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ABSTRACT: The plastic electromagnetism dynamic ex-
truder has gained wide applications because of its novel
structure and fine engineering performance. In the polymer
processing, melt temperature and melt pressure control is
crucial to the quality of the extruded product. A new mul-
tivariable fuzzy decoupling control algorithm of melt tem-
perature and melt pressure for the novel extruder is
introduced in the transfer function matrix system, which is
obtained through the experimental data with system iden-
tification. To verify the application of the proposed control

algorithm, the multivariable closed-loop fuzzy decoupling
system is implemented on programmable computer con-
troller. Experimental results show melt temperature and
melt pressure can be successful individually controlled by
the heater power and the screw speed. The good system
performance verifies the control strategy’s validity. VC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 116: 568–576, 2010

Key words: extrusion; fuzzy decoupling control; melt
temperature; melt pressure; multivariable

INTRODUCTION

Polymer extrusion is a complex nonlinear multivari-
able coupling process. There are many factors affect-
ing the stability of extrusion process and the quality
of extruded products. The equipment is the crucial
factor. There are already many kinds of extruder.
Unlike the traditional extruder, a new kind of elec-
tromagnetism dynamic extruder was invented by
Professor Qu Jinping.1 He introduced the vibration
force field into the whole process of polymer extru-
sion. The vibration force field brings new changes to
the energy balance, quality balance and momentum
balance of the whole extrusion process. Control of
vibration frequency and vibration magnitude can
effectively control the dynamic extrusion process.
Researches on the dynamic extruder show the good
performance of the machine.

Besides the extruder, control strategy is especially
important. There were many literatures about extru-
sion process control,2–6 i.e., temperature control,
pressure control and viscosity control.7–13 Control of
the melt temperature and melt pressure were the
most popular control approach to the extrusion pro-

cess. Melt pressure directly influences the output of
the product. While melt temperature’s fluctuation
can affect melt viscosity and consequently influence
melt pressure and flow rate. Therefore, melt temper-
ature and melt pressure are the dominant variables
in the dynamic extrusion process.
To get high-quality products, melt temperature

and melt pressure for the traditional extruder have
been proposed with different control methods. Dor-
meier firstly introduced the digital PID to melt tem-
perature cascade control.14 Rickey et al. used model
prediction control (MPC) to establish the multiple-
input multiple-output (MIMO) model of the temper-
ature in different sections of the barrel.15 Ching-Chin
Tsai and Chi-Huang Lu investigated the multivari-
able temperature control of the barrel based on the
generalized predictive algorithm.16 Chi-Huang Lu
also adopted the self-adaptive prediction control to
the barrel temperature control.17 Fabio et al.18

designed three control subtasks: the inner-loop con-
trol of the local temperatures along the barrel; the
outer-loop control of the temperature at the extruder
output; the control of the pressure at the extruder
output. Zengqiang et al.19 applied a feedforward
neural network to approximate the highly rigid
plant with the learning algorithm of multivariable
nonlinear least square method having fast conver-
gence. In addition, a diversity of techniques has
been employed20, including linear PI decoupling and
MPC, as well as nonlinear geometric, MPC, and cal-
orimetric control techniques, and the controllers

Correspondence to: S.-p. Wen (shpwen@scut.edu.cn) or J.
Jiang (jiangjing0930@gmail.com).

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 10590351.

Journal of Applied Polymer Science, Vol. 116, 568–576 (2010)
VC 2009 Wiley Periodicals, Inc.



have been implemented with open-loop, extended
Kalman filter (EKF), and Luenberger nonlinear
observers.

Achievements gained were mainly about the tradi-
tional extruder.21 Melt temperature and melt
pressure control of the electromagnetism dynamic
extruder has seldom reported by now. In this article,
a dynamic fuzzy self-adjusting decoupling controller
is designed to remove the coupling effects between
melt temperature and melt pressure in the electro-
magnetism dynamic extrusion process. This control
strategy proposed is very easy to design and
implement.

SYSTEM IDENTIFICATION

The electromagnetism dynamic extruder has five
heating zones. Temperatures of the first four heaters
are set by manual. The temperature of the heater on
the die is to be controlled by the new control strat-
egy. There are five thermocouples positioned in the
barrel-wall to measure the barrel wall temperature.
One infrared temperature transducer is positioned
nearest the exit of the die to measure melt tempera-
ture. Melt pressure is measured by a strain-gauge-
type pressure transducer positioned in the die-wall.
Melt pressure is controlled by screw speed. Step
response of melt pressure and melt temperature to

Figure 1 Step response of melt temperature to barrel5
temperature. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 Step response of melt temperature to screw
speed. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 3 Step response of melt pressure to barrel5 tem-
perature. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4 Step response of melt pressure to screw speed.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

DECOUPLING CONTROL OF THE POLYMER ELECTROMAGNETISM 569

Journal of Applied Polymer Science DOI 10.1002/app



heater power on the die and screw speed were
acquired through experiments. Figures 1–4 are ex-
perimental step responses of melt temperature and
melt pressure.

Response of melt pressure and melt temperature
to the heater power and screw speed is a self-bal-
anced system. The response is over-damping. So the
system is considered as a second order system and
system parameters can be identified from experi-
mental data.22 The system model of melt tempera-
ture and melt pressure to the heater power and
screw speed is expressed as following.

TmðsÞ
PmðsÞ

� �
¼ G11 G12

G21 G22

� �
� WðsÞ

nðsÞ
� �

(1)

where Tm, Pm are melt temperature and melt pres-
sure. W represents the heater 5 power and n denotes
the screw speed. G is the transfer function matrix.
The transfer function of the second order self-bal-
ance system with a pure delay is expressed as
following.

GðsÞ ¼ Ke�hs

s2sþ 2nssþ 1
(2)

where K is the system gain, y is the delay time, n is
the damping ratio, s is the time constant. K and y
can be obtained directly from experimental data. s
and n are computed by the following method.

The dimensionless transfer function without pure
delay is described as:

GðsÞ� ¼ 1

s2sþ 2nssþ 1
(3)

which can be written in the following form:

GðsÞ� ¼ 1

s2ðsþ x1Þðsþ x2Þ (4)

x1 ¼ 1
s n�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1

q� �

x2 ¼ 1
s nþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1

q� �
8>><
>>: (5)

Because of the step response of melt pressure and
melt temperature is over-damping (i.e.n � 1), eq. (5)
is deduced as following

s ¼ 1ffiffiffiffiffiffiffiffi
x1x2

p

n ¼ x1þx2

2
ffiffiffiffiffiffiffiffi
x1x2

p

8<
: (6)

Then s and n can be obtained by x1 and x2. By
using eq., (6) the step response of eq. (4) becomes:

1� y�ðtÞ ¼ x2

x2 � x1
e�x1t � x1

x2 � x1
e�x2t (7)

Supposing x2 ¼ ax1, (a � 1) eq. (7) can be repre-
sented as

log 1� y� tð Þð Þ ¼ log
a

a� 1
� 0:4343x1t (8)

Using y(t) ¼ at þ b, eq. (8) becomes

y tð Þ ¼ log 1� y� tð Þð Þ; a ¼ �0:4343x1; b ¼ log
a

a� 1
(9)

Using the least square principle, the following
equation groups are obtained:

a ¼ n
Pn

i¼1
tiyiðtÞ�

Pn

i¼1
ti
Pn

i¼1
yiðtÞ

n
Pn

i¼1
t2
i
�
Pn

i¼1
ti
Pn

i¼1
ti

b ¼
Pn

i¼1
yiðtÞ�a

Pn

i¼1
ti

n

8><
>: (10)

Then, s and n in the eq. (3) can be obtained from
eqs. (8–10).
The dimensionless experimental data of step

response of melt pressure and melt temperature can
be acquired in the Figures 1–4, showing as Tables I–
IV, respectively.
The transfer function of G* can be identified from

the experimental data in Tables I–IV.

G�0
11ðsÞ ¼

1

58:8 sþ 1ð Þ2 (11)

TABLE I
Step Response Data of Melt Temperature to Barrel 5 Temperature

ti 250 275 300 325 350 375 400 425 450
yi (t) 0.8712 0.9235 0.9607 0.975 0.9902 0.99518 0.99836 0.99913 0.99952

TABLE II
Step Response Data of Melt Temperature to Screw Speed

ti 82 107 132 157 182 207 232 257
yi (t) 0.84323 0.88889 0.92568 0.94988 0.97775 0.98976 0.99851 0.99963
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G�0
12ðsÞ ¼

0:004366

sþ 0:01964ð Þ sþ 0:2223ð Þ (12)

G�0
21ðsÞ ¼

�1

56 sþ 1ð Þ2 (13)

G�0
22ðsÞ ¼

13:76

sþ 3:71ð Þ2 (14)

According to experimental data, k11 ¼ 1.8 and y11
¼ 15s.

k12 ¼ DTm

Dn
¼ 179:8� 171:3

47:53� 18:05
¼ 8:5

29:48
¼ 0:29 (15)

k21 ¼ DPm

DTm
� k11 ¼ 12:92� 14:13

184� 174
� 1:8 ¼ �0:22;

h21 � h11 þ 10s ¼ 25s ð16Þ

and

k22 ¼ Pm 1ð Þ
n

¼ 13:655

29
¼ 0:47 (17)

Finally, the transfer function matrix of the sytem
model of melt temperature and melt pressure to the
heater power and screw speed is obtained as:

TmðsÞ
PmðsÞ

� �
¼

1:8e�15 s

58:8 sþ1ð Þ2
0:29

50:92 sþ1ð Þ 4:5 sþ1ð Þ

�0:22e�25 s

56 sþ1ð Þ2
0:47

0:27 sþ1ð Þ2

2
64

3
75� WðsÞ

nðsÞ
� �

(18)

FUZZY DECOUPLING CONTROL ALOGRITHM

According to the coupling relationship of melt tem-
perature and melt pressure, we bring about a fuzzy
decoupling controller for melt temperature and melt
pressure control shown in Figure 5.

Where Tm and Pm are the actual outputs of melt
temperature and melt pressure. Tmset and Pmset are
the set points of melt temperature and melt pres-
sure. The whole system consists of fuzzy logic con-
troller (FLC), decoupling compensator unit and

fuzzy adjusting components unit. Decoupling coeffi-
cients vary according to the fuzzy adjusting compo-
nents, so that the coupling of the two loops can be
eliminated.

MIMO FLC design

Design of FLC1 is the same as that of FLC2, so we
only introduce the design of FLC1. Two dimension
fuzzy controllers is adopted. Inputs of the fuzzy con-
troller are error (E) and ratio of error change (EC).
Output (U) is the control signal sent to the plant.
Fuzzy sets of E, EC, and U are defined as {NB, NM,
NS, ZO, PS, PM, PB} (NB–negative big, NM, nega-
tive medium; NS, negative small; ZO, zero; PS, posi-
tive small; PM, positive medium; PB, positive big,
and universe is chosen as {�6, �5, �4, �3, �2, �1,
0, 1, 2, 3, 4, 5, 6}. The membership function is the tri-
angular function.
In the dynamic extrusion process, we have gained

such experimental rules as ‘‘if temperature is low,
rising of temperature is slow, then increase the
heater power,’’ and ‘‘if temperature is high, rising of
temperature is quick, then the heater should be
stopped,’’ etc. Based on these manual experiences,
the fuzzy linguistic rules are expressed as following

1. If E ¼ NB or NM and EC ¼ NB or NM then U
¼ PB

2. If E ¼ NB or NM and EC ¼ NS or ZO then U
¼ PB

3. If E ¼ NB or NM and EC ¼ PS then U ¼ PM

4. If E ¼ NB or NM and EC ¼ PM or PB then U
¼ ZO

5. If E ¼ NS and EC ¼ NB or NM then U ¼ PM

6. If E ¼ NS and EC ¼ NS or ZO then U ¼ PM

According to these rules, the fuzzy control Table
is given in Table V.
Considering the multivariable system in this study

has two inputs and two outputs, the following fuzzy
model is obtained23:

TABLE III
Step Response Data of Melt Pressure to Barrel 5 Temperature

ti 225 250 275 300 325 350 375 400 425
yi (t) 0.8506 0.8875 0.924 0.954 0.9765 0.9893 0.9956 0.9983 0.9995

TABLE IV
Step Response Data of Melt Pressure to Screw Speed

ti 1.2 1.35 1.5 1.65 1.8 1.95 2.1 2.25
yi (t) 0.88025 0.93407 0.96154 0.98231 0.99230 0.99615 0.99808 0.99923
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u1 ¼ e�1R11 ^ e�2R21

u2 ¼ e�1R12 ^ e�2R22

�
(19)

u1
u2

� �
¼ e1 e2½ � � R11 R21

R21 R22

� �
(20)

where � is the max-min composition of fuzzy rela-
tion and ^ is the min-operator, ei is system input, ui
is the system output, Rij are two-dimensional (flat)
fuzzy relations and

R ¼ V
2

i¼1
ei ^ uif g

Decoupling under steady state

Under steady state, according to the mathematical
model given in eq. (18), the steady-state gain matrix
can be written as:

g ¼ g11 g12
g21 g22

� �
¼ 1:8 0:29

�0:22 0:47

� �
(21)

According to the principle of decoupling compen-
sator,24 steady-state decoupling coefficients matrix d
is expressed as

d ¼ d11 d12
d21 d22

� �
¼ 1 � g12

g11

� g21
g22

1

" #
(22)

From eqs. (21) and (22), the decoupling coeffi-
cients matrix under steady state is given

d ¼ 1 �0:161
0:468 1

� �
(23)

Fuzzy self-adjusting decoupling in dynamic
process

Decoupling coefficients dij (i, j ¼ 1, 2) mentioned
above can only remove the coupling of melt temper-
ature and melt pressure under steady state. To elimi-
nate the coupling in dynamic process, decoupling
coefficients should be regulated. The modification
unit is depicted in Figure 6.
The modification unit in dynamic process can be

written as below:

Dy1
Dy2

� �
¼ a11 a12

a21 a22

� �
u1
u2

� �
(24)

where ui (i ¼ 1, 2) is the outputs of fuzzy controllers,
Dyi (i ¼ 1, 2) denotes the increment under dynamic
state. aij (i ¼ 1, 2; j ¼ 1, 2) is the adjusting
coefficients.
According to the description (24), the output incre-

ment Dyi at time step n � 1 and n are obtained

Dy1 n� 1ð Þ ¼ a11u1 n� 2ð Þ þ a12u2 n� 2ð Þ (25)

Dy1 nð Þ ¼ a11u1 n� 1ð Þ þ a12u2 n� 1ð Þ (26)

Figure 5 the structure diagram of the melt temperature
and melt pressure fuzzy decoupling system.

TABLE V
Fuzzy Control Rules of a Coupling FLC

U EC

E �6 �5 �4 �3 �2 �1 0 1 2 3 4 5 6

�6 6 6 6 6 6 6 6 5 4 2 0 0 0
�5 6 6 6 6 6 6 6 5 4 2 0 0 0
�4 6 6 6 6 6 6 6 5 4 2 0 0 0
�3 5 5 5 5 5 5 5 3 2 1 �1 �1 �1
�2 4 4 4 4 4 4 4 2 0 �1 �2 �2 �2
�1 4 4 4 3 3 2 2 1 �1 �2 �3 �3 �3
0 4 4 4 3 2 1 0 �1 �2 �3 �4 �4 �4
1 3 3 3 2 1 �1 �2 �2 �3 �3 �4 �4 �4
2 2 2 2 1 0 �2 �4 �4 �4 �4 �4 �4 �4
3 1 1 1 �1 �2 �3 �5 �5 �5 �5 �5 �5 �5
4 0 0 0 �2 �4 �5 �6 �6 �6 �6 �6 �6 �6
5 0 0 0 �2 �4 �5 �6 �6 �6 �6 �6 �6 �6
6 0 0 0 �2 �4 �5 �6 �6 �6 �6 �6 �6 �6
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Substituting eq. (26) into eq. (25), we obtain

a12 ¼ Dy1 n� 1ð Þu1 n� 1ð Þ � Dy1 nð Þu1 n� 2ð Þ
u2 n� 2ð Þu1 n� 1ð Þ � u2 n� 1ð Þu1 n� 2ð Þ (27)

Similarly, a21 is given by

a21 ¼ Dy2 n� 1ð Þu2 n� 1ð Þ � Dy2 nð Þu2 n� 2ð Þ
u1 n� 2ð Þu2 n� 1ð Þ � u1 n� 1ð Þu2 n� 2ð Þ (28)

To eliminate the coupling between the two closed-
loops in dynamic process, it must let aij ¼ 0 (i ¼ 1,
2; j ¼ 1, 2; i = j). If aij = 0 (i ¼ 1, 2; j ¼ 1, 2; i = j),
it means that decoupling coefficients is unreason-
able. Decoupling coefficients are adjusted according
to modifying coefficient by fuzzy logic. Fuzzy sets of
decoupling coefficients and modifying coefficients
are defined as {NB, NS, ZO, PS, PB}. The fuzzy con-
trol rule table of adjusting decoupling coefficients is
shown in Table VI.

IMPLEMENTATION OF THE CONTROL
SYSTEM AND EXPERIMENTAL RESULTS

Implementation of the control system

Hardware design of the control system includes the
choice of the master controller, design of the inter-
face circuit, design of the drive and amplifier circuit,
and design of hand machine interface (HMI).
According to the control requirements and the char-
acteristics of the plant, B and R PCC2003 is chosen
as the master controller. Programmable computer
controller (PCC) has the standard functions of the

Programmable logic controller (PLC) and has the
time division multiplexing operating system of the
industry computer. PCC can conveniently process
the analogous and digital signals and is easy to con-
figuration because of its modular structure. Program
based on PCC can be developed with the advanced
language and mixture of different languages. The
configuration is shown in Figure 7.
The control purpose is to bring the set points dur-

ing startup as soon as possible while avoiding cou-
pling influence and large overshoots, and to test the
robustness of the proposed method. The following
experiments were performed to observe whether
these goals were achieved. In all experiments, the
real-time multivariable fuzzy self-adjusting

Figure 6 Adjusting compensator in dynamic process.

TABLE VI
Fuzzy rules for adjusting coefficients opposite decouple

coefficients

Adjusting coefficients
(a12, a21)

NB NS ZO PS PB

Decoupling coefficients
(d12, d21)

PB PS ZO NS NB

Figure 7 Configuration of the control system.

Figure 8 Fuzzy control response of melt temperature.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

DECOUPLING CONTROL OF THE POLYMER ELECTROMAGNETISM 573

Journal of Applied Polymer Science DOI 10.1002/app



decoupling control algorithm present in ‘‘Fuzzy
decoupling control algorithm’’ was implemented by
using C language programming on Automation Stu-
dio (AS) software. The sampling period of melt tem-
perature control is set to 0.5 s, while melt pressure’s
is set to 20 ms.

Experimental results

LLDPE is chosen as experimental material. The tem-
peratures of heater 1–4 are set to be 165�C, 180�C,
180�C, and 175�C individually.

Steady-state responses of single-variable

Melt pressure is set to be 10 Mpa and melt tempera-
ture is set to be 180�C. In Figure 8, melt temperature
is controlled directly by the heater5 power under
steady-state. It shows that temperature can quickly
come to the set point when melt temperature is
changed from 170 to 180�C. The steady-state errors
remain less than 1�C and the rise-time is approxi-
mate 200 s. In Figure 9, Melt pressure is regulated
by the screw speed. Figure 9(a–c) show the response
curve of melt pressure. The steady-state errors are

Figure 9 Fuzzy control response of melt pressure. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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less than 0.16 Mpa and the rise-time is approximate
2 s.

Steady-state decoupling

Melt pressure is set to be 12 Mpa and melt tempera-
ture is set to be 170�C. The 1702.0 in Figure 10
means 170.2�C. Figure 10 shows that the steady-state
coupling between melt temperature and melt pres-
sure is eliminate mostly. The steady-state errors of
melt pressure is 0.15 Mpa and steady-state errors of
melt temperature is about 0.9�C.

Dynamic decoupling

Melt pressure is set to be 10 Mpa and melt temper-
ature is set to be 170�C. When the operation

becomes stable, melt pressure is changed to 12
Mpa. Figure 11 shows that actual pressure can
quickly come to the set point while temperature
remains to be 170�C. Figure 12 shows that when
melt temperature set point is changed to be 180�C,
the response of melt temperature is quick. Melt
temperature comes to the set point while melt pres-
sure is almost remain unchanged. Figure 3 shows
that the effect of the open loop control and melt
pressure decreases rapidly with the rise of melt
temperature. After adopting the fuzzy logic decou-
pling control, Figure 12 verifies the validity of the
new control method and melt pressure remains
constant despite the variability of melt temperature.
The case is the same to melt temperature versus
variability of melt pressure and details are omitted
here.

Figure 10 Fuzzy decoupling control response of melt temperature and melt pressure. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 11 Fuzzy decoupling response of melt pressure
and melt temperature under melt pressure changing from
10 to 12 Mpa. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 12 Fuzzy decoupling response of melt tempera-
ture and melt pressure under melt temperature rising
from 170 to 180�C. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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CONCLUSIONS

This article investigated the decoupling control of
melt pressure and melt temperature for the electro-
magnetism dynamic extruder. A new control algo-
rithm based on fuzzy logic is introduced, which
consists of fuzzy controller, decoupling compensa-
tor unit and fuzzy self-adjusting components unit.
Experimental results show that the multivariable
decoupling controller meets the following perform-
ance specifications: (1) all steady-state errors
remain with a low range for arbitrary constant
command references and disturbances; (2) all over-
shoots are small; (3) the controller is robust for a
range of parameter variations; (4) the coupling
between melt temperature and melt pressure can
be eliminate mostly. The validation of the fuzzy
decoupling control strategy is verified. This control
strategy can be also applied in the traditional
extrusion process.

NOMENCLATURE

Tm melt temperature
Pm melt pressure
W heater5 power
n screw speed
G transfer function matrix
G* dimensionless transfer function without pure

delay
K system gain
y delay time
n damping ratio
s natural period (time constant)
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