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ABSTRACT In the working process of the diaphragm slitting machine, a cascade control scheme based
on the RBF network is proposed to address the tension fluctuation problem caused by the nonlinearity,
strong coupling, and parameter variation of the unwinding system. Firstly, the dynamic characteristics of the
unwinding process of the diaphragm slitting machine are analyzed, and the dynamic model of the unwinding
section is established. The influencing factors causing tension fluctuation are studied. Then, a cascade
control strategy combining sliding mode control (SMC) and RBF network adaptive sliding mode control
(RBF-ASMC) is proposed to hierarchically control the key variables of unwinding tension and unwinding
speed, which are coupled with each other. The sliding mode controller ensures stable control of the outer
tension loop, and the RBF network adaptive sliding mode controller adds disturbance compensation and
robust control to the inner speed loop. Finally, simulation and experimental results demonstrate that the
cascade control scheme based on the RBF network weakens the coupling between key variables in the system,
improves the dynamic performance, and enhances the disturbance rejection capability of the system.

INDEX TERMS Tension control, speed control, RBF network, adaptive sliding mode control, cascade

control.

I. INTRODUCTION

Diaphragm is a kind of web used in lithium-ion batteries
as a separator between positive and negative materials.
Diaphragm slitters are usually deployed to convert a
large-width diaphragm roll into multi-smaller rolls, which is a
common web processing technique through roll-to-roll(R2R)
transportation. It is very important to keep the web tension in
a delicate range during slitting, which is of great influence
on the quality of final rewound rolls. The tension of the
unwinding section comes as the base tension of the moving
web in the machine direction, which is critically important to
guarantee the proper slitting process and the final rewinding
of the roll. The thickness of the diaphragm is about several
micrometers to a few dozen micrometers, and having a
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trend of being thinner; Improper tension easily causes bad
effects, as wrinkle, slack, rupture, or lateral movement, which
influences the slitting quality and then the rewinding quality;
the fluctuation of unwinding tension may also transfer to
downstream sections and have bad consequences on the
product. This work mainly concerns the tension control
problem in the unwinding span of a diaphragm slitter.

In web tension control, speed and tension are two of
the most important control variables. To achieve decoupled
or coordinated control of speed and tension, extensive
and in-depth research has been conducted by experts and
scholars both domestically and internationally. In [1], the
Kalman filter was applied to the online filtering of sensor
measurement signals in roll-to-roll systems, and the tension
control performance was improved by combining feedfor-
ward and disturbance compensation. In [2], a multivariable
sliding mode surface was designed to balance the unwinding
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tension and speed in roll-to-roll systems, and tension control
during unwinding was achieved using sliding mode control
under servo system torque mode. In [1] and [2], the
torque control of unwinding tension as a single variable
constrains the improvement of control accuracy. In [3],
a more comprehensive tension control model for the winding
process was proposed, which considered both the web tension
and the transmission speed to achieve precise control of
winding tension for high-speed small tension tape transfer
machines. In [4], an Hy control strategy and a linear
parameter varying (LPV) strategy were applied for the control
of tension and transport velocity. The system dynamics were
linearized around the operating point and the change in
rolling radius is handled specially. In [5], they considered
factors such as the complexity of the process, which may
cause variations in material elastic modulus, unwinding
radius, and rotational inertia, as well as constraints on control
variables imposed by complex operating environments. They
used a linear parameter-varying model predictive control
(LPV_MPC) to enhance the tension tracking performance
of the tension controller and used an increment model to
eliminate the error between the nominal and actual models.
In [6], a decentralized linear quadratic control strategy was
proposed to regulate the transmission speed and web tension.
The drawback of the methods in [3], [4], [5], and [6] is that
their linear controllers are only effective within a limited
range of states of the nonlinear roll-to-roll system due to
linearization. In [7] and [8], on the basis of using cascade
control for web tension and transmission speed, a tension
observer was introduced, and the observed value was used
as the pre-feedback compensation of the system input, which
has good robustness and dynamic response performance.
However, this observer did not accurately estimate nonlinear
disturbances. Moreover, the control strategy of controlling
tension through speed difference is widely accepted in the
winding industry, but it is unstable and easily affected by
sudden disturbances and initial errors during adjustment
or tracking. Therefore, this naturally leads to the need for
a new feedback or closed-loop control algorithm that can
simultaneously stabilize unwinding tension and unwinding
speed while considering the effects of nonlinear disturbances.

However, despite extensive research, tension control
during the unwinding process is not easy due to time-varying
parameters and external interference, as well as the increasing
speed of unwinding. Neural networks (NN) have been widely
used as effective methods to overcome model uncertainty and
external disturbances. In [9], Lewis first proposed the use
of neural network approximation for compensating external
disturbances in the control of a two-link robotic arm in 1996,
providing a theoretical basis for the subsequent application
of neural networks. In [10], a PID controller based on
the BP neural network was proposed for the unwinding
system, and the neural network control theory and PID
control algorithm were adjusted based on the nonlinearity
and time-varying characteristics of the unwinding system.
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In [11], an adaptive RBF network was proposed to design
an approximation function for the disturbance, compensating
for disturbances in the control law of the continuous robust
integral of the sign of the error (RISE) controller, and its
effectiveness was verified through experimental analysis.
In [12] and [13], neural network was used to compensate
unknown dynamics, respectively for DC motor and hydraulic
manipulator, and the control systems’ performance was
guaranteed accordingly. In [14], the proposed approximate
optimal tracking control framework had a more general
application scenario, which could optimize the performance
using the part of the system dynamics that might be
known while the prescribed performance was guaranteed, and
compensated for the unknown part of the system dynamics
by using adaptive NN in the actual controller to obtain better
comprehensive performance.

Sliding mode control (SMC) is a suitable control method
for the unwinding system due to its ability to overcome
disturbances and uncertainties in the system [15], [16], [17].
In [15], a dynamic sliding mode controller was designed
based on the power exponent reaching approach law, taking
into account the load disturbances, parameter perturbations,
and unmodeled dynamics on the speed and tension system
of a reversible cold strip mill. The proposed control method
can ensure the asymptotic stability of the closed-loop system
and effectively reduce system chattering. In [16] and [17],
the advantages of sliding mode control were demonstrated,
which had strong robustness against modeling uncertainty
and external disturbances. However, in the face of many
uncertainties in the unwind system, it is difficult to achieve
satisfactory control results solely based on the robustness of
sliding mode control, and the large gain of the robust term can
easily cause chattering.

Considering the uncertainty of the dynamics and nonlinear
nature of the unwinding system of the slitter, this paper
proposes a cascade control scheme with the inner loop of
sliding mode control based on the RBF network for parameter
adaptation. The main contributions are as follows:

1) A cascade control method is proposed to address the
tension fluctuation problem during the unwinding process of
the diaphragm slitting machine. The outer primary control
is used to adjust the web tension, while the inner secondary
loop is used to control the speed of the unwinding servo
motor; An inner loop speed controller with shorter lag and
faster response can weaken or eliminate the influence of
interference, ultimately reducing its impact on unwinding
tension and accelerating the response of the system.

2) The most influential uncertainty in the unwinding
system is its frictional torque, which is isolated mainly
inside the inner loop by introducing the proposed RBF
network based sliding mode speed control; and the control
performance of the unwinding tension in the outer loop is then
improved.

3) The other uncertainties and disturbances, like properties
of the diaphragm, measurement noise of the radius of the
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FIGURE 1. Schematic diagram of the diaphragm slitter.

unwinding roll, etc., can be taken care of by the outer sliding
mode control. The whole system stability of the designed
cascade control algorithm has been theoretically proven, and
the superiority of this method has been demonstrated with
simulation and experimental results.

Following this introduction, section II introduces the
experimental platform, system modeling, and the goals of
improving disturbance resistance and dynamic performance
of tension control. Section III focuses on torque control of the
unwinding motor, using the Lyapunov function as the stability
criterion, and designing a cascaded controller combining
sliding mode control with RBF network adaptive sliding
mode control. In Sections IV and V, through simulation and
experiments, the designed cascaded controller demonstrates
good control performance of diaphragm tension in the
unwinding system and adaptability to complex operating
conditions.

Il. SYSTEM MODELING

Fig. 1 shows the schematic diagram of the diaphragm slitter
mentioned in this paper. There are three motor drives,
unwinding roll 1, pulling drive of group rolls 6,7, 8, 9, 10, and
primary speed roll 16; others are idle rollers, including roller
5 with a load cell for tension measurement; 17 and 18 are
surface rewinding rolls. There is no nip allowed in the slitter
to avoid the possibility of damaging to diaphragm surface.
Because of the s-wrap of the pulling rolls the unwinding
tension zone can be considered independent of downstream
sections under some proper assumptions. The primary servo
drive sets the transporting speed (or primary speed) of the web
in the velocity mode of servo control, and the pulling drive is
also in velocity mode with a manual-adjustable speed ratio to
the speed of the primary drive. With the consideration of the
dependence of the unwinding tension zone, we think of the
speed of the pulling roll being a known term, and the control
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of unwinding tension is the job of controlling the servo drive
of the unwinding roll.
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FIGURE 2. Simplified schema of the unwinding tension zone.

A. DYNAMICS OF WEB TENSION

The simplified schema of the unwinding tension zone is
provided in Fig. 2. The dynamics of web tension in the
unwinding span can be expressed in (1) [2], [6], [22].
The following assumptions were made for the sake of
simplification: 1) the inertia and friction of the idle rolls are
relatively small, and can be neglected in modeling; 2) the web
strain is elastic; 3) the web slipping is neglected.

=21 +(T°Lﬂ91+EL—sz (1)
where T is the web tension, Ty is the inside tension of the
original web roll, Ry is the outer radius of the material roll,
E is the modulus of elasticity of the web material, A is the
cross-sectional area of the web, L is the length of the web
span between the unwinding roll and the pulling roll, v; is
the linear speed of the unwinding roll, v, is the linear speed
of the pulling roll.

At the equilibrium point, i.e., T1 = 0, the web tension is,

T, = EA (1 — V—l) + 47, )
1% V2
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and the dynamical process of the tension is governed by,
Ti(t) = Toe T + (1 — e~ 1) x [EA(L — 1) + L1y
V2 V2
(3)

We can see that the equilibrium tension of the system
is determined by the ratio of the linear speed between the
unwinding roll and the pulling roll, and the dynamical process
in this first-order system is determined by the time constant
(t = L/vy) which is not a constant but variable with the
primary speed of the web transportation.

If we put Tp = 0, and define strain e = 1—v1 /v, a positive
number much less than 1, we have,

T\ = EAs 4

The typical static strain-stress curve of the diaphragm looks
like Fig. 3(a), which shows the nonlinear nature of Young’s
modulus of the web; and a proper coordinate transformation
gives Fig. 3(b) which shows the static curve of tension as
a nonlinear function of speed ratio according to (2) when
To = 0.

160 T T
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Speed ratio
140
b
120 F / a
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o
@
L 80
2]
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40 -
20
0 I I I 1
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

(a)Strain and (b)Speed ratio

FIGURE 3. (a) Typical strain-stress curve of diaphragm; (b) Static curve of
tension as a function of speed ratio.

B. DYNAMICS OF UNWINDING DRIVE
The typical belt transmission of unwinding drive is shown in
Fig. 4. To get some desired unwinding tension 7, we must
give desired linear velocity v, as follows,
, = EAw )
To — EA

But we would not have precise v; to give, because there are
uncertainties on T and E in (5); furthermore, we would not
have precise v; to get, because v, = 9}R1 and the variate R
could not easily be precisely obtained.

We would have not cared about v, because there is a direct
torque balance related to the unwinding tension 7 on the
drive’s side as follows [2], [6], [22]:

d . .
E(h@l) =RiT + ity — bo, (6)
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FIGURE 4. Cross-sectional view of the unwinding drive.

where 6 is the angular speed of the unwinding roll, J is the
inertia of the unwinding section, t; is the input torque from
the unwinding motor, b is the coefficient of friction, i is the
transmission ratio.

J1 is time-variable, which consists of three parts:

(1) = P + Je + Ty (1) @)

where Jp, is the inertia of all the rotating elements on the
motor side, which includes inertia of motor armature, driving
pulley, driving shaft; J. is the inertia of the driven shaft
and the core mounted on it, and Jy(¢) is the inertia of the
web material on the core. During the unwinding process,
the diameter of the material roll decreases until the end of
the process, Jy (f) is time-varying:

b4

Jw(t) = )

pHR} — 1) ®)

where r is the inner radius of the material roll, H and & are
the width, and thickness of the web, p are the density of the
web material. Therefore, Equation (6) can be written as:

J]é] +J1é1 =RiT) — ity —bé] )
Taking the derivative of J; yields:
Ji = 2npHR3R, (10)

Due to the small thickness of the diaphragm compared to
the radius of the material roll, the rate of change of radius R
is approximately as follows:

dRy hé
FTa (an
Equation (9) can be simplified as:
. R 1, b . pHR} .,
0 =—T)+ —ity — —0; — ——ho 12
1 7 1+ Jllfl 7 1 7; 1 (12)

The whole dynamics for the tension system of the
unwinding section consists of (1), (7), (8), (11) and (12).
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FIGURE 5. Unwinding tension control scheme.

IIl. THE CASCADE CONTROL SYSTEM DESIGN

The unwinding tension control scheme is shown in Fig. 5,
using a cascade control structure [23], [24], [25]. The outer
primary control is used to adjust the web tension. The inner
secondary loop is for the speed control of the unwinding
servo motor, which is to track the reference speed given by
the primary controller. Disturbances in the inner loop are
approximated and compensated in real time using an RBF
network.

A. DESIGN OF OUTER LOOP CONTROLLER
A sliding mode controller is designed with the web tension
dynamic model, which can be obtained from (1):

(To—EA)R. EA

. Vv
Ty =—2T) + 91+TV2+d1 (13)

L L
Let
) (To — EA)R, (EA—T))
= T s = 0 s = [ —
x=Ti,u1 =01,8 2 /i A
Equation (13) can be simplified to
X =g +fi +di (14)

where d is the disturbance of the outer loop. Disturbances in
engineering are bounded, let |d{| < k2, ko > 0.

For the first-order dynamic model of web tension, the
following sliding mode function is introduced,

s1 = cjeg (15)

where ¢; > 0,
The tracking error is e; = Ty — x, where T; is the reference
tension.
Define the Lyapunov function as,
1,

V=25 (16)

And,
51 =cre1 = c1 (T — X)
=c1 (T — gu1 —f(x) — di) (17)

In order to ensure s15; < 0, the sliding mode control law
can be designed as,

1 .
up = g (Tr _f(x) +k1S1 + k2 tanhsl) (18)
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where k1 > 0, In equation (18), the discontinuous symbolic
function sgns; is replaced by hyperbolic tangent function
tanhs, which is defined as,
e’l —e !
tanhs) = ———
eSi+e™51

Then,

S1=cp (Tr — (Tr —f(x)+ kst +k tanhsl)
— f(x) —di) = —c1 (kis1 + ky tanh sy +dy)  (19)

So,
V= $181 = —c (kls% + ko |s1] +d1S1) < —Clkls%

_ Gk, (20)
T2

The solution to the inequation v < —%V is,

c1k
12] (17[0)

Vi) <e; V(1) @1

It can be seen that when V() exponentially converges to 0,
then s exponentially converges to 0, and the convergence
speed depends on cikj, ultimately reaching the reference
tension. Therefore, the outer tension loop controller is
asymptotically stable, and the system error will converge to
0. The control law u; obtained by the outer loop controller
will be used as the reference angular speed of the inner loop.

B. DESIGN OF INNER LOOP CONTROLLER

Due to the strong coupling relationship between unwinding
tension and unwinding speed, only controlling unwinding
tension restricts the improvement of control precision.
Therefore, RBFASMC is used to increase disturbance
compensation and robust control for the speed loop [26].

1) DESIGN OF SMC CONTROLLER
According to (12), the dynamic of unwinding drive under
interference is as follows:

. Ry 1 b . pHR] .,

0p=—T1+ —ity — —60; — ——ho; +d 22

1= J]lfl 7 7; i b) (22)
Let the state vector z = [z1,22,23]7 = [64, 61, d2]",

where 61, 6; is the actual angle and the angular speed of the
unwinding roll, d; is the disturbance of the inner loop. Dis-
turbances in engineering are bounded, let |d>| < k4, kg4 > 0.
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FIGURE 6. Comparison of control performance under model parameter
errors.
71 is the input torque from the unwinding motor. Let u; = 7y,

HR3 .
& = %,fz = I;—I‘Tl — J%Zz — pj—llhz%, Equation (22) can be
simplified to:

[h 2

=i gu+fr+z3
In order to achieve the inner loop control objective, the

design of the RBF network adaptive sliding mode controller is

as follows. First, the tracking error of the unwinding angular

speed is defined.

(23)

er=0—2 (24)
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FIGURE 7. Comparison of control performance under continuous
interference.

The sliding mode function is defined as:

t
s) = ey + Cz/ exdt (25)
0

where ¢; > 0.
Then,

So=ér+crer =6 — 1+ cren

=6 —igour —fr — 3+ 22 (26)

In order to ensure 52§52 < 0, the sliding mode control law
can be designed as,

upy = (Qr +crer —fr —z3 +kaso + k4tanhs2) 27)

i-g
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FIGURE 8. The experimental platform.

where k3 > 0, z3 is the disturbance of the inner loop, which
can be approximated online by the RBF neural network, and
the approximation value is used as the design basis for the
sliding mode controller.

2) RBF NEURAL NETWORK (RBFNN)

Compared with the BP neural network, RBFNN has a simple
structure, strong generalization ability, and can approximate
any nonlinear function with arbitrary accuracy [18], [19],
[20], [21]. RBFNN does not require offline training and can
realize online adaptive tuning. Therefore, this paper chooses
RBFNN to realize adaptive approximation of disturbances,
which can improve the robustness of the controller.

The control algorithm of RBFNN can be described as:

Iy - ¢’
1 = exp(——-—) (28)
2b}
z=WTyy) +e (29)

where y is the network input vector, n; is the Gaussian
function, W* is the ideal weight vector, ¢ is the network
approximation error, |¢| < é&max, 23 1S the network output,
cj, bj are the center and width of jth the neuron.

The structure of the RBFNN that we adopt is 1-5-1, that
is 1 input node, 5 hidden nodes, and 1 output node. Suppose
that the input vectory = [e2].

The hidden layer output of RBFNN is

I
! 257
The final output of RBF is

)j=12,3,4,5

z = Why(y) (30)

where W is the actual weight vector. In order to realize the
adaptive approximation of 23, the adaptive law W needs to be
adjusted automatically.

The RBF network adaptive sliding mode control law is
designed as follows:

1 .. N
Uy = g— (—czez + 6, —fr — 723 — kzsy — k4tanhs2) 31
2
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3) STABILITY ANALYSIS
Bring (31) into (26),

50 =0 — gour — o — 23 + 202
=6 — (ér + e —for— 23+ kzso + k4tanhsz)
—h—uB+ce

= —Z73 — k3sy — k4tanhs; (32)
Sy — n — 54 — WHT ~_ wT
where 3=23—233 YVT h(y)+e—-W h(y),
=WhQ@y)+e¢
W =W*—W,
The Lyapunov function is designed as
1, 1 =5
L= 3% + EVW w (33)

where y > 0,
Refer to (32) and (33), we can obtain
L
= 578 + VVNVTVE’ = 5o(—23 — k3so — kgtanhsy) — )/VNVT‘;V

~

= sz(—VVTn(y) — & — k3sp — kytanhsy) — )/WTW
= —WT(s2an(y) + y W) — s2(e + kzso + kstanhsy)  (34)

Let the adaptive law be
2 1
W = ——sm(y) (35)
14
Then,
L= —so(e + kzso + kqtanhsy) = —k3S% — ka |s2| — s2¢e

Since the RBF network approximation error ¢ is a small
positive real number. Let k4 > emax, then L < —k3s% <0,

Therefore, according to the stability criterion of the
Lyapunov function, it is known that the closed-loop system
is asymptotically stable, and the system error will eventually
converge to 0.

The above is the design process of the inner loop controller.
The description of the RBF network adaptive sliding mode
control algorithm is shown in Table 1.

VOLUME 12, 2024
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TABLE 1. RBF network adaptive sliding mode control algorithm.

Input e,

Step 1: Initialize the pre-defined parameters of RBF network.
Step 2: The tracking error is given in (24).

Step 3: The ideal weight vector is given as (35).

Step 4: The hidden layer output of RBF network is given as (28),

Step 5: The final output of RBF network is given as (30),

Step 6: The control law is given as (31).
Step 7: While not converge, return to Step 2.

Output U,

IV. SIMULATION

To verify the control performance of the designed controller
on unwinding tension, a comparison was made between
the designed controller and a fixed-gain PID controller
based on feedforward compensation through simulation. The
system parameters are shown in Table 2, where the friction
coefficient and the inertia of the mechanical part were
identified through experiments.

TABLE 2. System parameters.

Description Parameter ~ Unit Value
Friction coefficient b N/s 0.0529
Modu'luS of Elastic of the web E N/m? 129% 10°
material

Width of the web H m 0.0605
Length of the span web L m 0.57
Thickness of the web h m 0.00002
Cross sectional area of the web A m? 1.21X 10
Inner radius of the material roll 7 m 0.0465
Density of the web material p Kg/m? 798.7879
Outer radius of the material roll R, m 0.08
Inertia of all thp rotating elements g Kgm? 00102

on the motor side

Inertia of the driven shaft and the J. Kg'm? 0.000198

core mounted on it

To accurately assess the performance of the system, two
comprehensive performance indicators are defined from a
practical perspective to measure tension tracking perfor-
mance. /apg is the maximum absolute value of tracking error,
which represents the limit performance of the controller;
Ivisg is the average of the square of the tracking error,
which represents the average performance of the controller
throughout the entire working cycle. The mathematical
expressions for these two indicators are as follows:

Iape = max |e(i)]
i=1,-,N

=1,

i LS Lo
Mk = > [e(0)]
i=1

where e(i) represents the tension error of the ith sampling
point, and N represents the total number of sampling points.

This simulation tested the controller’s control effect on
unwinding tension and unwinding speed under different
operating conditions.
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FIGURE 9. Constant tension control experiment with the proposed
controller.
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FIGURE 10. Constant tension control experiment with the cascade controller.

Condition 1: v3 = 0.3m/sv3 = 0.3m/s, a3 = 0.15m/s,
T: = 6N, R1(0) = 0.06m,

A. MODEL PARAMETER SENSITIVITY SIMULATION

In engineering, it is often difficult to accurately measure the
model parameters of an unwinding system. Inaccurate model
parameters can affect the control performance of unwinding
tension, which requires the controller to be less sensitive
to model parameters. Assuming that there is an error of
40.006m between the measured radius and the actual radius
under condition 1, the simulation results are as follows:

As shown in Fig. 6(a) and (b), it can be seen that the
web tension response curve under traditional PID control
experiences significant fluctuations due to the unwinding
radius error, while the web tension response curve under
the proposed control has smaller overshoot and fluctuations,
faster response speed, and shorter required stabilization time.
Relatively speaking, the proposed controller is less sensitive
to the accuracy of the model parameters and has better control
performance.

B. ANTI-INTERFERENCE SIMULATION
In engineering, there are various uncertain interferences,
so it is necessary for the tension controller to have strong
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anti-interference performance in order to ensure the stability
of the tension during the unwinding process. Assuming
that the unwinding section under operate condition 1 is
continuously disturbed by interference torque within the
range of 20.06N - m, the simulation results are as follows:

As shown in Fig. 7(a) and (b), it can be concluded that
under continuous external interferences (randomly within
the range of £0.06N - m), the unwinding tension and
unwinding speed under the proposed controller are more
stable in both acceleration and steady-state stages, with
faster response speed, smaller overshoot, tracking error, and
fluctuations.

Moreover, it can be concluded that the proposed controller
is suitable for the lithium battery separator slitting machine.
It can effectively reduce the overshoot of tension, quickly
compensate for speed changes, reduce tension errors, shorten
system adjustment time, and demonstrate better disturbance
rejection capability.

V. EXPERIMENT

In order to verify the superiority of the control strategy
proposed in this paper, we compare the performance of the
proposed controller with the cascade controller and PID
controller. The experimental platform is shown in Fig. §,
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FIGURE 11. Constant tension control experiment with the PID controller.

and the comparative experimental results under different
conditions are as follows:

Basically, “trial and error”” method has been used in the
process of experiment. In the proposed controller, the SMC
controller parameters are k1 = 10, k, = 1c; = 200, ¢; = 2,

the RBFASMC controller parameters are k3 = 30kz =
30,ks4 = 1,¢p = 30,co = 30 and the RBF network
parameters are b; = 10, ¢; = [-1,-0.5,0,05,1],y =

0.001; The parameters of the cascade controller are k; =
10, ky = 1c1 =200,¢; = 2,kz = 30k3 =30,ks = 1, 2
30. The parameters of the PID controller are k, = 0.05kj,

1,k =2,k = 15k4 = 0.
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A. CONSTANT TENSION EXPERIMENT

In this experiment, the control effects of different controllers
on unwinding tension and unwinding speed were tested
under the same reference tension 7, = 4N and different
transmission speeds (v =0.4m/s to 1m/s, interval 0.2m/s).
The reference speed was calculated by (5). The control error
indicators in Table 3 and Table 4 are calculated during the
steady-state stage.

According to Fig. 9, Fig. 10, Fig. 11, Table 3, and Table 4,
it can be seen that the proposed cascade controller has smaller
tension steady-state error and better tracking performance.
The experiment proves that the designed cascade controller
has a good effect on the speed stability of the system.

As shown in Fig. 9(d), the RBFNN output (u-rbf) accounts
for most of the proposed controller output (u-total). It can
be seen that the RBF network can effectively compensate
for the uncertainty of the model and external disturbances,
improving the accuracy of the web tension control system.

B. VARIABLE TENSION EXPERIMENT

In this experiment, the control effects of different controllers
on unwinding tension and unwinding speed were tested at the
same transmission speed v, = 1m/s and different reference
tensions (7; = 4N, 6N, 8N, 10N).

103670

0 20 100 120 140
Time(s)
(d) Motor torque curve
TABLE 3. Tension control error indexes constant tension.
Control Method Iape Tvse
PID 2.40 0.94
Cascade 2.18 0.86
CascadetRBF 1.29 0.12
TABLE 4. Speed control error indexes constant tension.
Control Method Inpe Ivse
PID 0.094 0.00064
Cascade 0.067 0.00052
Cascadet+RBF 0.043 0.00038

As shown in Fig. 12, Fig. 13, Fig. 14, Table 5, and
Table 6, the proposed controller has a better tracking effect
on the transport speed, so that the steady-state error of the
tension is smaller. The proposed controller has better tracking
performance and lower steady-state error, and its dynamic
behavior and accuracy are better than the cascade controller
and PID controller.
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FIGURE 14. Variable tension control experiment with the PID controller.

As can be seen from Fig. 12(d), the RBFNN output (u-rbf)
accounts for most of the proposed controller output (u-total).
It can be seen that the RBFNN can effectively compensate
for the uncertainty of the model and external interference,
improving the accuracy of the web tension control system.

In summary, the proposed controller in this paper
has smaller tracking errors, more stable acceleration and
deceleration, and overall better control performance com-
pared to the cascade controller and PID controller. It can be
better applied in industrial production.
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TABLE 5. Tension control error indexes at variable tension.

Control Method Iape Iuse
PID 3.53 0.80
Cascade 3.21 0.52
Cascade+RBF 2.69 0.40

TABLE 6. Speed control error indexes at variable tension.

Control Method Iape Ivse
PID 0.11 0.00033
Cascade 0.10 0.00032
Cascade+RBF 0.071 0.00012

VI. CONCLUSION

A mathematical model of tension loop and speed loop
is established based on the dynamic characteristics of
the unwinding process of the diaphragm slitting machine,
taking the linear speed of the pulling roll as the reference
speed. To address the tension fluctuation problem in the
unwinding process, a cascade control method combining the
sliding mode control algorithm and RBF network adaptive
sliding mode control algorithm is proposed. By adding a
speed controller with a shorter lag and faster response,
the influence of interference in the system can be reduced
or eliminated, minimizing its impact on the unwinding
tension and increasing the response speed of the unwinding
system. Ultimately, simulation and experimental results on
the experimental platform demonstrate that this method has
good control performance for web tension under different
reference tension and transmission speeds. This method
can improve the dynamic performance and anti-interference
ability of the equipment under different operating conditions
and has practical value in industrial production.

Our future work on the tension control of slitters will focus
on improving the control performance further in some harsh
conditions, like system start-up or close-down, that is from a
static state to accelerate the film transport speed, or from full
speed to quickly stop the transportation. We are also planning
to develop some data-based intelligent algorithms to facilitate
the operation of the machine, including online learning
algorithms for continuously improving system performance
during the machine’s lifetime, intelligently prompting system
states, pre-caution of possible errors, etc.
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