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Abstract: In this paper, a novel flow tracking control scheme for particleboard glue system with
complex disturbance and unmeasurable system state is investigated. The method is based on
hyperbolic tangent extended state observer and adaptive fuzzy fractional order global sliding mode
control with exponential reaching law. The novel compound control scheme has the following
advantages: Firstly, the extended state observer with hyperbolic tangent function can improve the
estimation ability for the system state and complex disturbance without detailed knowledge of the
controlled plant and disturbance model. Secondly, the global sliding mode control method based
on fractional calculus can improve the response speed and robustness of the system, and provide a
more flexible controller structure than the traditional sliding mode controller. Thirdly, the adaptive
fuzzy controller is introduced to approximate the sliding mode switching term, so as to reduce the
chattering phenomenon of the system. In addition, the convergence of the proposed observer and
asymptotic stability of the control system are verified based on strict Lyapunov analysis. Finally, the
numerical simulation results show the effectiveness of the proposed compound control scheme for
particleboard glue system.

Keywords: particleboard glue system; hyperbolic tangent extended state observer; fractional order;
global sliding mode control algorithm; complex disturbance

1. Introduction

In recent years, the excessive exploitation of natural forests and the huge waste in the
wood processing industry have led to an increasing use of particleboard as a substitute for
wood resources [1]. As one of the three types of wood-based panels, particleboard uses
small pieces of wood, residues or other plant straws produced during wood processing as
raw materials, which provides a new direction for the development of wood-based pan-
els [2]. Under the trend of global shortage of log resources, it is of great significance to meet
the contradiction between supply and demand of high-quality wood resources and realize
the benign development of the ecological environment through the particleboard industry.

The production process of particleboard mainly includes five sections: shavings prepa-
ration, drying and sorting, glue mixing and dosing, slab paving and hot pressing, and
post-treatment [3]. As one of the important indicators of the level of particleboard pro-
duction technology, whether the glue mixing and dosing section can achieve an accurate
proportion is an index to measure the performance of the system. Under the same pro-
duction process conditions, too much glue will lead to high water content of the shavings,
which leads to foaming and increase the amount of formaldehyde released; too little glue
will reduce the plasticity of the shavings and weaken the physical properties of the prod-
uct [4]. Therefore, the quality of particleboard products strictly depends on the control
performance of the glue dispensing system.

The glue control system of particleboard mainly changes the practical glue flow
amount according to the flow rate of shavings. Due to factors such as the inertia of mo-
tor and pump, the distance and temperature of glue conveying pipeline, etc., it is often
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an uncertain system with time delay, complex disturbance and unpredictable states [5].
There are many control methods to solve this kind of system, including proportional-
integral-derivative (PID) control [6,7], active disturbance rejection control [8], sliding mode
control [9–11], backstepping control [12], predictive control [13], neural network [14,15],
etc. Sliding mode control, one of the most effective control strategies for the complex
disturbance and uncertainty of the system, is widely used in motion control systems. In
reference [16], an integral-type terminal sliding mode method based on adaptive compen-
sation is proposed for the attitude and position finite-time tracking control of a quadrotor
UAV subject to model uncertainties and external disturbances. Hu presented a new control
method for dynamically positioning vessel by combining the idea of sliding mode control
and estimation of uncertain disturbances in reference [17], which is used to suppress the
influence of uncertain modeling and unknown disturbances in the system. However, the
characteristics of sliding mode control determine that it inevitably has chattering problems,
and how to weaken its influence is also one of the important research directions.

There are numerous algorithms to reduce chattering phenomena, such as neural
networks, fuzzy logic and other optimization algorithms [18–21]. Due to its powerful
universal approximation ability, fuzzy control strategy is applied to the approximation of
many unknown parameters and nonlinear terms of the system to enhance the applicability
of the system, which has been confirmed in the literature [22–24]. Although the traditional
sliding mode controller can properly reduce the influence of system parameter uncertainty
and external disturbance, how to improve the robustness of the whole process of the system
is also another important issue.

To improve the global robustness and dynamic performance, global sliding mode
control has been studied by a large number of scholars to solve the control problem of
uncertain systems [25–28]. In reference [25], a global smooth sliding mode controller is
proposed for a flexible air-breathing hypersonic vehicle to address actuator faults and
parameter uncertainty. Furthermore, it designs a new fast finite-time high-order regulator
to ensure finite-time convergence without singular states. For the tracking problem of a
class of uncertain nonlinear systems, reference [26] proposes a global time-varying sliding
mode control scheme with a predetermined convergence time, which the adaptive law
is used to overcome the influence of system uncertainties and external disturbances. In
reference [27], a new control method for nonlinear antilock braking system is proposed,
which mainly introduces nonlinearity into the design of the global sliding mode surface
to eliminate the arrival phase and ensure the robustness of the entire control process. A
novel global equivalent sliding mode controller for bridge crane system is proposed in [28],
which introduced a new switching function to weaken the chattering and realized the
anti-sway positioning control under the condition of model parameter uncertainty and
external disturbance.

Fractional-order calculus is an extension of integer-order calculus, which can effec-
tively improve the performance of sliding mode controllers by using its rich parameter
adjustable range and better information memory [29–32]. In view of this, fractional-order
sliding mode control strategies have been studied by many scholars [33–36]. In order to
enhance output power quality of a permanent magnet synchronous generator, a fractional
order sliding mode control is proposed in reference [33]. In reference [34], an adaptive
fractional-order terminal sliding mode controller is designed for crane control with uncer-
tainties and unknown disturbances. Reference [35] studied the position tracking control
of servo system with external disturbance, and proposed a fractional-order sliding mode
control strategy based on nonlinear disturbance observer. Wu presented a design method
about adaptive fractional-order non-singular terminal sliding mode control for the omni-
directional mobile robot manipulator in reference [36], where the dynamic uncertainty of
the system is estimated by fuzzy wavelet neural networks. Although the fractional-order
sliding mode controller can improve the control accuracy and robustness of the system, it
is worth noting that the good performance of the above methods relies on the accuracy
of the system state signal measurement. However, due to the difficulty of measurement
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implementation and high economic cost, sliding mode control still has certain limitations
and challenges in engineering applications.

To solve these problems, some scholars have proposed control methods based on
extended state observers [37–40]. In reference [37], a robust control laws based on the
back-stepping sliding mode control and extended state observer are designed for pressure
regulation of the oxygen mask in an oxygen supply system. Reference [38] presented a non-
linear extended state observer to estimate both disturbances and states of the double-joint
manipulator system, which improves the control accuracy of the system. A nonlinear ex-
tended state observer constructed from piece-wise smooth functions consisted of linear and
fractional power functions is proposed in reference [39] to improve the estimation accuracy.
In an attempt to estimate and compensate the lump model uncertainties, reference [40]
designed an extended state observer by using the hyperbolic tangent function and fully
proved in Lyapunov framework that all closed-loop signals invariably keep bounded and
the attitude tracking error ultimately converges to a little neighborhood of zero.

In previous work shown in reference [4,5], we designed an active disturbance rejec-
tion control (ADRC) algorithm and a dynamic surface control (DSC) strategy to study
the disturbance rejection capability and transient performance of the particleboard glue
system, respectively. Motivated by the above discussions, this study focuses on the global
robustness of the system and observer improvements. The main contributions of this paper
can be summarized as:

1. A novel hyperbolic tangent extended state observer is designed to estimation the
system state and total disturbance in real time and compensate it to the controller.

2. A fractional order global sliding mode controller is designed by introducing fractional
calculus, and the chattering phenomenon of the system is weakened by adaptive
fuzzy logic control to improve the dynamic performance of the system. Combined
with the above designed observer, a compound control strategy is introduced to solve
the problems of model uncertainty, complex disturbance and unmeasurable system
state in particleboard glue system.

The paper is organized as follows: In Section 2, the process of particleboard glue
dosing is described and the state equation of the system is given. In Section 3, hyperbolic
tangent extended state observer and the compound fractional order global sliding mode
controller, based on adaptive fuzzy switching term approximator are introduced, and
the stability of the system are verified in in Section 4. Simulation results of applying the
compound controller are shown in Section 5, and the paper is ended with conclusions in
Section 6.

2. Process and System Description

In the process of particleboard production, the main task of the glue dosing section
is to control the application amount of glue by allocating the ratio of wood shavings to
adhesive, so that the glue is evenly distributed on the wood shavings. The particleboard
glue system is shown in Figure 1. It consists of a wood shavings supply device, a glue
supply device and a mixing device. The screw bin and belt weighting device transport
the wood shavings raw materials produced by the shavings supply device to the mixing
device. The weighting sensor B and the rotary encoder are used to measure the weight of
the particleboard on the belt and the rotation speed of the belt in real time. The glue supply
device consists of raw glue tank, glue control pump and flowmeter. After receiving the
signal of wood shavings measured by weighting sensor B, the control system calculates the
corresponding instantaneous glue flow value according to the preset wood shavings-glue
ratio, and further determines the speed of glue pump according to the relationship between
motor speed and glue flow, thus realizing accurate tracking of glue flow to wood shavings
flow in proportion. The mixing device is mainly used to realize the uniform mixing of
wood shavings and adhesive.
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Figure 1. The schematic diagram of particleboard glue system.

The basic structure of a commonly used closed-loop control system for particleboard
glue flow is shown in Figure 2. The practical flow value obtained by the electromagnetic
flowmeter is compared with the ideal flow value, and then the error is sent to the controller.
In order to reduce the error, the controller constantly adjusts the frequency of the converter
to change the motor speed, so that the practical flow output by the glue pump is equal to
the ideal flow.

Figure 2. The basic structure of closed-loop control system for glue flow.

Due to the influence of the distance of glue conveying pipeline, the inertia of motor
and pump, the glue dosing process is often a high-order inertial system with time delay. This
often makes the closed-loop control system have larger overshoot and longer adjustment time.
The transfer function of high-order inertial system with time delay can be described as:

G(s) = G0(s)e−τs =
b

sn + an−1sn−1 + · · ·+ a1s + a0
e−τs, (1)

where G0(s) represents the part of the system without lag link, τ is the time lag constant, b,
an−1, · · · , a1, a0 is the system parameter.

For this kind of complex industrial object with time lag, it is often simplified as a
first-order time-delay system (FOPTD) or a second-order time-delay system (SOPTD) in
engineering. The two approximate models are shown in Equations (2) and (3), respectively.

GFOPTD =
K

Ts + 1
e−τs, (2)

GSOPTD =
K

s2 + 2ξωns + ω2
n

e−τs, (3)
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In most cases, the system needs to meet the condition, T > 0, ξ > 0, ωn > 0, which
means that all poles of the system are stable, otherwise the control problem of the system
will become extremely challenging. The model of FOPTD is not applicable to all industrial
processes, while SOPTD can be widely applied to accurate models of high-order systems.
Considering the complexity of the actual industrial environment, we built an experimental
system as shown in Figure 3 to simulate the actual industrial process.

Figure 3. The particleboard glue control device.

According to the literature [41], using the input and output data measured in the
system experiment and operation, the system model obtained through identification is
as follows:

G(s) =
0.0209

s2 + 0.2584s + 0.0209
e−2.65s, (4)

Approximate the time-delay link e−2.65s to the first order inertial link 1
2.65s+1 , the

transfer function model of the system in Equation (4) becomes:

G(s) = 0.0209
s2+0.2584s+0.0209 ·

1
2.65s+1

= 0.0079
s3+0.6358s2+0.1184s+0.0079

(5)

Considering the influence of parameter perturbation and external disturbance, the
state equation of the system can be described as:

.
x1 = x2.
x2 = x3.
x3 = f (x1, x2, x3) + bu + ω(t)
y = x1

, (6)

where x =
[

x1 x2 x3
]T is the state variables of the system, f (x1, x2, x3) = −0.0079x1 −

0.1184x2 − 0.6538x3 is the known information of the system model, b = 0.0079,
ω(t) = ∆ f (x1, x2, x3) + d(t) is the disturbance of the system, where ∆ f (x1, x2, x3) and d(t)
represent parameter perturbation and external disturbance, respectively.
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Assumption 1. g(x1, x2, x3, ω(t), t) = ω(t) + f (x1, x2, x3) is an unknown continuously dif-
ferentiable vector, which represents total disturbance of system, and

∣∣ .
g(x1, x2, x3, ω(t), t)

∣∣ ≤ M
where ω(t) is bounded.

3. Design of the Compound Controller

In this section, a hyperbolic tangent extended state observer is proposed to estimate the
state and total disturbance information of the system. On this basis, a fractional order global
sliding mode controller is designed, and adaptive fuzzy control is used to approximate the
sliding mode switching term. The structure diagram of adaptive fuzzy fractional order
global sliding mode control based on a hyperbolic tangent extended state observer is shown
in Figure 4.

Figure 4. The structure diagram of adaptive fuzzy fractional order global sliding mode control based
on hyperbolic tangent extended state observer.

3.1. Design of Hyperbolic Tangent Extended State Observer

Aiming at the problems of an unmeasurable state, parameter perturbation and external
disturbance in particleboard glue system, combined with the idea of extended state observer,
the disturbance ω(t) and known model information f (x1, x2, x3) are taken as new unknown
state variable x4 of the system, as shown in Equation (7):

x4 = g(x1, x2, x3, ω(t), t) = ω(t) + f (x1, x2, x3), (7)

Then, the equation of state (6) becomes:

.
x1 = x2.
x2 = x3.
x3 = x4 + bu
.
x4 =

.
g(x1, x2, x3, ω(t), t)

y = x1

, (8)

The hyperbolic tangent extended state observer designed for the system shown as
Equation (8) is as follows: 

ε1 = z1 − y
.
z1 = z2 − l1tanh

(
ε1
δ1

)
.
z2 = z3 − l2tanh

(
ε1
δ2

)
.
z3 = z4 − l3tanh

(
ε1
δ3

)
+ bu

.
z4 = −l4tanh

(
ε1
δ4

)
, (9)
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where ε1 represents glue flow tracking error, z1, z2 and z3 are the estimated values of
system states x1, x2 and x3, respectively, z4 is the estimated value of the total disturbance
g(x1, x2, x3, ω(t), t), l1 > 0, l2 > 0, l3 > 0 and l4 > 0 are the gain of extended state observer,
δi > 0(i = 1, 2, 3, 4) is the adjustable parameter that affects the estimation accuracy, tanh(•)
is hyperbolic tangent function.

The estimation error of hyperbolic tangent extended state observer is defined as:
ε̃1 = z1 − x1
ε̃2 = z2 − x2
ε̃3 = z3 − x3
ε̃4 = z4 − x4

, (10)

Considering Equations (8)–(10), an estimated error system is given as follows:

.
ε̃1 = ε̃2 − l1tanh

(
ε̃1
δ1

)
.
ε̃2 = ε̃3 − l2tanh

(
ε̃1
δ2

)
.
ε̃3 = ε̃4 − l3tanh

(
ε̃1
δ3

)
.
ε̃4 = − .

g− l4tanh
(

ε̃1
δ4

) , (11)

Remark 1. Using Taylor series for Hyperbolic tangent function, one may write:

tanh
(

ε̃1
δi

)
= ε̃1

δi
− (ε̃1/δi)

3

3 + 2(ε̃1/δi)
5

15 − 17(ε̃1/δi)
7

315 + · · ·

= ε̃1
δi
− h
(

ε̃1
δi

) (12)

where h
(

ε̃1
δi

)
= (ε̃1/δi)

3

3 − 2(ε̃1/δi)
5

15 + 17(ε̃1/δi)
7

315 − · · · , and i = 1, 2, 3, 4.

Then, the estimated error system becomes:

.
ε̃ = Aε̃ + B

.
g + H, (13)

where

A =


−l1/δ1 1 0 0
−l2/δ2 0 1 0
−l3/δ3 0 0 1
−l4/δ4 0 0 0

, B =


0
0
0
−1

,

H =
[

h
(

ε̃1
δ1

)
h
(

ε̃1
δ2

)
h
(

ε̃1
δ3

)
h
(

ε̃1
δ4

) ]T

(14)

The characteristic equation of matrix A can be expressed as follows:

|ρI − A| = ρ4 +
l1
δ1

ρ3 +
l2
δ2

ρ2 +
l3
δ3

ρ +
l4
δ4

. (15)

Theorem 1. Considering the estimated error system (11), the estimated errors ε̃1, ε̃2, ε̃3 and ε̃4 are
bounded by choosing appropriate parameters l1, l2, l3, l4 and δ1, δ2, δ3, δ4 which are satisfied with

l1l2
l3

>
δ1δ2

δ3
, (16)

l1l2l3δ1δ3δ4 > δ2

(
l2
3δ2

1δ4 + l2
1 l4δ2

3

)
. (17)

That is, the estimated error system (11) is bounded stable.
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Proof of Theorem 1. Choose the Lyapunov function for the observer as

Vo = ε̃TXε̃. (18)

If Equations (16) and (17) hold, then matrix A satisfies Hurwitz, and the derivative of
Vo can be expressed as

.
Vo =

.
ε̃

T
Xε̃ + ε̃TX

.
ε̃

=
(

Aε̃ + B
.
g + H

)TXε̃ + ε̃TX
(

Aε̃ + B
.
g + H

)
= ε̃T(ATX + XA

)
ε̃ + 2ε̃TXB

.
g + 2ε̃TXH

(19)

As matrix A satisfies Hurwitz, there is symmetric positive definite matrix Q satisfying

ATX + XA = −Q. (20)

According to Young’s Inequality, the following inequality can be obtained:

2ε̃TXB
.
g ≤ ‖X‖‖ε̃‖2 + ‖X‖

∥∥B
.
g
∥∥2, (21)

2ε̃TXH ≤ ‖X‖‖ε̃‖2 + ‖X‖‖H‖2. (22)

Therefore, the derivative of Vo is rewritten as follows:
.

Vo = −ε̃TQε̃ + 2ε̃TXB
.
g + 2ε̃TXH

≤ −ρmin(Q)‖ε̃‖2 + ‖X‖‖ε̃‖2 + ‖X‖
∥∥B

.
g
∥∥2

+ ‖X‖‖ε̃‖2 + ‖X‖‖H‖2

≤ [−ρmin(Q) + 2‖X‖]‖ε̃‖2 + ‖X‖
(∥∥B

.
g
∥∥2

+ ‖H‖2
) (23)

where ρmin(Q) represents the minimum eigenvalue of matrix Q. Note that ρmin(Q) > 2‖X‖
is ensured by selecting the adjustable parameters l1, l2, l3, l4 and δ1, δ2, δ3, δ4, which are
satisfied with inequalities in Equations (16) and (17). According to the condition

.
Vo ≤ 0

and Equation (23), the convergence condition of the observer is as follows:

‖ε̃‖ ≤

√√√√‖X‖(∥∥B
.
g
∥∥2

+ ‖H‖2
)

ρmin(Q)− 2‖X‖ . (24)

Therefore, it is shown that the estimated ε̃1, ε̃2, ε̃3 and ε̃4 of the hyperbolic tangent
extended state observer (9) is effective.2

3.2. Design of Fractional Order Global Sliding Mode Controller Based on Adaptive Fuzzy

For particleboard glue system, define the system ideal glue flow value as xd, a frac-
tional global sliding mode surface can be defined as:

s =
..
ξ + λ1

.
ξ + λ2D−βξ + λ3ξ − P(t), (25)

where ξ = x1 − xd, λ1 > 0, λ2 > 0, λ3 > 0, D−β represents the fractional integral of the
error used to eliminate the steady state error of the system. P(t) is an exponential function
to realize global sliding mode, and its expression is as follows:

P(t) = P(0)e−χt, (26)

where χ > 0 and χ determines the convergence speed of P(t); P(0) =
..
ξ(0) + λ1

.
ξ(0) + λ2 0 D−β

0 ξ + λ3ξ(0), ξ(0),
.
ξ(0) and

..
ξ(0) are the initial error and its first and second derivatives, respectively. 0D−β

0 ξ
is fractional integral value at t = 0.
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Then, the fractional order global integral sliding mode control law can be designed as

u1 = −1
b

[
ĝ− ...

x d + λ1

..
ξ̂ + λ2D1−β ξ̂ + λ3

.
ξ̂ + P(0)χe−χt

]
− 1

b
[Υ(ŝ) + kŝ], (27)

where ĝ = z4, ŝ =
..
ξ̂ + λ1

.
ξ̂ + λ2D−β ξ̂ + λ3ξ̂ − P(t), ξ̂ = z1 − xd,

.
ξ̂ = z2 −

.
xd,

..
ξ̂ = z3 −

..
xd,

Υ(ŝ) = ηsgn(ŝ), and η > 0, k > 0.
Motivated by the references [42,43], an adaptive fuzzy control method is introduced to

fuzzy approximation of sliding mode switching term Υ(ŝ), which can make the switching
term continuous and reduce the chattering effect. A fuzzy logic system generally consists
of four parts: the knowledge base, the fuzzifier, the fuzzy inference engine and defuzzifier.
In this paper, the fuzzy inference engine uses a collection of the fuzzy IF-THEN rules to
perform a mapping from input sliding variable vector to output vector. The design of fuzzy
rules can be expressed as

Rule (j) : IF ŝ is Aj THEN Υ̂ is Bj, (j = 1, 2, 3) (28)

where ŝ and Υ̂ are the input and output variables, respectively. Aj represents the input
fuzzy set and Bj is the output fuzzy set corresponding to rule j. The expressions of S
membership function and Gaussian membership function used to describe input fuzzy sets
are as follows:

µN(ŝ) =
1

1 + e−a1(ŝ−c1)
, j = 1 (29)

µZ(ŝ) = e−(ŝ−c2)
2/2σ2

, j = 2 (30)

µP(ŝ) =
1

1 + e−a2(ŝ−c3)
, j = 3 (31)

where a1, a2, c1 and c3 are parameters of the S membership function, c2 and σ represent the
width and center of the Gaussian membership function, respectively.

The fuzzy system is designed by using product inference engine, single variable
fuzzifier and central average defuzzifier, and the output Υ̂(ŝ) of the fuzzy system can be
expressed as

Υ̂(ŝ) = Υ̂(ŝ|φ ) = φT ϕ(ŝ) (32)

where ϕ(ŝ) is a fuzzy vector, φT is the adjustable parameter vector of fuzzy approximator.
In an ideal case, Υ̂(ŝ|φ ) can be represented as

Υ̂(ŝ|φ∗ ) = Υ(ŝ) = ηsgn(ŝ) (33)

In order to improve the approximation ability of fuzzy system, the adaptive law is
introduced to adjust the parameter vector φ, as shown below:

.
φ̂ = γŝϕ(ŝ) (34)

where γ > 0.
Then, the Υ̂(ŝ) becomes

Υ̂(ŝ) = Υ̂
(
ŝ
∣∣φ̂ ) = φ̂T ϕ(ŝ) (35)

Then, the new control law can be obtained as follows:

u1 = −1
b

[
ĝ− ...

x d + λ1

..
ξ̂ + λ2D1−β ξ̂ + λ3

.
ξ̂ + P(0)χe−χt

]
− 1

b
[
Υ̂(ŝ) + kŝ

]
(36)
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4. Stability Analysis of Controller

Theorem 2. Considering the system (6) with the novel hyperbolic tangent extended state observer
designed early, if the fractional global sliding mode surface is chosen as (25), and the control law and
adaptive law are designed as Equations (36) and (34), respectively, then the sliding mode surface
s will gradually converge to 0 and the closed-loop system will be stable by selecting large enough
parameter k and appropriate observer parameters l1, l2, l3, l4 and δ1, δ2, δ3, δ4.

Proof of Theorem 2. Define the optimal parameters as follows:

φ∗ = arg min
φ̂∈Ω

[
sup

∣∣Υ̂(ŝ∣∣φ̂ )−Υ(ŝ)
∣∣] (37)

where Ω is the aggregation of φ.

Choose the Lyapunov function for the controller as

Vs =
1
2

s2 +
1
2

1
γ

φ̃T φ̃ (38)

where φ̃ = φ∗ − φ̂.
The derivation of Equation (38) can be obtained:

.
Vs = s

.
s + 1

γ φ̃T
.
φ̃

= s
[...

ξ + λ1
..
ξ + λ2D1−βξ + λ3

.
ξ + P(0)χe−χt

]
+ 1

γ φ̃T
.
φ̃

(39)

Considering Equations (8), (36) and (39), we can obtain

.
Vs = s

[
g− ĝ + v− v̂− Υ̂(ŝ)− kŝ

]
+ 1

γ φ̃T
.
φ̃

= s
[
g̃ + ṽ− Υ̂

(
ŝ
∣∣φ̂ )+ Υ̂(ŝ|φ∗ )− Υ̂(ŝ|φ∗ )− kŝ

]
+ 1

γ φ̃T
.
φ̃

= s
[
g̃ + ṽ + φ̃T ϕ(ŝ)− Υ̂(ŝ|φ∗ )− kŝ

]
− 1

γ φ̃T
.
φ̃

(40)

where g̃ = g − ĝ, g = x4 = g(x1, x2, x3, ω(t), t), ṽ = v − v̂, v = λ1
..
ξ + λ2D1−βξ + λ3

.
ξ,

v̂ = λ1

..
ξ̂ + λ2D1−β ξ̂ + λ3

.
ξ̂, φ̃ = φ∗ − φ̂,

.
φ̃ = −

.
φ̂.

According to the adaptive law (34), Equation (40) is expressed as

.
Vs = s

[
g̃ + ṽ− Υ̂(ŝ|φ∗ )− kŝ

]
+ (s− ŝ)φ̃T ϕ(ŝ) (41)

Considering Equations (33) and (41), we can obtain

.
Vs = s(g̃ + ṽ) + s[−ηsgn(ŝ)− kŝ] + (s− ŝ)φ̃T ϕ(ŝ) (42)

Due to s = ŝ + s̃,
.

Vs can be expressed as follows:

.
Vs = s(g̃ + ṽ)− ηs·sgn(ŝ)− sk(s− s̃) + s̃φ̃T ϕ(ŝ)

= −ks2 + (g̃ + ṽ + ks̃)s− ηs·sgn(ŝ) + s̃Υ̂(ŝ|φ̃ )
≤ −ks2 + (g̃ + ṽ + ks̃)s + η|s|+ |s̃|

∣∣Υ̂(ŝ|φ̃ )
∣∣ (43)

It can be seen that ṽ, g̃ and s̃ in Equation (43) all depend on the estimation error of
each state in the hyperbolic tangent extended state observer. Additionally, Υ̂(ŝ|φ̃ ) depends
on the approximation error of fuzzy controller. Therefore, we can find that |s̃|

∣∣Υ̂(ŝ|φ̃ )
∣∣

is bounded.
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Define ∆max1 ≥ |g̃ + ṽ + ks̃|, ∆max2 ≥ |s̃|
∣∣Υ̂(ŝ|φ̃ )

∣∣, we can find that

.
Vs ≤ −ks2 + ∆max1s + η|s|+ ∆max2

≤ −ks2 + 1
2

(
∆2

max1 + s2
)
+ 1

2
(
η2 + s2)+ ∆max2

≤ −(k− 1)s2 + 1
2 ∆2

max1 + ∆max2
= −(k− 1)s2 + ∆

(44)

where ∆ = 1
2 ∆2

max1 + ∆max2.
According to Equation (44), the controller can be stabilized by choosing a sufficiently

large parameter k > 1 to make
.

Vs(t) ≤ 0. Its convergence speed depends on the control
gain k, the parameters of the observer and adaptive fuzzy approximator.

Considering the closed-loop system composed of hyperbolic tangent extended state
observer and fuzzy fractional-order global sliding mode controller, Lyapunov function is
defined as:

V = Vo + Vs (45)

Derivation of V is as follows:
.

V =
.

Vo +
.

Vs

≤ [−ρmin(Q) + 2‖X‖]‖ε̃‖2 + ‖X‖
(∥∥B

.
g
∥∥2

+ ‖H‖2
)
− (k− 1)s2 + ∆

(46)

According to Equation (46),
.

V ≤ 0 can be guaranteed by selecting large enough k
and appropriate parameters l1, l2, l3, l4 and δ1, δ2, δ3, δ4 and the convergence speed also
depends on these parameters.2

5. Simulation Analysis

For particleboard glue system, in order to verify the effectiveness of adaptive fuzzy
fractional-order global sliding mode controller based on hyperbolic tangent extended state
observer, three simulation experiments were designed on Matlab2016/Simulink platform.
In this simulation, the compound controller is designed according to Equations (9) and (36).
In order to make the system output signal track, the desired signal more quickly and stably,
the parameters are selected as follows:

(1) The parameters of hyperbolic tangent extended state observer are chosen as l1 = 60,
l2 = 120, l3 = 700, l4 = 1200, δ1 = 1, δ2 = 0.01, δ3 = 0.002, δ4 = 0.00004, and initial
values of observer are z1 = z2 = z3 = z4 = 0.

(2) The fractional order global sliding mode controller parameters are chosen as λ1 = 8,
λ2 = 0.05, λ3 = 18, k = 10, P(t) = P(0)e−100t, where P(0) = −10.

(3) The membership functions of switching function s are defined as µN(s) = 1
1+e5(s+20) ,

µZ(s) = 1
e−s2 , µP(s) = 1

1+e5(s−20) , and the adaptive parameter are chosen as γ = 100.

(4) The desired glue flow is yd = 10L/min, The initial value of the system states are
defined as x1 = 0, x2 = 0, x3 = 0, x4 = 0, and the compound disturbance is chosen as
ω(t) = 10 sin(t).

Compared with sliding mode control (SMC), fractional sliding mode control (FOSMC)
and fractional order global sliding mode control (FOGSMC) method, the simulation results
are shown in Figures 5–8.

The time response of desired glue flow signal tracking and tracking error is shown
in Figure 5. It is clearly shown that the control method proposed in this paper is much
faster than the traditional sliding mode control, fractional order sliding mode control and
fractional order global sliding mode control, which can realize the fast, accurate and no
overshoot tracking of the glue flow. In addition, it is clear that fractional calculus can
improve the ability of fast response of the system.
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Figure 5. Time response of glue flow tracking and tracking error.

Figure 6. Time response and tracking error of observer for speed tracking. (x2 and z2 represent the
practical speed state of the system and the corresponding state estimated by the observer, respectively).

Figures 6–8 show the tracking performance of the hyperbolic tangent extended state
observer for system states and total disturbances. It can be obtained that the tracking
accuracy of the observer to the speed state of the system can reach 5× 10−5, and the tracking
accuracy to the acceleration state of the system is about 5× 10−3. In addition, although
the total disturbance estimation error caused by the input signal jump at the initial time is
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large, the observer designed in this paper can quickly track the disturbance signal, which
shows the hyperbolic tangent extended state observer has good estimation performance.

Figure 7. Time response and tracking error of observer for acceleration tracking. (x3 and z3 rep-
resent the practical acceleration state of the system and the corresponding state estimated by the
observer, respectively).

Figure 8. Time response and estimation error of observer for total disturbance. (x4 and z4 rep-
resent the practical total disturbance of the system and the corresponding state estimated by the
observer, respectively).
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In order to further verify the control effect of the proposed method, the ideal glue flow
signal is set as a square wave signal with an amplitude of 10 and the total disturbance of
the system is selected as the fitting model from the Reference [44], whose expression is
ω(t) = 50 sin(t) + 40 cos(t) + 100e−2(t−5)2

. The simulation results of the system response
are shown in Figures 9–13.

Figure 9. Time response of glue flow tracking and tracking error.

Figure 10. Time response of sliding mode surface.
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Figure 11. Time response of the control input.

Figure 12. Time response of control input without adaptive fuzzy control.
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Figure 13. Time response of total disturbance observation.

It can be clearly seen from Figure 9 that the proposed method can still track the
desired glue flow quickly, accurately and without overshoot when the system inputs a
changing square wave signal, which fully demonstrates the good control performance of
the designed controller.

Figures 10 and 11 are the time response curves of sliding mode surface and control
input of the proposed controller, respectively. Figure 12 is the time response curve of control
input without adaptive fuzzy controller. It can be clearly shown that the sliding mode
surface of the controller designed in this paper can quickly converge to 0. After adding
the adaptive fuzzy approximator, the chattering phenomenon of the system can be greatly
reduced and the control performance of the system can be improved.

The disturbance observation curve shown in Figure 13 shows that the hyperbolic
tangent extended state observer can observe the disturbance well.

In order to simulate the influence of actual working conditions, the random noise
disturbance is considered as the total disturbance of the system to verify the effectiveness
of the proposed control scheme, and the simulation results are shown in Figures 14 and 15.

Through the analysis of the simulation results, the effectiveness of the method is
proved, including the ability to track the desired signal quickly and accurately and the
robustness to complex interference.

Remark 2. In the previous work Reference [4], an improved ADRC controller is designed to solve
the time-delay problem by a neural network state observer, and the traditional sliding mode control
is used to ensure the robustness of the system. In Reference [5], a prescribed performance control
method is used to improve the transient behavior and the disturbance is observed by normal ESO. In
this paper, we use the hyperbolic tangent function to improve the extended state observer and obtain
high estimation accuracy, and focus on the combination of fractional operator and sliding mode
control to improve the rapidity of the system. Furthermore, the proposed control strategy employs
an adaptive fuzzy control law to weaken chattering, which is also not addressed in previous work.
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Figure 14. Time response of glue flow tracking.

Figure 15. Time response of total disturbance observation.

6. Conclusions

In order to solve the problems of time delay, complex disturbance and unmeasurable
system state caused by glue pipe, external disturbance, motor and pump inertia, a new
compound control algorithm based on hyperbolic tangent extended state observer and
adaptive fuzzy fractional order global sliding mode controller is proposed. A hyperbolic
tangent function is introduced into the extended state observer to improve the estimation
ability for system states and complex disturbances. The fractional global sliding mode con-
troller based on exponential reaching law is used to accelerate the convergence speed and
improve the control performance of the system. In addition, an adaptive fuzzy controller
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is introduced to approximate the sliding mode switching term, which greatly reduces the
chattering phenomenon of the system. Moreover, the convergence of the proposed ob-
server and the controller are proved through rigorous Lyapunov analysis. Finally, through
the numerical simulation experiment, and compared with the traditional SMC, FOSMC
and FODSMC strategies, it is verified that the proposed control method has the excellent
performance of fast response, high control accuracy and good robustness.

Considering that the plant in this paper is an identification model, we will focus
on exploring model building and performance evaluation of control algorithms on real
platforms in future research.
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