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Abstract − Control of the temperature distribution in an extruder is important in maintaining consistent quality of an

extruded polymer product. Due to nonlinear viscous heat effects and strong interaction along the direction of polymer flow,

however, commercially employed decentralized SISO PID control often shows limited performance. As a way to realize more

accurate extruder temperature control, in this paper, we present a simplified linear model for the extruder which takes the inter-

action effects into account, and a decentralized SISO MPC algorithm with feedforward compensation of the interaction effects.

Performance of the proposed technique has been illustrated through numerical simulations.

Key words: Extruder Control, MPC(model predictive control), Feedforward Control, PEM(prediction error method)
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�� �/7 CD� E�F& ��*� ,-G3� HI �JK 6

G� �([7]. L� 
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n�¿(. T8�ÂS b�� Gn� G3
�� ��� SISO PIDS

Â�K MI« �Ã�¿(.

2. ����	 
��

2-1. ����� ��

¸ #N�F& �¶ X' Â�¦
 ?& ]� � !(single screw)

��*S �z%� �¿%" Fig. 1� ' ��/0� �Ä-S Å¿

(. ��*& 
�T4 'ÆO(solid conveying section), ��O(melt-

ing section), ��Ç TÆO(melt conveying section)� ��3È(.

� O�� M^E8� ÉR�� 0�¦& �� |}", �G�& Ê

gz¨� �� � E8� qr�� �([5, 7].

��/0�F ËÌ(barrel) � 4W� ,-G3& =Í�%� Fig. 1

�FÎÏ ËÌ`ES �Ð
 ?& g�*(electric heater)« Ñ�T Ò

Ó� ÔÕ�� 'Ö3È(. Ñ�T>�& Åb ×ØÙ'Ú ÛÜ� Ý

8¦4Q 
¹��*�F& jk n\�Þ(time proportioning)
��

Â�z ÒÓÔÕ' #$�%� 'Ö34& �6 f� s6S 2
 ?

(. ,-ßF& 
��« àá áâ' ¦-ã Ý8² T �%<� �

,-G3 9h ä� ËÌ + åæk, 
��«� M^ç �è'� Ý

8¦& �' Åb'(.

2-2. ����� �	


/0� ��±�& ËÌ6 � ! O�� ��F& g-� �K �

é4 T4Á', � Â'S '��& 
��� ��F& 7B, �é4

ê �ëì T4Á' �í >��� �(. ¸ #N� î�� ,-G3

^ Ý^� ?%<� 
��� Ò�zïS ���" X� ^D� J

N�& �ëì T4& T��4 mð%" ]4 ��� �K _�ñ

Q� PÂ�%� �é4 T4Á� Í9�¿(. £K 
�T4 'ÆO,

��O, ��Ç TÆO� M^� 
0¦3 ?& �%� �0�¿(.

��±� Â�� ËÌ6 � !� *�ò� NÔ ê Â�Oó& Fig.

2« f(.

'G ËÌ6 � !, �ô
 
�� O�� �� T�K T4Á�

�� (õ6 f(.

2-2-1. ËÌ

ËÌ� �g-� 4Ë�" öb÷�^�F (õ6 f� �ø�	

parabolic Y;�Á%� �é4 T4S ���¿(.

(1)

at t=0,

at z=0,

at z=L,

at r=R1,

at r=R2,

�*�F T& ËÌ� ,-, α& �µD^T, ha& �*« ËÌÂ'�

�g©^T, hb(z)& 
��« ËÌ Â'� �g©^T� �
:� �

� (ù ú� �4", k& ËÌ� �g--, Ta& �*� ,-, Tp&


��� ,- �ô
 q& g�*/Ñ�T� �K G3aª(��Ó/G

�Ó)� �uû(.

2-2-2. � !

� !- ËÌ6 �ü�4� �g-� 4Ë�" (õ6 f� �é

4 T4Á� T��¿(.

(2)

at t=0,

at z=0,

at z=L,

at r=0,

at r=R3,

�*�F Ts& � !� ,-, k& � !� �g--(ËÌ6 f� �

B� �0), hs(z)& � !« 
��Â'� �g©^T'(. ��±�

Y�z � !& =0K ÍM� ý& öb�%� �0�¿%" � 

! þ�� �� �g© ç�' ÿ��& �� hs(z) ú� Ô0��

Í9�¿(.

2-2-3. 
��


��& � !S �� '��<� 
��� '�
:� ÷��%

� ���& �' Yô�(. ' ÷��' Fig. 2� '(.

BÓ T4Á� �I* E� ��* +�F 
��& >���� ý

&(
 �0�¿(. #$
0Á� �� BÓ T4Á� (õ6 f(.

 
=constant (3)

�*�F ρ& 
��� R-, &  �� �� '��& 
��� �

$-'(.

�é4 T4Á� E� 
��� ,- Tp& 
:%�Q �.S �

4" �µD s6& �n¦& 1Z hyperbolic Á%� ���¿(.

(4)

at t=0, Tp=Tpi(z)
at =0, Tp=Tpo

�*F, & 
�� ]E BÓ� ��	� =Cp(T−Tref)� ��¦"

&  ��� �K _�ñ� �uû(. 
�T4 'ÆO, ��O, ��

Ç TÆO ��� �� WHρ� zT�
 �0�ç Á (4)& (õ6

f' 0ô�(.

∂T
∂t
------ α ∂2

T

∂z2
--------- 1

r
--- ∂

∂r
----- r∂T

∂r
------ 

 +=

T Ti r z,( )=

k
∂T
∂z
------ ha T Ta–( )=

k∂T
∂z
------ ha Ta T–( )=

k∂T
∂r
------ hb z( ) T Tp–( )=

k∂T
∂r
------ q t z,( )=

∂Ts

∂t
-------- α

∂2Ts

∂z
2

---------- 1
r
--- ∂

∂r
----- r

∂Ts

∂r
-------- 

 +=

Ts Tsi r z,( )=
∂Ts

∂z
-------- 0=

∂Ts

∂r
-------- 0=

∂Ts

∂r
-------- 0=

k
∂Ts

∂r
-------- hs z( ) Tp Ts–( )=

z

ρvWH F=

v z

z

∂
∂t
---- WHρh( ) ∂

∂z
-----– WHρvh( ) hW T R1( ) Tp–[ ]+=

 hsW Ts R3( ) Tp–[ ] q·f++

z

h h

q·f

Fig. 1. Schematic diagram of the extrusion process.

Fig. 2. Details of the barrel and screw for modeling.
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(5)

÷�� « z Â'� >^ z= tanθS '��� Á (5)S z� >��

(n 0ô�ç (õ6 f(.

(6)

��� & 
�T4 'ÆO�F& �n�¿%", ��O, ��Ç T

ÆO�F& (õ� Á%� ���¿
 �* (ù ¤�;¥S 
·�

¿(.

(7)

�*F µ& 
��� W-'" ¸ #N�F �z%� K HDPE& j

k E� Á6 f' ���([5]. ' Á�F & �ëì T4�O¥ N

�4& ú'4Q, �ëì T4Á� 
� T�² MI T8�%� �

3
 ² �G� ��� HI 
��� G3^� Ý^S EK ¸ #

N� î�z ��* ,-5� � `J 5�� Í9�-ã S 9hä

� zT� �0�� W-� ,-� ���� ���Q� ��� Í

9�¿(.

¸ #N�F �zK ��*& gÇ� �'� 2.52 m'" §\�%

� �� 1/3� �'S 
�T4 'ÆO, ��O, ��Ç TÆO� Z

4�", (n 'i ��� �� §\�%� 3��� G39h' ��

�& �� �0�¿(. �z ��& HDPE(high density polyethylene)

� ���¿(.

Table 1, 2� Á (1), (2), (6), (7)�F Â�� ¤�;¥S Å¿(.

�¢� ¤�;¥ ha, hs, hb& �� �O« ��* Â', � !« �

ôV Â', ËÌ6 �ôV Â'� �g©^T� 
�T4 'ÆO, �

�O, ��Ç TÆO ��� �� ©ô 0��¿(. =Í�%� �g

©^T h& h=k/δ(δ& �^T)� �� ����[8] ¸ #N�F& �

�± �6 u�K ,- �.S `& δS T8�%� µ	�� δ=

0.00002 m� �0�¿(. ��F ��� 
�T4 'ÆO« ��Ç

TÆO�F& �� solid polymer� �g--« molten polymer� �

g--S '��¿
, ��O�F& ' í �g--� ��ú� '�

�� NK �g--S '��� �g©^TS N�¿(. ú hn g

Ç�%� �ô�	 ,- �.S `& ú� �0�¿%", ��O, �

�Ç TÆO g N\�F 0.25� �0�¿(.

2-3. �� 
�

/0� T8��� E��, 2Z parabolic Y;� 
0Á	 ËÌ6

� !O�[Á (1), (2)]� n\� ��F& g
Z�, /\� ��F

& ��Z�� ��K ÒKZ�� U�¿(. ÒKZ�� E�� ËÌ

� ÍM
:6 �
:%� M^W� .
�� 4�360� §\� ��

� ���%", � !& 12�360� §\� ��� ���(. n\�

��F& ∆t=0.5 sec ]E� Euler ��� U�¿(.

KY 1Z hyperbolic Y;� 
0Á	 
��O�[Á (6)]� 5�


�(method of characteristics)� '��� Á (1), (2)« #��� T

8�S N�-ã �¿(. 5�Á 
�� ���* EK *¸ �� ]

En\� ∆t=0.5 secS ��¿(. '), �
:� Z�� EK ��W

� Á (6)6 Table 1, 2� ¤�;¥� 0�¦& � 9hä 5�à�

(characteristic line)� *�*� ��� =
�%� �0¦<� ËÌ

ê � !� ��W6 =8¦4 m&(. ��F Á (1), (2)� M^Ô

 �F JN¦& Tp& 
��O�� ��W�F� TpS ËÌ6 � 

! ��W%� +!��, Á (6)� T(R1)6 Ts(R3)� ËÌ6 � !

��W�F� ú� 
��O�� ��W%� (n +!�� #�¦-

ã �¿(.

Fig. 3� '"� N�K T8/0��� g��	 �Ö#(open-loop)

^]�$'(. BÓÒÓ F=250 kg/h	 0zzï�F 2%& G39h

∂Tp

∂t
--------- v–

∂Tp

∂z
--------- h

HρCp

-------------- T R1( ) Tp–[ ]
hs

HρCp

-------------- Ts R3( ) Tp–[ ]( )++=

 
q·f

HWρCp

--------------------+

z z

∂Tp

∂t
--------- v θtan

∂Tp

∂z
--------- h

HρCp

-------------- T R1( ) Tp–[ ]+–=

+
hs

HρCp

-------------- Ts R3( ) Tp–[ ]
q·f

HWρCp

--------------------+

q·f

q·f

µ Tp( )Wv
2

H
------------------------- µ Tp( ) K0

E
R
---- 1

Tp

----- 1
T0

-----– 
 –

 
 
 

exp γ·
nv 1–

=,=

γ·

γ·

γ·

Table 1. Dimensions and thermal parameters of the single-screw extru-
der[1, 5]

Screw diameter(D=R1�2)
Extruder length(L)
Thickness of the barrel(R2−R1)
Lengths of the solid converying, melting,

melt conveying sections
Channel depth in the solid conveying section(H1)
Channel depth in the melt conveying section(H2)
Channel width(D)
Flight helix angle(θ)
Thermal conductivity of the barrel and screw(stainless)
Thermal diffusivity of the barrel and screw(stainless)

120 mm
21D

20 mm
7D each

10 mm
5 mm
55 mm
17.7o

k=14.6 W/m�C
a=4.0�10−6 m2/s

Table 2. Physical and rheological properties of HDPE[5]

Density of solid polymer(ρ)
Density of molten polymer(ρ)
Thermal conductivity of solid polymer(k)
Thermal conductivity of molten polymer(k)
Specific heat of solid polymer(Cp)
Specific heat of molten polymer(Cp)
K0 of viscosity
E/R of viscosity
T0 of viscosity
nv of viscosity

960 kg/m3

870 kg/m3

0.335 W/m�K
0.182 W/m�K
2,000 J/kg�K
1,964 J/kg�K
4�104Pa�sn−1

3,300 K
403 K

0.3

Fig. 3. Temperature response at each zone to a step increase in heat input at zone II.
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(9h II)� g�Ó� 10,000 W/m2 ÿ�n' 1 � 9h� ,-ßF

´08 qrS Å	 �'(. '��& 
��� �� �E9h� ,

-�  Z�%� n\4#' �34" 9:� (& �� ) T ?(.

*
� ,-ßF& � G39h� �+, 
��« ËÌ� M^W�

Ý8¦& �� �0�¿(.

3. 
�� ��� �� �� 
� ��

»�F ,-¸ o« f' ��/0�F& 
�� '�
:%� ,

-� �K \�' _CK(. ��F G39h kS *ø%� ² ),

9h k−1� ,-S(́ 0��K) �.%� \`�ç Fig. 4« f' K


:%�Q 9:� (& � 9hä� ��� ��±' ���" »

¼½G3S ���� G3��� :zn/ T ?& ���' ?(.

'�K C�� Í9�� ¸ #N�F& ³´G3 N�� E�� �

9hä� (õ6 f� µ¶� ARMAX ��NÔS �0�¿(.

A1(q
−1)y1(t)=B1(q

−1)u1(t)+C1(q
−1)e1(t)

A2(q
−1)y2(t)=B2(q

−1)u2(t)+D2(q
−1)y1(t)+C2(q

−1)e2(t)

A9(q
−1)y9(t)=B9(q

−1)u9(t)+D9(q
−1)y8(t)+C9(q

−1)e9(t) (8)

�*F

Ak(q
−1)=1+ak,1q

−1+ak,2q
−2+�+ak,na

q−na

Bk(q
−1)=bk,1q

−1+bk,2q
−2+�+bk,nb

q−nb

Dk(q
−1)=dk,1q

−1+dk,2q
−2+�+dk,nd

q−nd

Ck(q
−1)=1+ck,1q

−1+ck,2q
−2+�+ck,nc

q−nc (9)

'" uk(t)« yk(t)& k%& 9h�F�  ê ´0,-S YZqT

� qrK 1 −1�F 1 Â'� ú%� �d=±K �'(.

ARMAX ��� ¤�;¥i� ��	Á�0� b�� N�¿(. AR-

MAX ��� [Ck(q
−1)/Ak(q

−1)]e(t)& �l ½��., ���Z §� Ò

12õ(colored noise) �ïS '��� .3�%� Í9�& ñ'4Q,

¸ #N�F& �-�	 �.� ��4 m� T8/0��� '��

¿%<� ]4 ����	 /05�' ���%� ��¦&4 �ù

���Z� 9:Q' Í9¦�(. Fig. 3� �5� �$� P�� 6

�± `*& 57� ���¿(.

��	Á� E� �8 aªcó� ��� PRBS(pseudo random bi-

nary sequence)cóS 9�¿%", ') 23È �ª 4'¥S '�,

� G3 9hä� ³´�Z�(PEM, prediction error method)� ��

�� ��� �0�¿(. ³´�Z�� MATLAB V� :ident.m;� '

��¿(. PRBS& �E< n\]ES Ô��� =®JK 
`¤ �

�� ý4 m
 /0� `¤T �h>� 3Ë 0-� 9h� �?@

Ï' ¾�¦-ã �¿%", ��	Á� E�� A 2,000 6�± nW

�F� a�ª 4'¥S C�nB(.

�� ZÞ� nU¡�S b�� �8 G39h�F na=3, nb=3, nc

=2 �ô
 nd =3' �¶ Õ� ³´�ZS `& �� µ	�¿(.

4. 
���
��	 ��

Á (7)� 	Á� ��� P�� 9�� � G39h� ��� SISO

MPCS N��¿(. ¸ #N�F& ´0 ��K �.� 
·K GK

Ô ' �& MPCS Â��¿(. GKÔ � `4 m� 'Ò& T8

�Â �6 �, ÔÕqT« �ªqT� ú' 7ô�%� u�K L

E� $�� C' GKÔ � D ®J� ��* )�'(. MPC& ^

]�$%� N�K zï/\��� P�K E
ôF� '��¿(.

�ø�	 MPC E
ôF�F& ´0��K �.- ;G� ú� E

T �%<�(z>�' ?& H^� có� MI& ;G� ú� ³´

�& �' ���4Q) »¼½%� Åz² )� =Í�%� ���

�. ´08� ;G�- 4$�(& �0�� G3*S Ý^K(. �

�� ��* k%& 9h� �. yk−1(t)& k−1%& 9h� �ª%�

;G� ³´8� aª� 
T� �u�<� � ú� ;ô E T ?

(& W' (I(. '�K �.� »¼½%� Îô�& �¾�r

SISO MPC E
ôF� N��* E�� G39h 16 2� �K (q

T MPC Á� Ò-� Å*� ��.

JK n� ^]�$' Â�z 0zzï� 'I& n\, L, 0¡n\

(settling time)è4� 6�± �MT� �ç, ^]�$� '�K G3

9h 1, 2�F� zï/\ ��� ��

(10)

(11)

� ���(. �*F Y(t)& [y(t)y(t+1)�y(t+n−1)]T� 0�¦& zï

N¥, S
u
& g©
T B(q−1)/A(q−1)�O¥ N�¦& ]E^]�$ ^

TS Jw� ý& UN¥, H
y
& g©
T D(q−1)/A(q−1)�O¥ N�¦

& ½O��$ ^TS Jw� ý& UN¥, M� Y(t)« Y(t−1)� n

\'� >^S �u+& (õ6 f� UP

,

N=[10�0]%� 0��(. Zero-mean /02õ ê ´02õ w(t)«

v(t)� /�DUP� [C(q−1)/A(q−1)]e(t)� 5�6 #>¦" >´�(ob-

server)� v�'Q� �0�&4� `J 0Å� Â��(.

Á (10), (11)� (õ6 f' ��� zï/\ Á%� 0ô�(.

(12)

' ��Á� �� MPCS EK ³´*S N��ç (õ6 f(.

zï H0:

(13)

³´:

q·f t( )

Y1 t 1+( ) MY 1 t( ) S1
u∆u1 t( ) w1 t( )++=

y1 t( ) NY1 t( ) v1 t( )+=

Y2 t 1+( ) MY 2 t( ) S1
u∆u2 t( ) H2

yy1 t( ) w2 t( )+++=
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Fig. 4. Block diagram representation of the interaction between the
models at each zone.
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³´4�(prediction horizon)� p�, G34�(control horizon)�
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JK PID G3*& ��	Á� �6S '��� PÂ� FOPDT

(first-order plus dead time) ��� \� 1, '� P��� Ziegler-

Nichols 
�(1/4 �]� Ôt)� b� 7* Ôtú� �0�
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Ý08 qr« �.' �n� =3�& z¨� �K G3^� �$

5�� �Ã�� Åð(.

Ý08 qr« �.' 
� =3�& MI Fig. 7� 9h 3, 66 f

' PID& Ý08 qrQ ���%� ��i� MIÅ( Ý08 qr

Fig. 5. Comparison of tracking performance of MPC and PID.

Fig. 6. Comparison of disturbance rejecting performance of MPC and PID.
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��� �u+& �� ) T ?(.
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�K, G3^� G3aª� ��� ,-¸ �'(. �G#� y�z�

control input� G3^� G3S �* E� ��& G3 �Õ	 ��

Ó6 G�Ó%�F (−)ú� G�Ó� �uû(.

G3aª� PID� MI G3 7*� �O� ¹�K G3 �Õ�

��
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' ?%<�, G3aª' Ý08S q|�4 m�" 6-K G3aª

' i3�� �(. £  \�%� G�Ó'  
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�O�� z�r� ��*� ,-G3 n�p� ��* ��� 9h

� �� ���	 ON/OFFG3S ÛÜS b�� �
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Í9nZ<�, ¹��4 m
 hQK G3 �Õ� �u+
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3*� Ôtú� Ô0�� G3aª� ��8S Õ� K(ç 9 e

G3 �Õ� ��� ¦", 9 @� G3 ��� �uÀ T ?(.

Fig. 7. Comparison of combined tracking & disturbance rejecting performance of MPC and PID.

Fig. 8. Comparison of control input of MPC and PID.
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