapunov steady theory and Barbalat’s lemma
(Popov, 1973), the closed-loop system is globally steady and
the tracking error 𝑧 approaches zero asymptotically, which is
equal to lim𝑡→∞𝑋𝑃(𝑡) = 𝑋𝑃𝑑(𝑡) and lim𝑡→∞𝜃(𝑡) = 𝜃𝑑(𝑡).

4. Experimental Results

The proposed control method was experimentally evaluated
using the hydraulic experimental platform of erecting system
(see Figure 4). The experimental platform is designed by
Xi’an high-tech research institute and Zhejiang University
and produced by Zhejiang University. The erecting arm
is driven by hydraulic asymmetric cylinders with a piston
diameter of 125mm, a rod diameter of 90mm, and a full
stroke of 1480mm, which is controlled by a proportion
valve (4WRA10E40-10B/24NZ4/M). The installed sensors
measure the actuator lengths and pressures in both the rod
and head sides of the pistons. The connection diagram of
experimental platform is shown in Figure 5. The software
development environment of experimental platform is based
on LabWindows/CVI software and Matlab software. The
proposed control strategy and compared counterpart are
implemented in the software.

To test the effectiveness of the proposed time-varying
integral adaptive sliding mode controller, the compared
experiments are presented in this section. Firstly, the refer-
ence signal should be confirmed. Considering the capability
of the hydraulic system in the actual erecting system, we
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Figure 6: Desired angle and velocity curves.

have planned the desired erect angle and velocity curves (see
Figure 6). The erect angle changes from 0 degrees to 90
degrees within 50 seconds.

From (23), the desired displacement curve of the piston
rod 𝑋𝑃𝑑(𝑡) can be obtained. Table 1 shows the main original
parameters in the real erecting system, while some of them
are uncertain and hard to confirm because of the external
disturbances and environment changes.

The following assumptions are to study the influence from
the uncertain parameters and to test the performance of the
proposed control scheme. Supposing the damping coefficient
𝐵𝑐, bulk modulus 𝛽𝑒, mass of the erecting arm 𝑀, and the
uncertain disturbance 𝐹, we have the following expression:

𝐵𝑐 = 𝐵𝑐0 + 0.04𝐵𝑐0 sin (0.1𝜋𝑡) ,

𝛽𝑒 = 𝛽𝑒0 + 0.01𝛽𝑒0 sin (0.1𝜋𝑡) ,

𝑀 = 𝑀0 + 0.09𝑀0 sin (0.1𝜋𝑡) ,

𝐹 = 4000 sin (0.1𝜋𝑡) ,

(42)

where 𝐵𝑐0, 𝛽𝑐0, and 𝑀0 are the original values and the
other parts are the parameter uncertainties. Therefore, the
parameters 𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝜉1, 𝜉2, and 𝜉3 of the system are
uncertain.

The parameters of the proposed controller are designed as
𝑐1 = 90; 𝑐2 = 2700; 𝑘 = 2.7×10

4; 𝜀 = 2000; 𝜂 = 0.5; 𝑛 = 0.002;
Δ = 0.2; 𝜆1 = 1.2 × 10

−9; 𝜆2 = 0.01; 𝜆3 = 1.2; and 𝜆4 = 0.001.
Here, two control methods (the PID control and the

conventional SMC) are used to compare their control perfor-
mance. The control law of the PID control can be expressed
as

𝑢1 (𝑡) = 𝑘𝑝𝑒 (𝑡) + 𝑘𝑖 ∫ 𝑒 (𝑡) 𝑑𝑡 + 𝑘𝑑 ̇𝑒 (𝑡) , (43)

where 𝑘𝑝 is the proportional coefficient, 𝑘𝑖 is the integral
coefficient, 𝑘𝑑 is derivative coefficient, and 𝑘𝑝 = 8, 𝑘𝑖 = 4,
and 𝑘𝑑 = 0.005, respectively.

The control lawof the conventional SMCcan be expressed
as

𝑢2 (𝑡)

=
[𝑘1𝑒2 + 𝑘2𝑒3 + �⃛�1𝑑 − 𝑎1𝑥2 − 𝑎2𝑥3 − 𝑎4 + 𝑘𝑠 + 𝜀 sgn (𝑠)]

(𝑎3𝑔 (𝑥V))
,

(44)

where 𝑘1 = 2.9 × 10
7, 𝑘2 = 10800, 𝜀 = 5000, 𝑘 = 3000, 𝑠 =

𝑘1𝑒1+𝑘2𝑒2+𝑒3, 𝑒1 = 𝑥1𝑑−𝑥1, 𝑒2 = �̇�1𝑑−𝑥2, and 𝑒3 = �̈�1𝑑−𝑥3.
The control strategies are implemented in the MAT-

LAB/Simulink software and the sample time 𝜏 = 0.1 s.
Applying the above three controllers to track the desired angle
curve under the condition that the system has parametric
uncertainties and external disturbances, we get satisfied
results. Figures 7(a), 8(a), and 9(a) present the simulation
results, while the other figures show the experimental results.

Figure 7 exhibits the angle tracking curves of the three
controllers and Figure 8 presents their angle tracking error
curves. From Figures 7(a) and 7(b), it can be seen that
the proposed time-varying integral adaptive sliding mode
controller has the best tracking precision and shows steadier
and more accurate performance compared to the other two
controllers. In Figure 8(a), the maximum tracking error of
the proposed controller is 0.159 degrees at about 0.4 seconds,
and the maximum tracking error of the PID control method
is 1.131 degrees and 0.691 degrees for the conventional SMC.
Moreover, in the erecting progress, tracking error of the
proposed controller fluctuates within a smaller range and
the error is 0.0891 degrees at 50 seconds. However, the
other two controllers have distinct vibration because of the
parametric uncertainties and external disturbances. And the
PID controller has an error about 0.7491 degrees at the
50th second. Meanwhile, from the experimental result in
Figure 8(b), we can obtain the same conclusion from the
simulation results of Figure 8(a).

Figure 9 shows the control signal of the three controllers.
As can be seen in Figure 9(a), the curve of the proposed
controller is smoother than that of the other two controllers,
since the adaptive laws can compensate the parameters
uncertainties. However, the other two curves have vibration
under the influence of the parametric uncertainties and
external disturbances. Furthermore, in order to realize good
performance, it must increase the value of the parameter 𝜀 for
the conventional SMC.However, this will lead to chattering of
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Table 1: Parameters of the erecting system.

Parameters Symbols Values Units
Supply pressure 𝑃𝑆 18 MPa
Discharge coefficient of the spool valve 𝐶𝑑 0.62 —
Area gradient of the spool valve 𝑤 2.51 × 10

−2 m
Bulk modulus of the oil 𝛽𝑒0 7.5 × 10

8 Pa
Length of the piston rod 𝑙 1.5935 m
Equivalent viscous damping coefficient 𝐵

𝑐0
800 N/m/s

Mass density of the oil 𝜌 868 Kg/m3

Equivalent mass of the cylinder 𝑚 178.31 Kg
Inwards leakage coefficient of the cylinder 𝐶in 2.41 × 10

−11 m3/s∗Pa
Outwards leakage coefficient of the cylinder 𝐶out 7.1 × 10

−13 m3/s∗Pa
Equivalent mass of the erecting arm 𝑀0 1155.98 Kg
Moment of inertia of the erecting arm 𝐽 10023 Kg∗m2

Section area of piston side/rod side 𝐴1/𝐴2 0.0175/0.0133 m2

Internal volume of the chamber 𝑉0 1.5 × 10
−5 m3

Length of 𝑂𝑂1/𝑂𝑂2/𝑂1𝑂2/𝑂𝑂3 𝑙1/𝑙2/𝑙3/𝑙4 1.132/1.62/1.032/3.5 m
Angle of ∠𝑂1𝑂𝑂

2
/∠𝑋𝑂𝑂

3
at 0s 𝜃

0
/𝛾 0.6816/0.1047 rad

Table 2

Time/s Angle/degree Control signal/V
Reference value TVIASMC PID SMC TVIASMC PID SMC

2 1.439 1.469 0.536 1.160 1.788 1.282 1.978
2.1 1.565 1.551 0.863 1.305 1.857 1.374 1.867
2.2 1.694 1.769 0.879 1.198 1.924 1.466 1.782
2.3 1.826 1.791 0.877 1.412 1.987 1.558 1.736
2.4 1.961 1.980 1.099 1.614 2.047 1.649 1.738
2.5 2.099 2.156 1.242 1.546 2.104 1.740 1.794
2.6 2.241 1.938 1.497 1.999 2.158 1.829 1.900
2.7 2.384 2.465 1.385 1.962 2.209 1.917 2.052
2.8 2.530 2.353 1.487 2.020 2.258 2.004 2.239
2.9 2.679 2.690 1.593 2.318 2.305 2.089 2.446
3 2.830 2.867 1.583 2.394 2.349 2.172 2.654
3.1 2.983 2.731 1.965 2.513 2.391 2.254 2.850
3.2 3.138 3.069 1.847 2.580 2.430 2.333 3.013
3.3 3.295 3.581 2.171 2.621 2.468 2.410 3.134
3.4 3.454 3.401 2.321 2.853 2.505 2.486 3.204
3.5 3.615 3.662 2.587 3.039 2.539 2.558 3.217
3.6 3.777 3.836 2.383 3.304 2.571 2.628 3.176
3.7 3.942 4.117 2.915 3.479 2.603 2.697 3.087
3.8 4.108 4.281 2.937 3.499 2.632 2.762 2.963
3.9 4.274 4.251 3.028 3.821 2.660 2.824 2.818
4 4.442 4.469 3.329 3.968 2.687 2.884 2.668
4.1 4.613 4.706 3.530 4.054 2.713 2.942 2.532
4.2 4.783 4.819 3.643 4.137 2.737 2.997 2.423
4.3 4.956 5.227 3.721 4.490 2.761 3.049 2.355
4.4 5.130 5.163 4.174 4.556 2.783 3.099 2.336
4.5 5.303 5.309 4.260 4.637 2.805 3.146 2.371
4.6 5.479 5.331 4.359 4.935 2.826 3.191 2.457
4.7 5.656 5.440 4.745 5.136 2.846 3.233 2.588
4.8 5.833 5.814 4.854 5.110 2.865 3.273 2.750
4.9 6.011 5.887 4.888 5.618 2.883 3.310 2.932
5 6.191 6.155 5.275 5.392 2.901 3.345 3.115
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Figure 7: Angle tracking curves.
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Figure 8: Angle tracking error curves.

the control signal with high frequency and make the erecting
process unstable. Similarly, from the experimental result in
Figure 9(b), we can obtain the same conclusion from the
simulation results of Figure 9(a).

Figures 10 and 11 present the parameters estimation
results. It can be seen that all the parameters are bounded
and the parameters’ real-time updating improves the tracking
performance during the control process.

5. Conclusions

A time-varying integral adaptive sliding mode control strat-
egy for the erecting system is proposed to realize trajectory

tracking control in this research.The erecting system consists
of mechanism, electrical equipment, and hydraulic actuator,
which has strong nonlinearities and uncertainties. Therefore,
the conventional control strategies are not valid for these
rather complicated nonlinear systems. Combining with the
advantages of time-varying integral slidingmode control and
adaptive control law, we proposed a time-varying integral
adaptive sliding mode control strategy in this research. The
proposed control strategy can guarantee robustness against
the parametric uncertainties and external disturbances. The
results show that the proposed control strategy can obtain
excellent angle tracking performance and realize nonlinear
robust control.
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Figure 9: Control signal curves.
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Appendix

In this appendix, because the amount of the real experiments
data is very large (there are 501 values for every parameter),
only some subsets of the real experiments data are given
as shown in Table 2.
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