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Abstract

Based on sliding mode control theory, in this paper a control method of tension control
system in printing machine is presented. Firstly, a sliding mode controller for decreasing
steady-state error is designed based on the servo motor model in the tension control
system of printing machine, and the simulation verification is carried out in the
MATLAB/Simulink. Further the hardware circuit is implemented through the design of
operational amplifier to reduce the chattering of the system, and the trapezoidal wave is
served as the input signal to reduce the overshoot of printing machine generated at the
moment of start and stop, ensuring the smooth start and stop of the system. With the
simulation results and the experimental results being consistent, it illustrates the
correctness and practicality of the proposed method.

Keywords: Tension control; servo control; sliding mode controller; operational
amplifier; simulation and experiment

1. Introduction

The shaftless drive printing machine has become the main equipment in the printing
industry, and the polychromatic chromatography mode is widely used for printing in the
modern packaging and printing. The shaftless chromatography is vulnerable to a variety
of factors in the printing process, which leads to chromatography chromatism. The error
caused by the characteristic change of substrate material (e.g., printing deformation of
substrate material, drying deformation) and tension instability is the main cause of
chromatography chromatism. The tension control is the difficult point and key point for
the control of printing machine, and has significant influence on the quality of the printing
product.

The traditional tension control system mainly adopts the traditional PID control.
Because the traditional PID control method is affected by the torque change, linear
change, mechanical loss of the transmission device and other factors, the absolute
accuracy of the control is poor. Reference [1] proposed an intelligent fuzzy PID control
method by absorbing the impact of external stimulus, which achieved the tension control
with small steady-state error rate and small fluctuation ratio. In Reference [2], based on
the theory of traditional PID controller and torque control, the double closed loops control
algorithm of the speed control loop and the tension control loop was proposed. Although
the PID control structure is simple and the theory is mature, its robustness is relatively
poor.

Reference [3] designed a neural network fuzzy controller for the tension control of the
rolling mill. Reference [4] proposed the fuzzy control algorithm for the tension control.
Reference [5] adopted the neural network inverse control, to realize the decoupling
control between the speed and the tension. Reference [6] introduced an artificial neural
network method with back-propagation training algorithm to weaken the decoupling
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control between the speed and the tension. Reference [7] proposed a multivariate robust
control method to suppress the disturbance and reduce the decoupling effect between the
speed and the tension. Reference [8] proposed the robust control strategy to weaken the
tension fluctuation. Despite that the robustness of these intelligent methods is better than
the PID control, however, it is difficult to implement.

Compared with other control methods, the sliding mode control method has the
advantages such as short stability time, fast speed, good dynamic performance, strong
robustness and easy implementation. Reference [9-11] adopted different control methods
in the sliding mode control to realize the tension control. Reference [12-16] are all based
on the sliding mode control method with simulation verification conducted in the
MATLAB/Simulink. Reference [17], [18] are based on the sliding mode control method,
and DSP was used to carry out experimental verification. In these references, it performed
simulation in MATLAB/Simulink, or DSP was used to conduct the experiment under the
computer environment. However, the sliding mode control is a high-speed switching
control, and the sampling period of the computer is limited, the calculated lag will
produce the chattering for the system.

In this paper, we propose a tension control method based on sliding mode control and
employ operational amplifier for the hardware circuit design. First of all, by adding
continuous control unit in the conventional proportion switching controller, a sliding
mode controller is designed to reduce steady-state error. To verify the design of the
controller, simulation is carried out in the MATLAB/Simulink. Secondly, based on
operational amplifier, the hardware circuit is designed. Differential circuit and analog
multiplication circuit are used to design the controller circuit, and the trapezoidal wave is
served as the input signal to reduce the overshoot of printing machine generated at the
moment of start and stop, which guarantees the smooth start and stop of the system.

2. System Description

In the printing process, the tension of printing process is determined by the servo
motor. The substrate material is fed into the printing unit by the feeding-in roller, then
sent out by the pull roller after finishing the printing process, as shown in Figure 1.

Pull

Impression Roller

Roller

Printing
Roller

Servo Motor

Figure 1. The Structure Diagram of Shaftless Drive Printing Machine
The feeding-in roller and pull roller accomplish paper feeding and paper delivery

through the belt driven by the servo motor. The equivalent circuit of servo motor is shown
in Figure 2.
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Figure 2. The Equivalent Circuit Diagram of Servo Motor

According to Figure 2, the transfer function of servo motor can be derived:

1
G(s):lz ZC"‘ (1)
ug T, T,8°+T,s+1
Lo T,-0 (1)
Ra CmCe

with notations shown as follows :
Uy - Armature voltage ;

N : Motor velocity ;

Ra . Armature resistance ;

L. . Armature inductance ;

® . Counter electromotive force ;

Cn . Electromagnetic torque coefficient ;
Ce : Voltage feedback coefficient :

T

I

: Electromagnetic time constant ;

—

m : Electromechanic time constant ;

(]

- Rotor moment of inertia.
Leta, =CT,T,, b=CT, , a,=C,, Equation (1)issimplifiedas

1
G(S)=——— 2
(5) a;s’ +bs+a, @

The above transfer function of the motor is transformed into the state equation as
follows:

X =X,
1 3
X, =F—§=F+=[by+ay—u(t)] )
&
where the state variable X, is the error between the given value and actual output
value, i.e., X, =e=r—Y, and X, is represented by V, in the hardware circuit of this
paper.
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3. Design of Sliding Mode Controller

The sliding mode surface of the controller is selected as
s=cx+X, (¢ >0) (4)
where C, is the slope of sliding mode surface, to be designed.
The proportion switching method is adopted to design the sliding mode controller as

a, Xs>0
u=yx+M vy, = B, %5<0 (5)
1

M =ai +br+a,r
()
where y; - X, is the switch control unit; M is the continuous control unit.
According to the formula (3), (4) and (5), we have:

S=[c1—3]5+(—cf +£—&Jx1—iu(t)+ 'r'+£r‘+ir

& 8 & & 8 8
(6)
Lyapunov function is selected as
1.
== 7
5S ™
V =58
bz[zbazjl . b, a
= —— |S"+|| C +———= X, ——Uu(t)+F+—r+—=r|s
(l%J { a8y T
(8)

In order to ensure that the whole system is under the establishment condition of sliding

mode, Equation (8) has to satisfy that V< 0, namely the constraints in the following must
be satisfied:

Cl<a
%>@ﬂ¢+£—%} ©)
b a
et
1 < | —C a a

When the system parameters change, as long as the constraints described in Equation
(9) are still satisfied, the establishment condition of sliding mode can still be satisfied.
Therefore, this design method has relatively strong robustness.

4. Implementation of Hardware Circuit

In order to avoid the system discretization, the hardware circuit designed in this paper
is realized by integrated operational amplifier. According to the design of sliding mode
controller in Section 3, the implementation block diagram of hardware circuit is shown in
Figure 3. All the operational amplifiers used in the control system circuit are chips
LM358, and the power supply of the chip is dual power supply of £12V.
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Figure 3. The Block Diagram of Sliding Mode Control

The hardware circuit of the controller consists of four parts: sliding mode surface, sign
function, switch control unit and continuous control unit. We will describe them in the
following subsections.

4.1. Implementation of Sliding Mode Surface

The hardware circuit of sliding mode surface is shown in Figure 4, where (D is

differential circuit, R, -C, :% ( f is the frequency of input signal), and R, = & .

10
Therefore we have s =— &'(—Ve)-i-&'(—ve) = &-Ve +&'\/.e . According to
R3 R4 R3 4
R
Equation (4), we have R; =R, and —>=c;.
3
! @ ) R2 N _Ve VL‘ VL‘
Ve % Rl Cl
@——~«:|—1 }— = : R,
+ vV 5,
‘ A1 +

Figure 4. The Hardware Circuit of Sliding Mode Surface

4.2. Implementation of Sign Function

The hardware circuit of sign function is shown in Figure 5, where (D is analog
multiplier module constructed by chip AD835, the power supply of the chip is dual power
supply of £5V and (2) is zero-crossing comparator. When the voltage V, - s is larger than

0, the high level output is positive voltage of power supply; when the voltage V, - s is less

than 0, the low level output is negative voltage of power supply. But the output of sign
function is £1V, and the supply voltage of operational amplifier is 12V, therefore an
operational amplifier circuit with shrinkage of 12 times is connected behind the zero-
crossing comparator, as shown in ) in Figure 5.
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Figure 5. The Hardware Circuit of Sign Function

4.3. Implementation of Switch Control Unit

The hardware circuit of switch control unit is shown in Figure 6, where (D and ) are

. . R . .
the implementation of y/,. In part O we have R—9=—l//l, and part @ is the inverter
8

circuit. When sgn(V,-y,) is +1V, the output of @O and @ is w,=¢; ; when

sgn(V, -y, ) is -1V, the output of @ and @ is w,=/,. The hardware circuit of analog
multiplier in Figure 6 is shown in (D of Figure 5.

© Ry

sgn(V,-s) Rg \Y%
o—— R.o Le v
e’ l//l
4 Analog multiplier }—o

Vi

Figure 6. The Hardware Circuit of Switch Control Unit

4.4. Implementation of Continuous Control Unit

The hardware circuit of continuous control unit is shown in Figure 7. According to
Equation (5), in this paper the given signals of control system are rectangular wave, skew
wave, triangular wave and trapezoidal wave, and the second order derivative of these

signals is 0, therefore we have M =br +a,r. @ in Figure 7 is differential circuit, which
is the same as that of hardware circuit of sliding mode surface in Section 4.1. (2 in Figure

. R R
7 is the implementation of M =br +a,r, where = =a, and =2 =b.
14 15
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Figure 7. The Hardware Circuit of Continuous Control Unit

5. Simulation and Experimental Results

5.1. Simulation Results

To evaluate the proposed method, we conduct simulation experiment in the
MATLAB/Simulink Software, and the parameters of servo motor are shown in Table 1:

Table 1. Nominal Value for Servo Motor

Parameters Unit Values
Armature resistance (R) KL 7.77
Armature inductance (L,) H 0.0777

Rotor moment of inertia (J) kg.m? 0.6

Electromagnetic torque
coefficient (Cy)
Voltage feedback coefficient
(Co)

According to the Equation (1), we have T, =107 and T, =0.6475; according to the

Nm /A 6

V/(r/min) 1.2

Equation (2), we have a, =0.00777, b=0.777, a, =1.2, and further R:100 and
&

& ~154. In the controller designed in this paper, the selected slope of sliding mode

&

surface is ¢, = 20, and the parameters of the controller are o, =10, B, =-10.

In the simulation, four signals of rectangular wave, skew wave, triangular wave and
trapezoidal wave are served as the input signal. The simulation results are shown in
Figure 8-11, respectively.
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Figure 8. The Simulated Result of Rectangular Wave with Input Being 0.5V
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Figure 9. The Simulated Result of Skew Wave with Input Being 0.5V
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Figure 10. The Simulated Result of Triangular Wave with Input Being 0.5V
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Figure 11. The Simulated Result of Trapezoidal Wave with Input Being 0.5V

Figure 8 is the simulation result when the input signal is the rectangular wave of
+0.5V, from the waveform chart we can see that at the instant of rising time and falling
time of rectangular wave, the output voltage of servo motor does not follow the input
voltage completely, but then it follows quickly. Figure 9 is the simulation result when the
input signal is the skew wave of +0.5V, in the waveform chart at the falling time of skew
wave, the output voltage of servo motor does not follow the input voltage completely in
the simulation. Figure 10 is the simulation result when the input signal is the triangular
wave of +0.5V, where in the process from rising stage to falling stage of the triangular
wave, the servo motor appears slight overshoot in the simulation. Figure 11 is the
simulation result when the input signal is the trapezoidal wave of +0.5V, where in the
process from acceleration stage to constant speed of trapezoidal wave, the servo motor
appears slight overshoot in the simulation.

5.2. Experimental Results

To evaluate the hardware circuit design, we conduct experiments on the designed
experiment platform, as shown in Figure 12.

N

Figure 12. The Experiment Platform

According to the controller designed in Section 3 and the hardware circuit designed in
Section 4, we configure the experiment as following:

R =R,=62KQ R,=R,=62KQ C,=C, =10uF R, =10KQ
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R, =R, =200KQ R, =120KQ R, =10KQ R, =25KQ R, = 250KQ
R, =R, =100KQ R, =100KQ R, =150KQ R, =120KQ

In the experiment, four signals of rectangular wave, skew wave, triangular wave and
trapezoidal wave are respectively served as the input signal. The experimental results are

shown in Figure 13-16.
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Figure 13. The Experimental Result of Rectangular Wave
with Input Being 0.5V
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Figure 14. The Experimental Result of Skew Wave with Input Being 0.5V
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Figure 15. The Experimental Result of Triangular Wave
with Input Being 0.5V
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Figure 16. The Experimental Result of Trapezoidal Wave
with Input Being 0.5V

As shown in Figure 13, where the input signal is the rectangular wave of +0.5V, the
output voltage of servo motor does not follow the input voltage completely at the instant
of rising time and falling time of rectangular wave, but it follows quickly. The experiment
results with input signal being skew wave of +0.5V, triangular wave of +0.5V and
trapezoidal wave of +0.5V are shown in Figure 14, Figure 15 and Figure 16, respectively.
In each of the three cases, the output voltage of the servo motor follows the input voltage
completely in the experiment.

Through comparing the simulation results in Figure 8-11 with the experimental results
in Figure 13-16, it shows that the simulation results are identical with the experimental
results, which verifies the rationality and practicability of this controller design.
Meanwhile, through comparing the simulation results in Figure 9-11 with the
experimental results in Figure 14-16, it proves that this hardware circuit reduces the
chattering of the system.

6. Conclusion

In this paper, aiming at the control of servo motor in the shaftless drive printing
machine, the controller based on the sliding mode control servo motor is designed. While
simulation verification carried out in the MATLAB/Simulink, its hardware circuit is
designed based on the mathematical model of the controller to reduce the chattering of the
system, and this circuit is implemented for experimental test. With the simulation results
being identical with the experimental results, it shows the correctness and practicability of
this control circuit, and proves that this hardware circuit reduces the chattering of the
system. Meanwhile, according to the simulation and experiment, with this controller the
servo motor can achieve good performance that the output voltage follows the input
voltage when the trapezoidal wave is served as the input signal, which guarantees the
smooth start and stop of the system. In the sliding mode control, we only consider the
proportion switching control in this paper and leave other methods into future work.
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