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Abstract: In this paper, a novel fractional-order global fast terminal sliding mode control (FGFTSMC)
strategy based on an adaptive radial basis function (RBF) neural network is proposed to improve the
performance of a medium density fiberboard (MDF) continuous hot-pressing position servo system
with parameter perturbation and external load disturbance. Primarily, the mathematical model of the
MDEF continuous hot-pressing position servo system is constructed based on the dynamic equation
of the hydraulic system. Then, a FGFTSMC is designed to speed up the convergence rate of the
system, in which an adaptive law is used to estimate the upper bound of the unknown parameters
to overcome the existing parameter perturbation of the system. In addition, an RBF neural network
is introduced to approximate the external load disturbance of the system. The stability of MDF
continuous hot-pressing position servo system based on the control scheme developed in this paper
is proven using the Lyapunov theory. Finally, the simulation results show that the presented control
scheme can effectively ensure the tracking accuracy of the system and enhance the robustness of
the system.

Keywords: MDF; hot-pressing servo system; fractional-order; terminal sliding mode; adaptive law;
RBF neural network

1. Introduction

MDF is a kind of fiberboard, which is mainly made of wood fiber or other plant fiber.
After adding urea formaldehyde resin or a waterproof agent, it is finally formed by high
temperature, hot-pressing, and other processes, and its density is 0.65~0.80 g/cm? [1].
MDF has a uniform structure, low thermal expansion, smooth surface and easy to paste
finish, and strong impact and bending resistance, so it is the best substitute for natural
plates [2]. It is worth noting that MDF needs a wide range of raw materials, such as forest
residues, sub small fuelwood, inferior boards, and surplus materials after wood processing,
which significantly improves the reuse rate of forest resources. These advantages make
MDF popular in wood-based panel market and greatly promote the development of the
wood industry. At the same time, the expansion of market demand and the increase of
economic benefits also make the development of wood-based panel in China more rapid.
The technical improvement of hot-pressing process has become a key factor to improve
the quality of MDF. At present, the main production equipment of MDF is continuous
flat hot press, which has the advantages of continuous production process, good quality,
accurate plate thick-ness and so on. At the same time, it can further improve the production
efficiency and quality of MDEF. The fixed thickness section in hot-pressing process directly
determines the quality of MDF products, so it is necessary to ensure that the output of
position servo system does not overshoot.

Electro-hydraulic servo systems are widely used in engineering due to their charac-
teristics including high power, fast response, and high precision [3-5]. The PID method
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is often used in the control of electro-hydraulic position servo systems due to its simple
structure, few parameters and easy design [6]. In [7], an optimized PID algorithm is applied
to motion control of micro-robots. An improved PID strategy using the beetle antenna
search algorithm can effectively enhance the robustness of the drive position servo sys-
tem in [8]. A PID controller designed by introducing the fuzzy adaptive algorithm can
ensure that the dry battery drive system can still be effectively when the temperature is
too high [9]. RBF neural networks with universal approximation properties are often used
to approximate unknown parts of the system model and controller parameters [10-12].
In [13], the RBF neural network PID compound control is designed to speed up response
speed of pneumatic servo system. Considering the excellent estimation characteristics of
the extended state observer for disturbances. Reference [14] designed a controller with RBF
neural network to adjust the PID parameters to strengthen the performance.

It is worth noting that the above literature has achieved good control results after the
improvement of PID control in many aspects, but in the face of complex systems similar
to [15-20], the PID controller still has problems such as low control accuracy, poor dynamic
performance, and large overshoot. Fractional-order calculus may be a better solution for
the deficiencies mentioned earlier. The mathematical model of fractional-order calculus
can be applied to many aspects, making the dynamic response of the system more accurate,
and improving the ability of dynamic system design, characterization and control [21].
At present, fractional-order has provided a new theoretical basis for the development
of many fields, and has gradually been widely used in engineering [22-26]. In [24], the
fractional-order PID control method is used in the hydraulic servo system of hydraulic
turbine regulation, and the genetic algorithm of chaotic sequencing is adopted, so that
the problem of system control parameter tuning is transformed into the problem of multi-
objective optimization, and finally the overall accuracy of parameters is improved. To
improve the dynamic characteristics, an idea of indirect internal model control is considered
in the design of fractional order algorithms [25]. Reference [26] verified that fractional-order
control strategy can significantly weaken the vibration effects of AC motors.

Sliding mode control (SMC) has broad applications such as spacecraft attitude sta-
bilization, multiagent systems, generator load angle estimation, and unmanned surface
vehicle due to its insensitivity to parameter changes [27-31]. Combining SMC with the
fractional-order algorithm can take into account the advantages of both control meth-
ods, thereby improving the robustness and dynamic performance. In the latest research,
fractional-order sliding mode control (FSMC) strategy has become an important research di-
rection in many engineering fields [32-34]. In [32], a FSMC strategy is developed to reduce
the ramifications of disturbances, which the nonlinear part of the system is approximated
by a suitable neuro-fuzzy algorithm. In [33], when the loop gain of the hard disk drive
servo system changes, the fractional-order strategy has better consistency than traditional
integer order method, which is of great significance in practical applications. In [34], a
FSMC method effectively improves the tracking performance of servo drive system with
inherent aerodynamic loads and uncertainties, in which a fuzzy adaptive law is introduced
to weaken the chattering phenomenon.

Since traditional SMC cannot ensure that the system state the rapid convergence of the
system state within a limited time, some scholars have proposed the idea of terminal sliding
mode control (TSMC) in recent years. In [35], a TSMC with fractional-order algorithm is
developed in an underactuated mechanical system (UMS) to speed up the convergence of
the system state. In Refs. [36,37], in order to solve the system affected by un-certainty and
external disturbance, a fractional-order non-singular TSMC strategy is proposed to further
improve the dynamic characteristics. In Refs. [38,39], the idea of backstepping is introduced
into FSMC to greatly strengthen the control performance for system uncertainties.

Based on the aforementioned discussion, we propose a FGFTSMC strategy based on
adaptive RBF neural network for MDF continuous hot-pressing position servo system. The
contributions of this paper are summarized as follows:
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(1) A FGFTSMC is constructed based on dynamics and mathematical model of the MDF
hot-pressing position servo system, which ensures the rapid convergence of the system
state and improves the tracking accuracy.

(2) The adaptive law and the RBF neural network are introduced to estimate the upper
bound of the parameter perturbation and approximate the external load disturbance,
respectively. The results of them are fed back to FGFTSMC controller to avoid system
performance degradation.

(3) The Lyapunov theorem is utilized to prove the stability of system and analyze finite-
time reachability of the sliding mode.

The structure of this article is as follows. The Section 2 introduces the system model
and the theoretical basis of fractional-order. The Section 3 designs a FGFTSMC based on
adaptive RBF neural network. The stability and finite-time convergence analysis are given
in Section 4. Simulations are shown in Section 5 to illustrate the feasibility and practicality
of the controller.

2. System Model and Theoretical Basis of Fractional-Order
2.1. Theoretical Basis of Fractional-Order Calculus
Fractional-order calculus is actually a kind of calculus of any order, whose order can

be real or negative. ; D' is the basic operator, t and #( represent the upper and lower limits
of the operators, respectively. The calculus operator can be expressed as:

3
£ Re a >0,

tOD;X = 1, Re a>0, (1)
t (—a)
[, (@)%, Re a>0,
where « is the order of calculus.
It can be clearly seen that after introducing fractional-order operator ;, Dy, integral

and differential can be unified. Among the many definitions of fractional calculus, Caputo
type is the most practical, which is often used to solve physical problems in engineering.

Definition 1. Ref. [40]—Caputo fractional-order calculus definition expression can be
written uniformly

wepy— L )
to tf(t) - r( /fo (t )ocferldv (2)

m— ) —v

where m is minimum integer not less than x and m —1 < & < m(m € N) is satisfied.

2.2. MDF Continuous Hot-Pressing Position Servo System Model

MDF continuous piezo hydraulic position servo system consists of electro-hydraulic
servo valve, servo amplifier and four-way valve control hydraulic cylinder, as shown in
Figure 1. The displacement of the piston in the fixed thickness section of the hydraulic
cylinder is converted into a position signal, which is compared with the given position
signal to form a deviation signal input to the controller. The output of the controller
converts the deviation signal into the input voltage signal and obtains the corresponding
current signal through the servo amplifier to complete the motion control of the servo valve
spool. Further, a certain amount of oil can enter the interior to push the piston movement,
thereby driving the load to press the slab to a given thickness. The servo valve structure is
shown in Figure 2.
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Figure 1. Schematic diagram of MDF plate thickness correction position servo system.
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Figure 2. Structure diagram of zero opening four-way slide valve.

MDF plate thickness correction position servo system mainly adopts single four-way
valve controlled symmetrical hydraulic cylinder. In this paper, taking it as the controlled
object, its power mechanism is expressed by three basic equations as follows [41,42]:

Qu = cawxoy/  (ps — prsgn(x0))
QL= Ap% + Ciepr + 2 4L ®
Apr=m%Y + B 4 Ky +F
where Q1 is the load flow, ¢4 is the flow coefficient of the slide valve, w is the area gradient
of the throttle window of the slide valve, x, is the spool displacement, p is the liquid density,

ps is the oil supply pressure, p; is the load pressure, and p; = 2ps/3. A, is the effective
area of the piston, y is the displacement of the piston, C;. is the total leakage coefficient; V;
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is the volume of the oil chamber of the hydraulic cylinder, j. is the elastic modulus of the
oil, m is the total mass of the load, B, is the viscous damping coefficient, K} is the elastic
stiffness of the load, and F is the external load force.

The servo valve is approximately proportional to the servo amplifier

o =% )
ko= 1

where ks, is the gain of servo valve, i is the input current of servo valve, k; is the servo
amplifier gain, u is the input voltage.

Define the system variables as piston displacement, velocity and acceleration, then the
state variables can be expressed as x; = y, xp = y, x3 = y. The output of the system is the
piston displacement y, and u is the control input. According to the above analysis, the state
space expression of the system can be obtained as follows:

561 = X7

Xy = X3

. ®)
x3 = f(x)+g(xo)u+D

y=x

where f(x) = ayx; + axxp + azxs, g(x0) = auz(xy), z(X0) = +/pPs— prsgn(xo),
a1 = —4ﬁecth/th/ ap = —K/m — 4B, (Az + thBc) /mVy, a3 = —Bc/m — 4,Bectc/vt/
ay = 4ABeciwkspka/mVi /p. D = Af(x) + Ag(xy)u + d denotes compound disturbance
composed of system parameter perturbation Af(x) and external load force disturbance d,
and Af(x) = Aayx; + Aayxy + Aasxs, d = —F /m — (4B,Cyc/mV;)F.

In the following analysis, the parameters and compound disturbance of the hot-press
position servo system are considered to be both uncertain and bounded.

3. Design of FGFTSMC Controller Based on Adaptive RBF Neural Network

The structure block diagram of FGFTSMC based on adaptive RBF neural network is
shown in Figure 3. Firstly, a FGFTSMC is designed for the system; secondly, the parameter
perturbation and external load disturbance of the system are approximated by means of
adaptive law and RBF neural network. The approximation results are fed back to the
controller to strengthen robustness. Considering the weight selection of neural network,
the weight adaptive law is designed.

Adaptive RBF Neural
~ [Network Approximator X
D
Ya +
), Sy, X, Xy, X3
Adaptive Controller |«

Figure 3. The structure of the FGFTSMC based on adaptive neural network approximator.
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3.1. Subsection

It is assumed that the system parameters and external load disturbance are known.
Considering the mathematical model of MDF continuous hot-pressing position servo
system, a sliding surface is designed as follows:

S) — X1 — ]/d
$1 = Sg + &psg + ﬁosgo/po +co - D_/\SO (6)
Sp =81 + w181 + ,31521/111 +c1- D_/\Sl

where y, is desired position signal. &g > 0, 1 > 0, 81 > 0, B2 > 0, po, p1, o, 1 is positive
odd, and q¢ < po, g1 < p1. D~ is the number order calculus operator.

For the system (5), the sliding mode control law of fractional-order global fast terminal
is designed as:

1 1
u= | f@) + D+ Yo (o) 2t s]” )
g(xv) k=0
where o = txksl((z_k) + ﬁk;:z:};szk/pk o DMk k=0,1. ¢ > 0,9 >0, g(xp) # 0and

g, (q < p) is positive odd.

3.2. Design of Adaptive Law with Unknown Parameters

In terms of the parameter perturbation existing in the system, we design the following
adaptive law:

~ SHX
=0
iy = 22 ®)
~ SHX
o= 50

where p1, p2, p3 are normal number to be determined.
Thus, the control law (7) can be rewritten as:

1 R 1
=y | TP L + gsy + 3/ ©

where f(x) = a1x1 + dox2 + 43x3. The estimation error of each parameter is denoted as
a, 1,2,3

a; =a; —a;(i=1,2,3).

3.3. Design of Adaptive RBF Neural Network Approximator

The structure of RBF neural network is shown in Figure 4, and for the complex distur-
bance in system (5), now we use the following form of RBF neural network to approximate.

D = WTH(x) (10)
D = W'H(x) (11)

where D is estimated value of complex disturbance D, wT = [wy,wy, - -, W9}T is estimated
value of ideal weight vector. H(x) = [h1(x), ha(x), -+, ho(x)] € R’ is the output vector of
hidden layer neurons in neural network.
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Output layer

Input la
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Figure 4. Structure of RBF neural network.

The Gaussian function with arbitrary derivative and radial symmetry as radial basis
function does not increase the complexity of the analysis when the input is multivariate,
which makes it successfully applied in many neural network control situations. Therefore,
the Gaussian base function shown below is chosen as the basis function of the neural
network approximator:

hi(x) :exp(fo—chz/Zb]Z),j:1,...,9 (12)

where x = [x1, X, X3]T is the state vector of the system.
In order to facilitate the stability analysis in the next section, the estimation error of
neural network weight vector is defined as:

s

W=W-W (13)
Therefore, the approximation error of the neural network approximator is:
D=D-D=WH®) (14)

However, if the weight estimation vector of neural network is not properly selected, it
is easy to make the neural network approximator fall into “local optimum”, which seriously
affects the approximation accuracy of neural network [43]. Therefore, the adaptive law is
designed as follows based on Lyapunov function

W = ys,H (15)

where 17 > 0 is adjustable adaptive parameters.
Thus, the FGFTSMC law (9) can be rewritten as

1 |7 5Ly q/p
u =g |f@ 4D+ £ (0)+ gt st
k=0 (16)

n n 1
=~ [P0+ W (04 2t sl
! k=0
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4. Stability and Convergence Time Analysis
4.1. Stability Analysis

The tracking error of the system is fully considered and the parameters of the system
are assumed to be known. The Lyapunov function is designed as follows:
1o

Vi=3s 17)

The derivation of V; can be expressed as:

. 1
Vi=s8 =s[f(x) +g(xo)u+D+ ) (o) (18)
k=0

By substituting the control law (7) into the above equation, we can get the
following results
: +p)/
Vi= —gos% — 'yséq p/v (19)
Since ¢ > 0,y > 0,and p + ¢ is an even number, V; < 0 can be guaranteed and the
system is stable.
Considering the actual situation, Lyapunov function is designed to be based on the
unknown parameters and external load interference in the system

3

1 & 1 ~rx

V=Vi+Y i+ —-WW (20)
a2 21

The derivation of Equation (20) can be obtained as follows:

. 3 . S
V =55+ Y pidia + ;WTW (21)
i=1
Then
. . 3 - ~
V. =sé+ ¥ pidia + 1WTW
i=1 1
1 3 (22)
=so[f(x) + g(x0)u+ D+ kzo(o)] + 'El 0idid + %WTW
— 1=
Since a; = a; — d;, ﬁi = —ﬁi. Considering the adaptive law (8) and the control law (16),
Equation (22) can be rewritten as
. . 3 - ~
V =s+ Y pidia+ %WTW
i=1
1 3 . PO
= 52[f(x) +g(xo)u+ D + k20(°)] - L et TWTw (23)
— 1=
3 n 3 - ~
= 52[ Yy Eixi +D — WTH]— Yy o0ia;d + %WTW + Sz[—(pSz - 'ysg/p]
i=1 i=1

where i aix; = f(x) — f(x).
k=1

Acgording to Equation (13), we have

W=W-W =W (24)
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Substituting the Equations (10), (15), (16) and (24) into Equation (23), we can obtain

V. =s[WTH - WTH] + lWTW + sa[— sy — s

= WT[%W —spH] + sa[— sy — 'ysq/p] (25)
= g — ,Yséqﬂf)/p

As mentioned above ¢ > 0, v > 0, it can be obtained that 1% < 0. Therefore, the
proposed control scheme can ensure the asymptotic stability of the closed-loop MDF
hot-pressing position servo system.

4.2. Analysis of Convergence Time
Assuming that the effects of unknown parameters of the system are ignored, it can be

obtained from Equation (6)

. . . d
Sp = 81 +&181 + ,Blasgl/pl +c1- D_/\S1 (26)

Since s; = $;_1 + a;_15;_1 + Bi_ 1sq’ 1/Piz1 +ci_1-D*s;_1,i = 1, 2. Then the j-th
derivative of s; is

: d/ .
sV = st o sV g = e SV gy DIy (27)

Then the second order of s; can be expressed as

$1 = §o+ aoSo + [So—tsqo/pO co - D> s (28)

Therefore, it can be deduced from Equation (27)

Sy = ¥ +aoSo + w151 +,Bodzsg°/p0 + BT 4 . D2 gy 4oy - D As 29
= x3 + agSo + X151 -l-ﬁodtzsoo/po + Brgs] 1/p1 +co- D> *sg+c1 - DV Asy
By substituting the control law (7) into the above equation, we can obtain
—(ps2+sY'7) (30)

By solving the differential Equation (30) above, we can get the initial state of the sliding
mode s,(0) # 0 the time to converge s, (t) = 0 to equilibrium is

P 920D 4y

31
e(p—1q) 0 1)

ts, =

5. Simulation Analysis

In this section, three simulation experiments will be designed under the matlab2016b
simulation platform to evaluate applicability of developed scheme. Before simulation
experiment, the following assumptions should be satisfied:

(1) The initial state is x1(0) = x2(0) = x3(0) = 0.
(2) The reference output signal is y; = 0.1 mm .
(3) The disturbance of unknown external load force is d(t) = 54,780 + 4000 sin(47tt).

According to the above assumptions, the initial error ¢(0) = x1(0) — y4(0) = —0.1 mm < 0.
The nominal values of system parameters are shown in Table 1.
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Table 1. Nominal values of hydraulic servo system parameters.

Physical Parameter Numerical Value Physical Parameter Numerical Value

Kso 0.01 Cre 5
K, 0.0125 ps 25
cq 0.61 B. 6.85
) 850 K 24
A 0.1256 v 2.356
w 0.025 m 1000
Be 6.85 - -

Case 1: In this part, a comparative experiment is established to explore the advantages
of the FGFTSMC law (16) presented in this paper compared with the adaptive sliding mode
control (ASMC) method and the traditional SMC strategy.

= = 15 A = 08,

The parameters selection of FGFTSMC method are ¢ = ¢;
wg = a; = 200, Bo = B1 = 1 x 10719, 9 = 13,000, v = 1600, po = p1 =9, ,90 = 91 = 1,

=5q=23
The parameters of the ASMC are designed as follows: ¢; = 1 x 10%, 7 = 100, c; = 400,

p1=1x10"% 0, =1x10"7,p3 =1 x 107°.
The parameters of SMC are designed as: ¢c; = 400,c; =1 x 104, n =70.

The simulation results are shown in Figures 5 and 6.
It can be clearly seen from Figure 5 that the FGFTSMC method is much faster in

response speed than the ASMC and SMC. At around 0.05 s, the FGFTSMC can track the
desired signal and keep it stable, while the adaptive sliding mode controller lags far behind
in speed, which fully verifies that the designed controller has better convergence effect.
Figure 6 clearly shows that the convergence speed of the FGFTSMC designed in this paper
is much faster than ASMC and SMC. Although the designed method is higher than ASMC
and SMC in terms of control input, its control input is still within a reasonable range. Both
Figures 5 and 6 demonstrate well the feasibility and effectiveness of the controller design.

0. 12 T T T T T T T T T
0_ 1 — |
" V4 -
il
{
"
E o008 I/ .
% 1
g i
o 0. 06-| ! 1
) n
2 Hn
= I
0 n
S 004t -
]
n
i
] m— Reference signal
0. 02-;, = = =S)C 7]
i ASMC
. e FGFTSMC
lI
A 1 1 1 1 1 1 1 1 1
0. 25 0.3 0. 35 0.4 0. 45 0.5

0 0.05 0.1 0.15 0.2
t/s

Figure 5. Comparison of position tracking curves.
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i
|
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=
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2 e
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S :
s B
= !y
o i
&) ! I
0.5 v —
Iy
LA
1 (RN
] Y
O[~ \.—-Q—‘..-- - - an
_0. 5 | 1 | | | 1 | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/s

Figure 6. Control output comparison.

Case 2: To further confirm fast convergence of controller (16) in tracking dynamic
signals, the given signal is chosen as y; = 0.5 cos(107tt)mm, and the controller parameters
are designed as: ap = 150, a1 =100, p =5,9 =3, po=p1 =9, 90 = 91 = 1, ¢ = 1000,
6 = 2000, 01 = 1x10712, pp = 1x 1071, p3 = 1x107% A = 075, ¢c; = ¢ = 10,
Bo=p1=1x10"1.

The simulation results are shown in Figures 7-9.

0.6 T T T T T T

T

Expected position —-—- Position tracking

0.4r -

Position tracking/mm
o
o N

T

1

&
N
T

Il

0.6 1 | 1 | 1 | 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/s

Figure 7. Position tracking curve under dynamic signal.
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01 T T T T T T T

tracking error/mm
<)
N
T
1

05 I | I I I I I I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/s

Figure 8. Tracking error curve.

15 T T T T T T T

10 .

control input/V

5k 4

10 .

15 I | I I I I I I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t/s

Figure 9. System control input curve.

Figures 7 and 8 further illustrate that the FGFTSMC can still achieve fast and accurate
control when tracking the dynamic position signal, and its convergence time is about
0.05121 s. From Figure 9, the output signal of the control law is relatively stable without
obvious chattering, which indicates that this method can promote the robustness.

Case 3: Compared with the PID controller and the SMC, it is verified that the RBF
neural network has an accurate estimation effect and the control law (16) still has a good
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control performance for the system in the face of compound disturbance. The control
parameters of the controller are chosen as follows:

The relevant parameters of the adaptive RBF neural network approximator are selected
as follows: cj = 10% x [-8 —6 —4 —202468],b; =100, j =1, 2, 3. The adaptive gain
selection of neural network weight vector is 7 = 2 x 107.

The parameters of the FGFTSMC are chosen as: A = 0.75, a9 = a7 = 200,
,Bo 2/31 =1><10710,p0 = p1 29,q0:q1 =1,¢c0=01 215,p:5,q:3,(p:13,000,
7 = 1600.

The adaptive parameters are p; = 1 x 1078, pp = 1 x 1071%, p3= 5 x 1078.

The simulation results are shown in Figures 10-14.

Figure 10 shows the output and approximation error of the system interference and
adaptive RBF neural network approximator. The designed neural network approximator
and composite interference have basically no error under the appropriate neural network
parameters, which proves that it has a very superior approximation ability. This will further
strengthen the robustness of the FGFTSMC.

Figure 11 shows the position tracking of the three controllers. Compared with PID
algorithm and SMC, the FGFTSMC can track the reference signal faster. From the partial en-
larged image that the FGFTSMC can achieve accurate position tracking without overshoot,
and has a small tracking error after the system is stabilized. Compared with the PID method,
although FGFTSMC has no obvious advantages in tracking error, its response speed is
significantly faster than that of the PID controller. Therefore, the FGFTSMC can track the
input reference signal precisely when there are unknown parameters and disturbances in
the system and effectively improve the steady-state and transient performance.

Figure 12 shows the control input signal curve of three controllers. Compared with
the SMC and PID strategies, the FGFTSMC control input initial signal is larger but shorter
convergence time. This proves that FGFITSMC has good convergence.

x10*
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Compound interference, neural network approximation value and approximation error

Figure 10. System disturbance term and output and approximation error of neural network approximator.
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Figure 12. Control input curves of three controllers.
Figure 13 is an estimation curve of unknown parameters of the system. The adap-

tive law designed is shown by Figure 13a—c, respectively, for unknown parameters, and
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estimated value in the system. It can be clearly seen that the adaptive law can effectively
estimate the upper bound of the model unknown parameters.
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Figure 13. Cont.
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Figure 13. (a) Estimation of system parameter a1, (b) estimation of system parameter a,, and
(c) Estimation of system parameter a3.

Figure 14 is the change curve of sliding mode in FGFTSMC. It can be found that the
sliding mode surface can converge quickly, which verifies that the control strategy has
excellent control performance.
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Figure 14. Sliding mode change curve. (a) The change curve of s;; (b) The change curve of s;.

Similar with simulation case 1, Figures 10-14 show that the FGFTSMC strategy still
has good control performance after considering unknown parameters and interference of
the system, which shows that the control algorithm has excellent compatibility.
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6. Conclusions

For the problems of parameter perturbation and load disturbance in MDF continuous
hot-pressing position servo systems, a FGFTSMC strategy based on adaptive RBF neural
network is designed. Firstly, the FGFTSMC control law is designed by selecting the
appropriate sliding mode surface, and the adaptive law is introduced to estimate the upper
bound of the unknown parameters of the model. Secondly, the disturbance is approximated
with the aid of the weight adaptively adjusted RBF neural network. Finally, the result of
the approximate disturbance is applied to the FGFTSMC for compensation. It is verified
by simulation that the designed control method can approximate well the external load
disturbance and effectively improve the tracking accuracy and robustness of the system.
Considering the limitations of the proposed scheme in case of system control gain is known,
we will focus on exploring the improved algorithm under the time-varying control gain in
future research. In addition, the performance test of the proposed algorithm on the real
platform will also be implemented.
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