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ABSTRACT is essentially characterized by a precisely-regulated volumetric
In this paper, the design of a plastic flow control system for flow of the polymer through the extruder [6-11]. This can be
continuous gravimetric blenders used in polymer extrusion pro- achieved by fine regulation of the mass flow delivered from the
cesses is discussed. The considered plant is a blending machinedlender to the extruder.
that mixes four different polymers, bulks and additives. In or- Traditionally, continuous metering of plastic was performed by
der to pursue the desired behavior, three control objectives are volumetric blenders, which are not equipped to measure the plas-
considered: plastic flow estimation based on weight and screw tic quantity actually delivered to the extruder. So, they are con-
speed measurements, plastic flow regulation for each meter andtrolled in open loop and their performance is limited. Recently,
control of the recipe with mass constraints such that the mixer a new generation of plastic blenders for extrusion has been con-
can always satisfy the plastic flow variation needed by the ex- ceived, which are equipped with load cell to measure the plastic
truder. Simulation results are used to show the effectiveness of weight fed into the extruder. So, gravimetric blenders can pro-
the proposed approach. vide accurate flow control by means of closed loop control [12]:
they can give the chance of a considerable increase in perfor-
mance, provided that an accurate mass flow estimate is computec
1 INTRODUCTION on the basis of the weight measurements. In fact, in metering
Continuous gravimetric blenders are key elements in the process, accuracy is an.essential requirement in particular for
plastic extrusion process, which has a standard setup including a2dditive components which are metered at very low flow val-
feeding section, a barrel and a head with a die for shaping [1-3]. U€S: Closed loop control of gravimetric blending provides many
In the feeding section, the solid polymer is fed into the extruder 2dvantages with respect to volumetric blenders: metering is in-
through a blender in the form of granulate, pellets or irregular déPendent of material density variations; the frequent calibra-
small bits. Usually, from two to six different polymeric com- tions needed for volumetnc feeders are noF necessary, the in-
ponents are blended in the feeding section by means of gravi- crgased accuracy considerably redyces the mmdence of raw ma-
metric or volumetric systems. Then, the polymer is transported terla_l costs, since each component IS metered without any waste.
along the barrel by means of a rotating screw. The barrel wall is ' this paper, the control system design problem for a continuous
equipped with a number of electric heaters which melt the poly- gravmetrlc blender for four polymerlc.granulayes is considered.
mer. The material is melted and pushed towards the die where the SPecifically, a multi-layer control architecture is employed, due
extruded final product is shaped and expelled. During the pro- [ the peculiar structure of the plant dynamics. The inner loop
cess, the polymer undergoes very complex thermo-mechanical'S dévoted to the regulation of the plastic flow of the primary
transformations inducing strong changes in the physical proper- Meters. This control system is designed based on the estima-

ties of the material [4-6]. The final product quality in extrusion tion Of the plastic flow obtained with an Extended Kalman Fil-
ter (EKF) [13]. Furthermore, the control algorithm is conceived
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has the aim to keep a constant mass of plastic in the hopper di-
rectly connected to the extruder also during its flow variation re- Figure 2:System theoretic representation of the considered plant
quests.

The paper is organized as follows. $ection 2, the considered
setup is illustrated and the control problems are define&ele:

tion 3, the global control architecture is described. Skection

3.1, the Extended Kalman Filter for plastic flow estimation is
designed based on the mechanical model of the feedeB&edn

tion 3.2andSection 3.3, the control algorithms for the primary
meter and the mixer control loop for the recipe maintenance are
described, respectively. The paper is ended by some concluding
remarks.

ment principle:the weight of the component hopper is measured
in real-time; so, at least in principle, it is possible to compute
the flow by weight measurement differentiation. Finally, since
all the ingredient weights are continuously and simultaneously
measured, it is expected that the total mass poured into the mixer
is composed by the different ingredients in the correct ratios fixed
by the recipe.

The mixer is endowed with a load cell that measures the mixer
weight in order to prevent from undesired emptying; in fact, if the
mixer does not contain enough material the blender could not be
able to satisfy large flow variation requests from the extruder.

All the primary meters, when it is necessary, can be refilled with
the opening of pneumatic valves, that allow the fall of the mate-
rial from the automatic loaders.

A block diagram representation is shown in Figure 2 for a
two components blender. The control variables are the refer-
1. aset of primary meters (from one to six), devoted to supply ence speedv (t) and w;(t) of the DC motors, which are en-

the correct flow of each component, which must be delivered dowed with a speed control loop. The measuremegist) and

in fixed proportion according to the given recipe; Wy, (1), respectively of the revolution speeds(t) andax(t), are
2. a secondary hopper (the mixer), where the various ingredi- affected by quantization noiselg, (t) andd., (t). The flow rates
ent flows are mixed in a homogeneous blend with perfect in output (q(t) andgy(t)) are collected into a mixer that is con-
additive dispersion. The mixed material is then fed to the nected directly to the extruder.
extruder; it must be noticed that the extruder can draw dif- In every meter, during the refill, the flow ratgs(t) andgx(t)
ferent flow values of the mixed components, according to are subtracted respectively witf, (t) andg,(t). These result-
the extrusion throughput required by its own control system. ing exiting flows can be integrated in order to obtain(t) and
mp(t); the real outputsnm, (t) andmy, (t) are defined asm(t)
andmy(t) affected by noisedm, (t) anddm,(t).
This plant has three main control objectives:

2 CONTINUOUS GRAVIMETRIC BLENDERS

The mechanical layout of the continuous gravimetric
blender considered in the present work is shown in Figure 1,
where an example of two component blending (the blue and the
red one) is considered. The device is made of two parts:

Each primary meter is made of three parts: a hopper, contain-
ing the component; a screw, that delivers the materials propor-
tionally to its revolution speed; a DC motor actuating the screw
through a 10x gear. So, changing the motor speed, it is possible 1. each primary meter must deliver the ingredient to the mixer
to change the screw speed and, at last, the material flow. The with the highest possible accuracy;

primary meter operation is based on the loss-in-weight measure- 2. all the primary meters must deliver the ingredients according
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where:

t is the temporal index
- w(t) is the motor speefipm]

Tonirottoos . - r(t) is the refill signal0— 1]
00 stmaton - gs(t) is the meter output flow ratig/h]
o v - Ks(t) is the gain between the speed(t) and qgs(t)
e | [kg/h/rpm]

- T is the time constant of the meter first order mggel
Dﬂ)r, - a is the fixed conversion frotkg/hto kg/s(a = z35)

- K (t) represents thamount of material inserted in the hop-

per during the refill per time unjkg/s]

Figure 3:Control scheme - y(t) represents the real output of the system

yof ()

Primary meter
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This model defines the flow raig(t) as a speed signab(t)
to theratios defined by the recipe, in particular during flow  multiplied by a variable gais(t). The mass variation into the
changes following extruder requests; hopper is defined as a balance of the flow rates: the incoming
3. the mixer must be able to provide all the requested plastic flow rate from the refill valveX, (t)r(t) and the outgoingrgs(t).
flow to the extruder, and therefore a maximum reduction of Notice that such a model is not time-invariant. The meter time
1/3 of the maximum flow is allowed. constantr is considered fixed to $. The signaKs(t) is de-
pendent on the density of the material, the design of the worm
screw and, in extreme conditions (with(t) very closed to 0),
from w(t). The signaK;(t) is dependent from the density of the
material, the design of the refill valve and from the quantity of
material inside the automatic loader.
3 CONTRO_L STRATEGY AND DES!GN o ) ~ For these reasons and typically low signal-to-noise ratios, an ex-
The multilayer control scheme depicted in Figure 3 is herein tenged Kalman filter, and not a simple derivator of the mass, is
employed. For each primary meter, suitable closed loop control designed in order to obtain an accurate estimatiom@.
is devised. The inputs of each primary meter block are obtained cqnsider the discretization of model ():
from the recipe control: its main target is to guarantee the re-
spect of the recipe during the flow rate transients also in presence
of undesired behaviours of the meters (dgnamic variations). o (n+1) =K (n)r(n)
The total required flow rate, incoming in the recipe control, is ob-

In the rest of the paper, a 4 component blender will be considered
of the above described type.

tained through a third controller, made with the aims of guarantee ds(n+1) = T +ts/2((r ~1s/2)a5(n) +1sKs(n)a(n)) )
the presence of material for the extruder and avoid undesired fills
1) =tg(—
of the mixer. Notice that this structure of control allows one to M(n+1) =ts(~ads(n)+a(n)) +m(n)
use the same control algorithm in machines with any number of y(n) =m(n)

primary meters.

wheren is the temporal index ang;(n) is the refill flow rate
3.1 Extended Kalman Filtering [kg/s]. The model can be linearized assuming steady state inputs

In order to obtain a flow rate estimation, for each meter, an () =Fandw(n) = w, thus obtaining state space model:
extended Kalman filter is implemented based on the mechanical
model of the feeders. Notice that such a filtering strategy is very 0 0 k O
suited for control design, seeg.[14, 15]. A=lot20l B= |0 tsks
As shown in Section 2, the primary meter is made of a speed THs/2 7|7 THs/2 | 2
controlled DC brushless motor connected to a speed reducer (re- ts —ats 1 0 0 3)
duction factor 10) that enables movement of a worm screw. The

state space equations are C— [0 0 1] 7 D— [ 0 0 ]
98U _ 1 (gt + Kelj(t) with:
d%t(t) = —ags(t) + K Or () @ X(n+1) =Ax(n) +Bu(n)
4)
y(t) =m(), y(n) =Cx(n) 4+ Du(n)
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Defining statecovariance matri¥/q, output covariance matri, o0 l T T T T
and supposing cross-correlation mawie = 0, it is possible to Time ]

obtain ana priori estimation error covariance matix(n) ac-

cording to the Differential Riccati Equation (DRE): Figure 5:Input filter signals, small screw
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o
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where (referred to Equation (3)):

0 2IO 4I0 GIO 8IO l(I)O 1&0 1:10 160

- A™(n) is the linearized state matrik at samplen with the 10
addition ofK; andKs states (fifth order)

- Cis the output matrix of the linearized model (constant)

Gs(n) [kg/h]

The current Kalman gain matrik (n) can be computed as

80 100 120 140 160

Kk (n) = (A" (n)P(nCT)(CP(nCT +V2)* (6)

The estimation, Ks, G, gs,  are made through the im- ]

plementation of the discrete model (2). The innovation term Timels
e(n) =m(n)—rm(n), multiplied by matrixKg (n), is used as an
additional input, which corrects the state estimate according to Figure 6:Esimated signals, small screw

the current measurements.
In order to avoid large fluctuations & andK;s (that are slowly
time-varying) in the model implementation a machine-state is
used (see Figure 4). During the normal working the refill valve
is kept closed (fn) =0). In this case, the estimation &f is
switched off. During the refill ((n) = 1), the mass signal has a
very large dynamic and a very big noise, for these reasons the
estimation ofK; is switched on, while the estimation &% is
turned off. At the end of the refill, it is necessary to wait for the
weight stabilization (fixed to 3 seconds after the closing of the
refill valve, due to mechanical vibrations of the hopper), during
which the estimations are held off. n
The validation of the filter is made through multiple tests on Mg(n) = mo — ats zoqs(i), )
different screw layouts. In order to check all the extreme cases i=
the smallest and the biggest screws are tested (theoretical gains:
Ks=0.00698kg/h/rpnandKs = 0.119kg/h/rpm, material: PP wheremy is assigned with the first samphe(0). This signal is
- densityp = 0.65kg,/drm). compared with the real mass sigmalby calculating the error

As shavn in Figure 5 the first experiment is made with a small
screw and with a speed referenog+(n); in this experiment, in
which the filter is in steady state, the refill valve is always closed,
for these reasons the estimation&efandg, are not shown. The
outputs of the EKF (in this experiment) are shown in Figure 6:
the estimated variables afg, gs andm.

In order to make a performance evaluation of the filter, starting
from s (the estimation ofls) an estimated mass signal calleg ~
is calculated as follows:
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Figure 8:Estimated signals, large screw

&(n) =m(n) — My(n). The final error is 0.001&g against a
guantity of metered material equal to 0.24g. The mean error
in gs estimation obtained in this experiment is then below 1 %.

In the second experiment, complete work cycles with the largest

screw are executed. The speed referange(n) is set as a con-
stant value. As shown in Figure 7, in the experiment the refill

r(t)

Qrer(®) + Primary w(t) m(t)
meter ‘ Primary meter

control (PI)

Kserew ()

q(®)

EKF

Figure 9:Primary meter control scheme
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Figure 10:Primary meter closed loop step response, small screw

3.2 Primary meter control

Once a good estimation @f is obtained, it is possible to
design a closed-loop system with the aim of guaranteeing, for
each primary meter, a plastic flow rate close to the desjged
(i represents the index of the meter from INd In Figure 9,
it is clear how the estimated flow rate signal becomes the vari-
able to control in this primary meter layer. The main objective of
this control step is to achieve acceptable performance for all the
screw/material couples (i.eaximal transient time of §).

The choice of a PI controller is performed by evaluating the
transfer function of the linear tangent system frartt) to gs(t)
when the estimated flow ratg(f) is supposed equal m(t), i.e.
it is of first order. The PI proportional and integral gain, that is
Kp andK;, are obtained by pole placement technique.

As it can be observed in Figures 10 and 11, the control loop
guarantees that the required performance is achieved and the set
tling time is always less than 5 seconds.

3.3 Recipe and mixer control
The primary meter control schemes need to be fed by a flow

valve is opened three times and, during these periods, the masgate reference signal. The trajectory generation for such refer-

signal increases up tokly. The estimated variablég, Ks, s
andm are shown in Figure 8 {gs not plotted because it is de-
fined as the product betwed&n(n) andr(n)). The settling time

of the screw parametek& andgs is approximately equal to 25
seconds and thk, parameter reaches the real value during the
first refill.

ence plastic flows are given by two outer control loops designed
to respect the recipe and the mass constraints in the mixer. As a
matter of fact, one of the main objectives of the dosing machine
is to guarantee the achievement of the recipe against undesired
behaviors of some primary meters. In order to avoid this prob-
lem an external control loop is designed: the machine user can
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definethe distribution (in terms of fractiongres) of the flow

rate on the different primary meters and the closed-loop system
must ensure, in all conditions, its respect.

In order to define the architecture of this control system, the
dosing machine with four primary meters described in Section
2 is considered. For primary meters, the actual flow rate fraction
ai(t) can be defined as follows:

Os;(t)

ai(t) =
Y Osj(t)
=1

As described in Section 3.2, the estimated flow @ieis sup-
posed equal t@s ;. Starting from the total flow rate reference
Oreftot, iN Order to guarantee that

N
c1ref,tot(t) = Zl Osref,i (1), 9)

the inputs of this outer system(t), i = 1...N—1 are included in
each flow rate reference as

Osref,i (t) = Qref,tot(t)pi (t)a i=1.N-1

N-1 0
et ) = Gera®(1— 3 By (1) (0
=1

In this way, (9) is achieved. The complete model of the four
meters machine can be defined as in (11) under the following
assumptions:

- All the maximal speeds are fixed tonax

All the screw gains are considered time invariang;(K =
Ks,i),

All the maximal flow rates are defined agjmaxt) =
Osj, max= KsjWmax

Kp andK; are considered fixed for all the primary meters,
N=4,i=1..4.

Input Value Input Value
Wmax | 3000rpm Qreftot | 300kg/h
Ks1 0.11900kg/h/rpm p1 0.887
Ks2 0.07420kg/h/rpm P2 0.100
Ksz | 0.03730kg/h/rpm Pz 0.010
Ksa 0.00698kg/h/rpm

1 1s

T 2s

T3 5s

T4 10s (b) Equilibriuminputs

(a) Modelparameters

Table 1:Model parameters and equilibrium inputs

Qref,ror(t)

q(®)

Primary meter
control loop

Aref) + Recipe p®)

control (PI)

a estimation

Geoe ()

Figure 12:Recipe control scheme

This systems MIMO (Multiple Inputs, Multiple Outputs) with

4 inputs: oret tot (t), p1(t), po(t) and pa(t) and 4 outputsm;(t),
i=1,...,4. Actually, since the percentage of the fourth ingre-
dient is fully determined by the others, the system has only 3
degrees of freedom, and therefore the problem will be to control
ai(t),i=1,...,3usingpi(t),i=1,...,3 (Geftot(t) isthen herein
considered as an exogenous disturbance). In order to evaluate
the open and closed loop performance, the linearization of this
model is carried out around the values in Table 1b. As it can be
observed, the dynamics of the different primary meterg are
changed, with the aim to show the robustness of the controlled
system. In order to evaluate the performance of the system, it is
possible to observe the transfer functions frgug 1ot (t) to Y (t).
Specifically, these subsystems can be defined as:

- Gy(s) =G(1...3,1) that represents the transfer functions
from cJref?tot(t) tOY(t)

- Ga(s) =G(1...3,2...4) that represents the transfer functions
from py(t), pz(t) andps(t) to Y (t)

The recipe control scheme is represented in Figure 12: the trans-
fer function fromgerot(t) to Y(t) (usually called sensitivity

Copyright © 2013 by ASME
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Figure 13: Bode diagrams of the transfer function between Figure 14:Recipe control: flow rate responses

Oreftot(t) andai, i =1,2,3.

. Oreftot [KQ/N] | Oref1 | Qref2 | Orer3 | Transient time(s]
function) is equal taS(s) = (I — R(S)G(s)) "Gq(s). In order
to define the structure of regulator matrix (R(s): 3 inputs, 3 out- 300 0.887| 0.1 0.01 4.7
puts) the RGA (Relative Gain Array) method is used. 200 0.5 0.3 0.15 7.6
Starting from Ga(s), it is possible to obtai\ = G4(0) ®
(Ga(0))~1 = I3, wherels is the 3x 3 identity matrix. It means 100 04 03 0.2 8
that the system is statically decoupled and is possible to treat the ) .
complete MIMO system as 3 SISO (Single Input, Single Output) Table 2:Recipe control performance.

systems; for this reason a decoupled regulator is employed. The

structure of each SISO regulator must guarantee the stability of

the system and ensure tt®t) has a magnitude as close as possi- error amplitude and duration. In order to prove the robustness of
ble to 0. To this purpose, a simple Pl regulator provides good per- this closed loop system some tests are made in different condi-
formance, as shown in Figure 13. The simulation results, made tions: stability is guaranteed in each configuration and, as can be
on a 4 primary meters dosing machine, are represented in Fig- observer in Table 2, the transient time, with a step variation from
ures 14 and 15 where a step response is shown in termg(bf 2/3 of Oref tot tO Qret tot, IS always lower than 8. Concerning
anda;(t). As it can be seen, this external control loop allows one the mixer, a control loop with a simple P controller can be de-
to obtain a large enhancement of the dosing quality in terms of signed in order to avoid undesired emptying of the mixer.
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overall scheme has been showed to be effective in a simulation

O 0B environment. Future work will be devoted to robust and adaptive
053] Tgﬁes"eéofé’;p 0305} j\ R N controller design.
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