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Adaptive temperature controller for plastic extrusion process
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Abstract

In this paper, an adaptive temperature controller for the
plastic extrusion process is designed. The proposed
controller aims to solve the set-point regulation problem
and the temperature trajectory tracking of a plastic
extrusion process. The controller is an adaptive version
of the First Sliding Mode Control which is robust
towards parametric  uncertainties and  external
disturbances. Also, the finite time convergence is
demonstrated by Lyapunov arguments. Finally, the
effectiveness of the proposed controller under several
scenarios is demonstrated by computer simulations.

Adaptive controller, Sliding modes control, Extrusion
process, Temperature control

Resumen

En este articulo, se disefia un control adaptable para el
proceso de extrusion de plastico. El controlador
propuesto estd enfocado en resolver el problema de
regulacion, asi como también el seguimiento de perfiles
de temperature en el proceso de extrusion de plastico. El
controlador es una version adaptable de control por
modos deslizantes de primer orden, el cual es robusto
ante perturbaciones paramétricas y externas. También, se
demuestra la estabilidad del controlador propuesto
mediante la teoria de Lyapunov. Finalmente, se
demuestra la efectividad del controlador por medio de
diferentes escenarios en simulacion por computadora.
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Introduction

The extrusion process refers to any
transformation operation in which molten
material is forced through a nozzle to produce
an article with a constant cross-section and
definite length. In addition to plastics, many
other materials are processed by extrusion, such
as metal, ceramics or food, obtaining very
varied products such as aluminium window
frames, pipes, food, and so on (the reader can
be referred to (Hammond (2020), Guzman
(2020), Guerrero et. al. (2020), Urra (2020),
and Marquina (2020)). From the point of view
of plastics engineering, extrusion is one of the
most important transformations processes. The
plastic extrusion process is carried out in
machines called extruders. Although there are
extruders of various types, the most commonly
used are the single screw.

In the extrusion process, the polymer is
fed solidly into a large barrel and is pushed
forward with a constant velocity by the screw.
While passing through the barrel, the raw
polymer is gradually heated until the fed
polymer is melted. Finally, the melted material
is pushed out of the machine to be processed
(Su and Tsai, (1997)). In order to produce a
high quality extrudates, the temperature along
the barrel must be appropriately set and
precisely controlled (Su and Tsai, (2001)).

In recent years, several temperature
control techniques have been proposed. For
instance, classical schemes such as PD and PID
controllers and their adaptive variations (see
Taur et. al, (1995), Petrov¢i¢ et al., (2013),
Hamane et al., (2010)). However, it is well-
known that these controllers lack robustness
towards time-varying disturbances.  For this
reason, non-linear control techniques have been
developed (see for example, Yao et al., (2007),
Yao et al., (2008), Peng and Wei, (2011a), Peng
and Wei (2011b)). One of the most popular
robust technique is the Sliding Mode Control
(SMC). This method ensures finite time
convergence and its robust towards parametric
uncertainties and external disturbances as well.
However, the main drawback of this technique
is the undesirable chattering effect. In the study
of Su and Tsai (2001), a discrete first order
sliding mode controller for the temperature
control is proposed.
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To tune the developed algorithm, the
authors propose an adaptive law. However, the
adaption algorithm is complex and it has
several controller gains to tune. Moreover, the
method to tune the feedback controller gains is
not explicitly given.

In this paper, based on the previous
results of Su and Tsai (2001), an adaptive first
order sliding mode control for regulation and
trajectory tracking of temperature profiles is
proposed. The adaptation law is based on the
proposed technique by Plestan et al., (2010). In
our paper, we modify the adaption scheme in
order to develop a control law that does not
need information about the system and is robust
towards parametric uncertainties and external
disturbances. To the best knowledge of the
authors, this method has not been applied to
control this type of systems yet. Moreover,
compared to the work of Su and Tsai, (2001),
we address the trajectory tracking problem.
Finally, the proof of stability is proven by
Lyapunov arguments.

The remainder of this paper is organized
as follows: The temperature plastic extrusion
mathematical description is reminded in Section
2. In Section 3, an adaptive first order sliding
mode controller for regulation and trajectory
tracking problem and its stability anlysis is
presented. In order to demonstrate the
effectiveness of the proposed control scheme,
computer simulations are presented in Section
5. Finally, we make a brief conclusion on the
paper in Section 6.
Temperature Plastic Extrusion
Mathematical Model

The general energy balance equation in a
stationary volume control defines that the rate
of accumulation energy is equal to the rate of
input and output energy difference. Thus, the
energy balance equation, can be expressed as
follows:

dT
pepVeqr = @ — hA(T — T,,) 1)

where T is the temperature, T, is the
environment's temperature. p and c, is the
density and the specific heat of the material,
respectively. V, is the filament output velocity,
A is the filament area, and h is the heat transfer
coefficient.
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Finally, w is the input energy rate where
w > 0 is for heating and w < 0 is for cooling.
Then, arranging Eq. (1), yields to the following
dynamic equation:

c(lj_’i‘z hA Too_ hA T + w (2)

pcpVe pcpVe pcpVe

Note that the electric heaters and the
coolers are considered as the thermal actuators
of the term w. Considering that the actuator’s
internal dynamics is given by the following
equation:

yHwut) ifu=0

Y (w,u,t) ifu<o (3)

w =vy(w,u,t) ={

Where the electric heaters are activated
when the control signal u > 0 and the cooling
system is on when the term u < 0. It is
assumed that the functions y*(-) and y~(-) are
nonlinear, unknown but bounded. Now, from
Eq. (2), if we introduce the following variable:

hA w

V= T + 4

pVeCp pcpVe

Taking into account (4), the system (2)
yields to the following single-channel dynamic
system:

dT _ hA

= T+v
dt pcpVe
av _ ywut)
@ = popve + & (1) (5)

Where &,(t) is the unknown dynamics
of v. Moreover, in order to improve the the
given model, we introduce lumped disturbances
in each channel of the proposed system. Thus,
the system (5) can be expressed as follows:

= —a,T+v+E(b)
dv

E = aZY(wl u, t) + EZ (t) (6)

Where a; = hA/pc,V, and  a, =
1/pcyVe. Also, &,(t) contains the term &,(t)
and any bounded external disturbance.
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In real applications, it is well-known
that the partial information about the system
parameters is available only. Taking into
account this issue, it is assumed that the system
parameters «; are partially known. Thus, the
terms «; are divided into two terms, i.e., a; =
a; — a;, where @; is the nominal parameter
and @&; represents the term that contains the
unknown model parameter and model
uncertainties, and it is defined as &; = @; — «;.
Finally, taking into account the given
nomenclature, we can rewrite the system (6) as
follows:

=@ T+v+dy(t)
d ~
== &y (w,u,t) + dy (1) (7)

Where d;(t)Vi=1,2 are the
disturbance terms and contain the lumped
external disturbances &;(t) and &,(t), and the
parameter uncertainties. Moreover, this term is
explicitly defined as

di(t) =& (@) +a, T and  dy(t) = &(0) —
ay ().

Remark 1. It is assumed that the disturbance
term is bounded as follows:

ld; (O]l < §; (8)

Where §; € RV i =1,2is the positive
upper bound of the disturbance but it is not
known.

Controller Design

In this section, an adaptive controller based on
first order sliding modes theory is designed.
First, we introduce the sliding surface, o, which
depends on the error variable as follows:

o(t) =e(t) + Ae(t) 9)

Where e(t) =T(t) —T%(t) is the
tracking error, é(t) is the time derivative of the
error signal, T(t) is the temperature and T%(t)
is the desired temperature value. It is worth to
note that T4(t) is a function in time because the
proposed controller addresses the trajectory
tracking problem. However, to solve the set-
point regulation, the desired value needs to be
fixed to a constant value instead a function on
time.
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Then, the proposed controller’s V(G ]?) = g6 + 1 (R - I?*)I? _
! A

objective is to drive the error value to zero, this
means that T(t) — T4(t) in finite time, in spite
of the external disturbances and/or model
uncertainties. This condition can be achieved by
the following control law:

u(t) = aiz [(t) + @, T(t) — 2¢ — Rsgn(a)] (10)

Where T4(t) is the second time
derivative of T(t), sgn(:) is the signum
function and K is the controller's adaptive gain,
which its dynamics are given as follows:

1 -~
£ = {ﬁlalzsgn(lal ~WIf K2 Knin (1)
K lfl? < Kmin

Where B,u,k and K,,;, are positive
constants. The stability of the proposed
controller is given in the main theorem below.

Theorem 1. Let the temperature
dynamics of the plastic extrusion process given
by the Eq. (5). Taking into account the model
uncertainties and the lumped external
disturbance, the model (5) can be rewritten as
the equivalent system (7). Suppose that the
disturbance term d;(t) satisfies (8). Then for
any initial condition o(0) the sliding surface
o = 0will be reached in finite time via the
adaptive controller (10) with the adaptive gain
selected as shown in Eq. (11).

Proof. Injecting the control law (10) into
the time derivative of o given by Eq. (9), yields
to:

¢ =—Ksgn(lo| —w) +d; (&) +d, (1) (12)

Let us define the following candidate
Lyapunov function as:

V(o,R) =20*+=(R-K")’ (13)

Where 1 > 0. Also, note that the given
function is positive and radially unbounded in
almost everywhere except in the origin. Then,
taking its time derivative, one can obtain the
following expression:
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o[-Ksgn(lo| — ) + d,(t) + d, ()] +

+ LR -R)@lolsenol - ) (14)
< —K|o| - dslal + K*|o| — K*|o|

+ 2R — R)(Bsgnlol>(lo] — )

Remark 2. Note that the boundary of
the disturbances exists, but is unknown. This is:

Considering that there exist a K* > 0
such that K — K* < 0for all t > 0, then, it is

possible to rewrite the Eq. (14) as follows:

V() < (83 — I?*)IJI + g|1? - K-

—c|l?—l?*

5 = 1
+HR - K" (—|a| +Lsgnlofz(lo] -
= —(R* - 85)lol —¢|R —R*| -
= = 1
~[R = &*|(<lol + L sgnlolz(ol —w) —5) (16)

Let us define m; = K* — 85 and m, =
5> 1
R = R*|(=lo| + £ sgnlol:(lo] = w) — ).

Then, the above equation can be
rewritten as:

V(0,R) = —mylol — |k = R*| - m,

V(G,]?) _ —nl\/z%_ cmlli/_z_iﬂ -1,

V() < —min{m;V2,¢,/2n} (% + %) I
V(0,R) <~V - 0

Where y = min{nZ\/Z, c\/277}. The
analysis of the behavior of the time derivative
of V can be addressed by considering two cases
only. On the one hand, if we consider that ¢ >
u, this means that m, is:

1
ﬂz=—u+§u5—c>0 (18)

From Eqg. (18), it is easy to see that the
following condition holds:

1

_ B2
n=x (19)

This condition ensures the negativeness

of the function V = (0,K) when the
trajectories enter in the region K > K,;,,.
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On the other hand, when |g| < , it is
not possible to prove the negativeness of the
function V. However, based on the structure of

the dynamics of K, when the system
trajectories are in this region, the gain will
increase as time grows up and, eventually, the
value of o will satisfy |o| >pu and the
function V(x) will be negative definite.
Finally, the sliding surface o =0 will be
reached in finite time in spite of parametric
uncertainties and bounded external
disturbances. This means that the T'(¢) will tend
to the desired value T4(t) as time increases.

Remark 3. The main theorem given
above ensures the finite time convergence of
the system trajectories to the reference signal in
spite of parametric uncertainties and external
disturbances. However, it is well-known that
the main drawback of the first order sliding
mode control is the chattering effect. The
chattering amplitude is related to the controller
gain, this means that if the gain is set to a high
value, the amplitude of the chattering effect will
be large. Nevertheless, we can consider
different approaches in order to reduce the
chattering into the control signal. For instance,
a sigmoid profile is used instead the signum
function, or a Low Pass Filter (LPF) is designed
to alleviate the chattering effect. In this work,
we design the LPF as follows:

ev(t) +v(t) = u(t) (20)

Where o is a small positive constant.
Note that (20) represents the filter dynamics
and the variable v will be the new control
signal.

Simulation Results

In this section, the robustness of the proposed
controller is demonstrated through computer
simulations. The simulations were performed in
MATLAB software. The parameters used in the
simulations are synthesized in Table I. Also, we
consider the temperature profile for the PET
material. Finally, the controller parameters are
synthesized in Table II.
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Parameter Value

p 1380 [Kg/m3]

¢ 1350 [/ (kg * K)]
v, 0.0207[m /5]

K 133[W/m2K]

To 25[°C]

Table 1 System Parameters when PET material is
considered
Source: own elaboration

Parameter Value

1
0.005
1

0.1
min 0.01
2

x| = [= o>

e

Table 2 Control Parameter used in the simulation.
Source: own elaboration

In this study, we consider the simulation
for the temperature dynamics into the plastic
extruder feed zone only. Note that the proposed
methodology can be applied to each heat zone
of the extruder. In fact, the robustness of the
controller reduces the coupling effect when
several controllers are considered.

In order to demonstrate the positive
properties of the proposed controller, four
scenarios arise as:

— Nominal Scenario: In this case, the set-
point regulation is addressed without
considering external disturbances or
parametric uncertainties.

— Controller's robustness towards
parametric uncertainties: In this case, it is
assumed that the model parameters are
unknown, and therefore they are not
considered into the controller design.

— Controller's robustness towards external
disturbances: In this scenario, it is
considered external disturbances such as
environmental  temperature  changes,
sudden changes in the system parameters,
actuation failure and so on.

— Trajectory tracking test: The reference
signal is a time varying function. In this
test, external disturbances and model
uncertainties are considered.

GUERRERO, Jestis, GONZALEZ, Julio and CHIMAL,
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Nominal Case In this case, external disturbances are

In this scenario, the full knowledge of
the system parameters is considered. Moreover,
we do not take into account the lumped external
disturbance, i.e., d;(t) =0. The reference
signal is fixed to T%(t) = 260 °C. Finally, the
control law tested is given by Eqg. (10).

The set-point regulation results are
shown in Fig. 1. From this Figure, we can
observe that the temperature profile goes to the
reference signal in almost 2500 seconds, which
is a reasonable amount of time compared to
other studies (see Su and Tsai, (2001)). The
error signal plot is shown in the middle of Fig.
1. From this Figure, it can be observed that the
tracking error vanishes as time increases. At the
right lower part of Fig. 1, we can observe the
controller’s gain adaption. Finally, the left
lower part of Fig. 1 shows the controller’s
signal evolution. It is possible to observe that
the amplitude of the chattering effect was
reduced using the LPF.

Controller Robustness Towards Parametric
Uncertainties

In this scenario, the model parameters
are unknown. For this reason, we modify the
control law (10) as follows:

u(t) = a—lz [-2é — Rsgn(o)] (21)

Note that we have neglected the
term  f(x) = T%(t) + @& T(t), which is
related to the system's parameters.

Figure 2 shows the controller
performance when parameter uncertainties are
considered. As we can see, the trajectory
system tends to the reference value even in
presence of model uncertainties. In fact, the
behavior is similar to the previous case, and the
system converge to the T¢ in almost 2500
seconds. The error plot is shown in the middle
of Fig. 2. The evolution of the control signal is
displayed in the left lower part of Fig. 2. As
expected, the chattering amplitude is increased.

Controller's Robustness Towards External
Disturbances
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considered. We consider both cases: the
constant disturbance, i.e., d,(t) =10and a
time varying disturbance such as d(t) =
5sin(2mft) where the period was set to Ty =
50 seconds, and f = 1/Tf is the frequency

signal. The disturbance was introduced from
2500 to 4000 seconds.

The performance of the controller
towards the constant disturbance can be seen in
Figure 3. In the middle of Fig. 3 shows the
convergence of the error to the origin. The
evolution of the controller signal is displayed at
the bottom of Fig. 3. Finally, the gain evolution
is shown in the left lower part of the Fig. 3.

Fig. 4 shows the controller’s response
when time-varying external disturbance is
considered. In the upper part of Fig. 4, we can
see that the trajectory system reaches the
reference in spite of the external disturbance at
a time of 2500 seconds. In this plot, it is
possible to observe that the disturbance is not
completely  suppressed. = However, the
controller’s response is enough to minimize the
negative impact of the disturbance. In the
middle of Fig. 4, the error plot is depicted. The
evolution of the controller signal is displayed in
the left lower part of Fig. 4. From this Figure,
we can observe that the chattering amplitude is
increased because the controller needs to adjust
its gain to counteract the disturbance effect,
when the gain is increased, the chattering
amplitude grows up as well.

Trajectory Tracking test

In this scenario, the time-varying profile
trajectory tracking is proposed. The desired
profile is defined as T%(t) =260 +
5cos(2mft) where f is the signal frequency
with a period of T =100 seconds. The
reference signal is introduced into the system
dynamics from 500 seconds to the end of the
simulation. In this case, we have assumed that
the temperature of the extrusion process change
as different material is introduced into the
extrusion machine.

GUERRERO, Jestis, GONZALEZ, Julio and CHIMAL,
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The trajectory tracking task is shown at
the top of Fig. 5, as we can see, the controller
converges to the reference in finite time. Also,
in the middle of Fig. 5, the error plot is
displayed. Finally, the control signal is shown
at the bottom of Fig. 5. It can be observed that
the controller’s effort is large when the desired
reference changes. In the right bottom side, we
can observe the evolution of the controller’s
feedback gain.

Conclusion

In this paper, an adaptive first order sliding
mode control has been proposed. The adaptive
controller is designed to address the trajectory
tracking problem but it can be used for the set-
point regulation paradigm. The stability
analysis for the resulting closed-loop system for
trajectory tracking has been addressed. The
proposed controller has been tested by
computer simulations in MATLAB for several
scenarios to prove its robustness towards
disturbances. The simulation experiments
results demonstrate the effectiveness, and
robustness of the proposed scheme to
uncertainties on the parameters of the system
and to external disturbances, as well. In this
manuscript, constant disturbances and time-
varying external disturbances were considered.
The design of the discrete adaptive SMC is a
part of future work.

Annexes
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Figure 2 Controller robustness towards parametric
uncertainties
Source: own work [MatLab]
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Figure 5 Trajectory tracking test
Source: own work [MatLab]
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