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Abstract. The purpose of the work is to build the rational system for regulating technological
parameters of the single-screw extruder using the frequency-regulated electric drive with limited use
of sensors. This goal is achieved by the way of solving the following problems: development the
method for controlling the technological parameters of the extruder with a controllable electric drive;
development of a structural diagram of a model for estimating the speed of rotation a rotor of the
engine without the use of velocity-type transducers; development of a functional diagram of the vector
frequency-regulated electric drive with an observer that is built on the basis of a voltage equation
corresponding to the main magnetic flux; development of a simulation model of the system of
adjustable electric drive of the extruder and carrying out simulations with using the Matlab software
package in the environment of Simulink. The most significant results of the researches are: the
proposed algorithm for controlling the technological parameters (dynamic viscosity and pressure) by
the way of calculating of the electrical power parameters of the adjustable electric drive of the
extruder without the use velocity-type transducers; the functional diagram of the vector frequency-
regulated electric drive of the single-screw extruder with the observer that was built on the basis of
balance of the reactive capacity provides the necessary values of the technological parameters of the
extruder. Changes in dynamic viscosity and pressure in the material, provides flexible adjustment
without the use of speed sensors and rational use of electricity.

Keywords: vector control, extrusion, dynamic viscosity, energy efficiency, simulation model.

DOI: https://doi.org/10.52254/1857-0070.2024.4-64.04
UDC: 621.3.62-5.681.5

Constructia sistemului rational de reglare a parametrilor tehnologici ai unui extruder cu un singur surub
prin intermediul actionirii electrice reglate in frecventi
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Abstract. Scopul lucrarii este de a construi sistemul rational de reglare a parametrilor tehnologici ai extruderului
cu un singur surub, folosind unitatea electrica reglata in frecventa cu utilizare limitata a senzorilor. Acest scop
este atins prin modalitatea de rezolvare a urmatoarelor probleme: dezvoltarea metodei de control al parametrilor
tehnologici ai extruderului cu actionarea electrica reglabild; elaborarea unei diagrame structurale a unui model
pentru estimarea vitezei de rotatie a unui rotor al motorului fara utilizarea traductoarelor de tip viteza; elaborarea
unei scheme functionale a actiondrii electrice vectoriale reglate in frecventd cu un observator care este construit
pe baza unei ecuatii de tensiune corespunzatoare fluxului magnetic principal; elaborarea unui model de simulare
a sistemului de antrenare electrica reglabila a extruderului si realizarea de simulari cu utilizarea pachetului
software Matlab in mediul Simulink. Cele mai semnificative rezultate ale cercetarilor sunt: algoritmul propus
pentru controlul parametrilor tehnologici (vascozitate dinamica si presiune) prin modul de calcul al parametrilor
de putere electrica ai antrendrii electrice reglabile a extruderului fara utilizarea traductoarelor de tip viteza;
Schema functionald a actionarii electrice vectoriale reglate in frecventa a extruderului cu un singur surub cu
observatorul care a fost construitd pe baza echilibrului capacitatii reactive oferd valorile necesare ale
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parametrilor tehnologici ai extruderului. Modificarile vascozitatii dinamice si ale presiunii din material ofera o
reglare flexibila fara utilizarea senzorilor de viteza si utilizarea rationala a electricitatii.
Keywords: control vectorial, extrudare, vascozitate dinamica, eficienta energetica, model de simulare.

IocTpoeHue paunoHATbHOI CHCTEMbI PeryJIMPOBAaHNUS TeXHOJIOTHYECKHX MapaMeTPOB OHOIIHEKOBOI0
IKCTPY/epa cpeACTBAMH YaCTOTHO-PEryJInpyeMoro 3J1eKTpoNnpuBoaa
3aonoackuii H.!, Knenauii I1.2, Qyaap 0.3, llsopos C.!

"HauuoHanbHbIi yHUBEPCHTET OHOPECYPCOB M MPUPOIONONE30BaHUs Y KpauHbl, Kues, Ykpanna
2Ornenennoe nojpasenenue «Bbepexanckuii arpoTexHUYeCKUi HHCTUTYT» HallMoHansHOro yHUBEpCUTETA
OHOpeCcypCcoOB U MPHUPOJIONIONIL30BaHMS Y KpauHbl, bepexansl, YkpanHa,
30Tnenennoe cTpyKTypHOe nopaseienne «bepexanckuii mpodeccuoHanbHblii kKoytemk HanmonansHoro
YHUBEpPCHTETa OMOPECYPCOB U IPUPOAOIIONIL30BaHus Y KpanuHbl», bepexaHnsl, YkpauHa.
Annomayusn. 1lenpio paboOTHI SBISETCS TIOCTPOSHNE PAIMOHAIBHOM CUCTEMBI PEryJTUPOBAHHS TEXHOJIOIMUECKUX
HapaMeTpoB IKCTPYAEpa OJHOIIHEKOBOIO CPEJICTBAMH YaCTOTHO-PETYJIHPYEMOrO 3JIEKTPOIIPUBOJA C OIpaHH-
YeHHBIM HCITONIb30BaHMEM HAaT4YUKOB. [locTaBieHHas Ielb JOCTHTAETCsA MyTEM pPEHICHHs CIEAYIOUINX 3ajad:
pa3paboTka crocoba yrpaBiIeHH TEXHOJIOTHISCKAMH TapaMeTPaMu SKCTPYAEPa ¢ PETYIUPYEMBIM JICKTPOTIPH-
BOJIOM; pa3paboTKa CTPYKTYPHOMH CXEMBI MOJENH ISl OLIEHKH CKOPOCTH BPAIICHUS POTOPA SJICKTPOIBUTATEIS
0e3 WCTONB30BaHUS JATYMKOB CKOPOCTH; pa3paboTka (YHKIMOHATHHOH CXEMBI BEKTOPHOTO YaCTOTHO-
PEryIUpyeMOoro 3JCKTPOIIPUBOAA C HaOJIOJaTeNieM, MMOCTPOSHHBIM Ha OCHOBE YPaBHEHUS HAIPSDKEHHH, COO-
TBETCTBYIOIINX OCHOBHOMY MarHUTHOMY ITIOTOKY; pa3pab0TKa MMUTAIIMOHHOW MOJIENI CHCTEMBI PETYITHPYEMOTO
JJIEKTPOIIPUBOJA IKCTpyJiepa U TPOBEAECHHE MOJEIMPOBAHHS C HCIIOJIb30BaHHEM MPOTPaMMHOIO KOMILIEKCa
Matlab B cpene Simulink. HanGonee 3HauMMBIMU pe3yJbTaTaMH HCCIIEJIOBAHUN SBISIOTCS: IIPEJIOKEHHBIN al-
TOPUTM KOHTPOJISI TEXHOJOTHYECKHX MapaMeTpoB (AMHAMUYECKas BSI3KOCTb M JABJICHHE) ITyTEM pPacdeToB
JNEKTPOIHEPTETUIECKUX NMAPaMETPOB PEryIUPYEMOro JIEKTPOIIPUBO/IA IKCTpyiepa 0e3 MCIOoNIb30BaHUs JaT4H-
KOB CKOPOCTH; (DYHKIIMOHAJIbHASI CXeMa BEKTOPHOTO YaCTOTHO-PETYIMPYEMOTO 3JIEKTPOIPHUBO/IA OJHOLITHEKOBO-
TO AKCTpyepa ¢ HabIronaTeneM, MOCTPOSHHBIM Ha OCHOBE OaaHCca peaKTHBHOM MOIIHOCTH, 00ECIICYHBaeT HEO-
OXOIUMBIE 3HAYCHUS TEXHOJIOTHIECKHX MapaMeTPOB IKCTPYAEpa. H3MEHEHHUSIX TUHAMUYICCKOH BSI3KOCTH W JIaB-
JICHWsI B MaTepuaie, 00ecIednBaeT THOKYI0 PETYINPOBKY 0€3 MCIOIb30BaHUS NTATYNKOB CKOPOCTH W paIlfioHa-

JHHOE UCIIOJH30BAHUE SJICKTPOIHEPTHH.
Knroueevie cnoea: BeKTOpHOE YIpaBICHUE, SKCTPY3Us, TUHAMUYECKAsT BA3KOCTh, YHEPTO3(PPEKTUBHOCTH, HMU-
TAI[IOHHAS. MOJICITb.

INTRODUCTION in the amount of released heat as a result of
friction during homogenization, plasticization,
shearing and compression in the process of
treatment the material[4]. Leszek Mosicki [5]
notes that the following factors play a key role
in the process of extrusion in the single-screw
extruders: humidity; viscosity and composition
of raw material that are subjected to extrusion;
the construction of the extruder screw and its
frequency rotation ; temperature of flowing the
process of extrusion and pressure.

Extrusion and grinding increase the yield of
the methane from processed substrates.
However, the implementation of these
technologies in a biogas plant involves additional
costs.Investment costs depend on the efficiency
of the specific technology and range from several
tens to several hundred thousand euros
depending on the efficiency of the machines
(mill, extruder). The economic balance of such
investments should also take into account the
amount of energy that is consumed by the
machine, according to calculations — from 30 to
even 90 kWh per ton of substrate. [6]. Using the
process of extrusion for biogas substrates
increases the efficiency of biogas and methane in

To improve the fermentation of biomass, it
is carried out its pre-treatment. The purpose of
pre-treatment of substrates is allotment for
fermentation bacteria easier access to materials
that are decomposed into compounds. One of the
methods of pre-treatment is extrusion [1].
Grinding is a process by which the size of
particles of the material to be processed is
reduced. As a result, the degree of crystallization
and polymerization of cellulose decreases and
there rises a larger specific surface of the
substrate, which can be affected by
microorganisms [2]. Extrusion is a baro-thermal
process in which raw material (lignocellulose,
fats, proteins) are exposed to mechanical force
(shear, compression), high temperature (40—
200°C) and pressure change (from several to
several tens of MPa) [3]. Pre-treatment
preparation of the substrate from the straw of
various crops by the method of extrusion should
be carried out under the control of such
technological parameters as the pressure and
viscosity of the melt, which affects on the heat
balance of the extruder, that leads to the change
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the fermentation process by 7.50 and 8.51%,
respectively, and reduces the fermentation time
by approximately 8 days. Taking into account
the amount of energy that is spent for pre-
treatment and the amount of produced methane,
the energy balance of the process gives an idea
about the economics of the operation. Despite
on the increase in efficiency of fermentation, the
authors of the work [7] consider that the use of
extrusion in Poland is economically unjustified
due to the high energy consumption of pre-
treatment. In order to fully utilize the potential of
extrusion, it is necessary thoroughly to know the
influence of process of the extrusion on the
energy efficiency of biogas production and
propose the methods of regulating this process
[8]. Pre-treatment of the substrate by extrusion
brings energy benefits in the process of
fermentation, as viscosity and energy required
for mixing are reduced. In addition, grinding has
a positive effect on the quality of mixing in the
reactor and prevents partial droping and
formation of floating layers. It was established
that when is mixing coarsely chopped straw, the
viscosity in the reactor is 2260 mPa s
(millipascal second), and when is using extruded
straw it was decreased to 880 mPas [9].At the
same time, the capacity consumption is reduced,
and the quality of the mixture can be improved.

ANALYSIS OF RECENT
RESEARCHES AND PUBLICATIONS

What strategies of optimization can be used
in the systems of control by the electric drive
with vector and direct control by torque are
considered in the work [10]. The drive of an
asynchronous motor (AM) with vector control is
currently the most perfect, but its algorithms in
most cases do not fully take into account current
changes in the technological parameters of the
systems in the structure of which they work.
Since screws of the extruder are more often used
in the industry, it is necessary to optimize both
constructions of the screws and the control
system for improving productive capacity and
ensure technological  parameters. For this
method, trials and errors is not enough, and it
becomes necessary clearly understand and, if it is
possible, to calculate what happens in the
machine during the process of extrusion.

According to the proposals of the authors
of the work [11], the control of output pressure
and temperatures, as well as the control scheme
by these parameters consists of a control loop on
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the base of Single Input Single Output
Proportional Integral Derivative (SISO PID).
The measured (controlled) variables are the
output pressure and temperatures in different
zones of the active part of the extruder, the input
variable is the command voltage of the inverter
to power the motor of extruder.

In the work [12], based on the results of
experiments and simulation, it was shown that
the quality and energy efficiency of extrusion is
affected by the frequency rotation of screw of
the extruder, and the dynamic viscosity of the
processed material is directly proportional to the
capacity of the single-screw extruder. Therefore,
in order to minimize energy consumption for the
extrusion of rape and corn straw, the dynamic
viscosity of the material must be minimal.It is
necessary to take into account the fact that the
pressure and temperature increase sharply at high
rotations. This leads to burning of the
biopolymer, rapid wear of parts of the extruder,
and excessive consumption of electrical energy.
It is emphasized that in order to ensure rational
mode of the operation of the extruder, it is
necessary to develop an automatic control
system that would take into account the pressure
and temperature in the die during stochastic
loading of the extruder.

The authors of the work [13] carried out
simulation of the extrusion of pea flour and the
mixture of pea starch and protein isolate with the
help of twin-screw extruders, which made it
possible accurately predict the variables of
extrusion (temperature and specific mechanical
energy) based on the parameters of extrusion
(feed speed, speed of the screw, temperature of
the stem ). This research shows that simulation
of extrusion with a rheological model can be
used as a tool for development extruded food
products with a target structure.

The problem of clarity of stabilization and
regulation parameters of the technological
process with using extrusion also exists in other
industries. In the work [14], an adaptive
neurofuzzy system (ANFIS) controller was
developed to ensure a constant speed of line
during the process of extrusion of casing of the
cable. The controller ANFIS was compared with
an ordinary proportional-integral-derivative
controller and a Fuzzy Logic controller for
checking the reliability with the help of
MATLAB/Simulink software.

Currently available models of extrusion are
not general in nature due to the limitations of the
type of extrusion, the specific material, and the
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specific operating and geometric conditions of
the process. Therefore, the question arises
whether it is possible to solve the problem of
global modeling of the process of extrusion
without referring to the specific mechanism of
flow of the solid substance /melt , which is
determined by the extrusion method, the type of
material, and conditions of the process [15].

The requirements to the electric drive of the
extruder have a versatile character. This is due to
difficult operating conditions, low accuracy
support of the parameters at the output of the
unit, and low qualification of service personnel.
In such conditions, the reliable operation of
sensors of technological processes in the
extruder - productivity, pressure and temperature
- is problematic.

The purpose of the work is to build the
rational system for regulating the technological
parameters of the single-screw extruder by
means of the frequency-regulated electric drive
with limited use of sensors.

MATERIALS AND METHODS
RESEARCH

OF

The solution to the mentioned problem can
be achieved due to the fact that in the method of
controlling the technological parameters of the
extruder for the implementation of the algorithm,
the signals are received directly from the
frequency converter with vector control, the
principle of operation of which involves
obtaining the electromechanical parameters of
the electric drive (electromagnetic moment and
speed of the electric motor), with the help of
which the calculation is carried out according to
the given algorithm by absolute values.

The functional scheme of the control system
of the proposed method is shown in Fig. 1.

The method of controlling by he
technological parameters of the extruder with the
adjustable electric drive is implemented as
follows.
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Fig. 1. Functional diagram of the system for
regulating the operating modes of the extruder
without sensors of the technological parameters.

E — extruder; AM - asynchronous motor; FC -
frequency converter; CU - computing unit; EC -
element of comparison; 7. - the given value of
the dynamic viscosity of the material; 47 - de-
viation of the dynamic viscosity of the material;
p — the actual value of the pressure; m — the actu-
al value of the dynamic viscosity.

When the operating modes of the extruder
are changed in accordance with the requirements
of the technological process, the electric power
parameters of AM are changing, which, in turn,
are controlled by the frequency converter with
vector control, and based on their values, the
quantities of the electromagnetic moment M. and
the angular velocity @ are calculated, which
enter into the CU, where is implemented the
algorithm based on the expression:

2
M,-M ) :%Dznh2p~tga+

+2°D’n’nl, (L + ), (1)
hycosa  otga

e

where D- is outer diameter of the screw, m;

n — frequency of rotation of the screw, rad/s;

h, — is depth of cutting of the screw, m;

p — pressure, Pa;

o — the angle of inclination of the helical cutting
line of the screw;

n - the dynamic viscosity of the material, N- s
/m?;

L,— is length of the screw, m;

e — is thickness of the coil, m;

o — the gap between the wall of the cylinder and
the coil of the screw, m;

M. — electromagnetic moment AM, N'm;

M — mechanical wastes of the moment AM,
N'm; @ — angular velocity of the extruder, s™ .

According to the equation (1), the real
values of pressure p are calculated, which are
compared in the element (CE) with the given
value of p*giv , the error signal AP is fed to the
input of the frequency converter and is a function
of the set speed of rotation.

To implement the algorithm (1), in
depending on the angular speed of the extruder,
for the corresponding biopolymers are
determined the parameters p and y , which are
obtained experimentally or from the reference
literature, and are approximated by the
following expressions:
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p=A+B-w ()

77:2+C’ (3)
(0]

where A, B, C, D -are coefficients of
approximation which are determined for the
specific extruder.

The coefficients of the expression (2) are
determined from the system of equations:

Zp:An+BZa) } (4)
Y po=AY 0+ o

where n- is number of members of the
empirical series of regression.

The coefficients of the expression (3) are
determined from the system of equations:

Zf]:DZi-*—Cn (5)

n 1 1
T_pDS—4cy =
S2opyLicy!

The implementation of this method is
possible by the way of using the adjustable
electric drive, when the value of the moment of
the motor M and its angular speed o is derived
from the control system. We get then:

P=w-M (6)

The solution of the equations (1), (2), (3)
and (6) with known M, o allows to determine
the pressure in the active zone of the extruder.

It is reasonably to use the asynchronous
electric motor with frequency control to drive
the extruder. The improvement of such drive is
possible by using the laws of the second level,
which include laws that ensure a constant value
of various magnetic flux- linkages of the
asynchronous motor: stator y; (corresponds to
the constant value of the ratio E;./f,), rotor .
(E./D).

where E; - electromotive force of the stator;
f — frequency; E; - electromotive force of the
rotor.

The last law allows direct control by the
torque of the electric motor and at the same time
the quality of control of the electric drive in
static and dynamic modes is significantly
increased in comparison with other laws.

The simplicity of the presentation of the
frequency-controlled electric drive increases
with the rational choice of the angular velocity
and orientation of the coordinate axes in the
transition mode. With a sinusoidal voltage
supply, the resulting vectors of currents,
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voltages and flux - linkages of the stator and
rotor in the steady state are mutually stationary,
then any coordinate system tied to one of these
vectors (let's call it "basic") is suitable for
optimization [16]. The basic vector in the

implementation of the law |V/2| =const is the
vector of flux- linkage of the rotor. Let's direct
the vectory; along the axis d, and the axis q -
in leading it direction by 90°. At the same time,
the equations of the electric drive are simplified,
since the projection of the generalized base
vector - the flux- linkage of the rotor - on the
axis q is equal to zero.

The system of these equations in the
coordinate system d, ¢, which rotates at
synchronous speed, in relative to units has the
form [17]:

Uy di 1d
. dy,, .
ulq rlllq +— dth _f l//lq
. dy .
O—I’zllq+7 d;d+( - )V/zd
o1 dy .
0= hhh, + dth (f - )‘//zq

OH

Wi =((1+4 )iy +iny ) S
v, =((1+0 )iy, +iyy ) £
Wog =((140,) iy, +iy ) £ *
oy =((140,) iy, +i, ) [ *

2 . .
H= gf; (qulzd ~WYaaly )
s Job,, do'
S VR

where nominal values of stator current Iy,
synchronous speed ® on and frequency fi, of
applied voltage are taken as basic units.

Output ratios:

. I * * ( * ®

11=1;f:L;03=—;f= =
Ilu fiH (’OOH OH

Uﬁ :mouLmIlH; ZG = O‘)01-1]"’171;

U, . . L, .

u, = L M:UG'IIH/Q)OH’ 11= L 12: 2,
U6 LIH m

where @ - is the angular velocity of field
of the stator of the electric motor at frequency f;
of the supplied voltage, rad/s; Li, L,, L - are
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inductances of the dissipation of the stator and
rotor windings and the inductance of the
magnetization circuit, Hn.

The vector of flux - linkage of the stator
can be written in the shape[16]:

Y, = Tlll, + KWy s )
1
where' [| =1, + K,l,;8, =———-
(1+1,)

The equations (7) are written in vector
form in the shape:

_ dy,
U = + Yy
111 a7 Jf*w
— dy
0=ri + dyfﬂ(f*—w )w, (9)
7, =(1+14)i+1,
1,//2:(1+12)12+i1
3 _
m :EPnIm ('//zl )2
= da)*
H dt lu /uc
2
where Tﬂ:‘]wi

0

In the coordinate system d — q, which
rotates at the speed of the stator field, system (9)
will be written in the form:

di ha

U= Vlld+T _l f by =7V _k25‘7*‘//2q;
Z
uy,=rli, +T, —+=1f"i —2 —ky0'y,,;
Iq L T, Vi —H2 24 (10)

. 1 dl//

0=—k,ryiy+—y,, + 24 (f - )V/zq;
T,

. 1 d'//Zq
0:_k2r2114+?2’//2¢, di +(f - )V/zda
u=k, (l//zdilq _‘//Zqild);

do'

—y =T 2%

H—H. u dt
at,t =1t,,

Ly =laoob, =Uh,0:Waa =Waao>-Way
o =o',
. 2
where: ri':ri + K57y
. ' L
T/ =LI,;T2 =2 ;L2o' :Lz +Lm
r R

When implementing the vector method of
controlling the frequency of rotation of the
asynchronous electric motor, when y2 = const,
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the first four equations (10) in operator form will
be written in the form:

’

YA . v,
U, =i, (+pT)-f llllq _le//zd;
2

Ulq = i{qu'(l + pT{) + f*ll'ild + sz*V/Zd; (1 1)

1
—y,, + ;
T Vo T PVaa

2

0 =—x,i,7

0= —Kyly 1y + (f* - W*)’//zd;

From the third and fourth equations of
system (11), we obtain:

W, = K1y oty ,
Lp+l (12)
f:‘ — * K2r2i1q
Y24
During the implementation, | = const

the value of flux-linkage is calculated according
to the formula:

NCY

W,, = (13)
n 2
1+ T,27fs,
P,
S. Lm . .
mee M = ?(W2allb TV ouii,) Y
2
Mw=P,
a P=kpo+kwon, T0,_ kM at vector
w

control A/ =

i,

The electromagnetic moment of the electric
motor with known flux- linkages and currents in
the steady coordinate system is determined by
the expression:

M =k,(y,,i,

and capacity is expressed by formula (6).

The capacity on the shaft of the electric
motor, with taking into account the mechanical
consumptions, is determined by the expression:

(15)

— VWl (14)

Pﬁ = (1 - K,wex )P
The dynamic viscosity of the material gy
affects on the temperature of the substrate and is

set in such way that the burning of the material
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does not occur on one side, and on the other side
the minimum energy consumptions for the
implementation of the mode are ensured.

From expressions (15) and (1), with the
known value of the capacity that is consumed by
the extruder and the required pressure, the
dynamic viscosity is determined as:

_I_MR-R) (16)
; 47°R Lo

where t - the shear stress of the material,

7 - the shear speed of the material; R; - is the
diameter of the screw, m; o - angular speed of
the screw, s'; Re - the diameter of the sleeve of
the screw, m; M- is the torque moment applied
to the screw, N-m; L- is the level of the material
in the coaxial gap, m.

If ngiv-n # 0, then the value of the set speed
rotation is corrected, if M,-11 =0 such correction
is not conducted.

In the block pm of the sheme K , the value
of pressure is calculated at the known value of
p-

Methods are described in the literature that
allow, using vector control by flux of the rotor,
to estimate information about the number of ro-
tations and the angle of orientation through the
voltages on the control channels.

The method [18, 19] uses the groove effect,
[20 ] — the observer (high stationary accuracy,
insensibility of parameters), [21] — the Kalman’s
filter (takes into account the dispersal of values
of measurements, high cost), [22 ] — the use of
special voltage and flow sensors . The particular
interest causes the method that is based on the
determination by the output values of the
inverter of the voltage components that create
the magnetic flux of the rotor [19]. This method
was developed and theoretically is deepened in
the works of I.M. Bogayenko. and Balyuty S.M.
[23, 24, 25]. If you use to write in the
coordinates of d, q the equations of the
asynchronous machine the vectors of current and
flux-linkage of magnetization i, and ym (with
the established mode of operation in the rotating

coordinate system @™ = const ,

do* — .

— =0, 4= Hy> all spatial vectors are
dt

stationary and invariable in magnitude:

u,=U,=const, i =1 =const, i,=1I,=const,

Y, = const,
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therefore, the derivatives of flux- linkages are
also equal to zero.

Then the first two equations of system (9)
after transformations will take the form:

U n+ . hs LT .
f_l*zf_l*ll-"_Jl/llzf_l*Il-'—jllll-}_]l/lm
oD
0=_*12+]W2=F12+.]1212+.]l//m
2 2
where 7, =(I,+L); fi*=f*-w*=f*-Pp

absolute sliding.

The equation (17) in concrete units will be
written in the form:

di]d Uld Rl : Lm dl//m
_:___l]d wmllq - -
dt oL oL R(L,+L,,) dt

dil q Ulq R1 Lm wm l//m
. = __llq mlld
dt oL ol R(L,+L,,)
dl/jm — RZLm (ild _ lm)
dt L, +L,, (1 8)
ﬁ—w Lot +po=0,+p
dt m (Lm +L20.)l//m n 2 n
L S %
M dt ﬂ c 3(Lm+L2)Wm lg :uc
where Vo = Lyl e Ll
=4t b
Lm
i 1
(1+L,/L,)1+L,,/L,)

Coefficient of dissipation of the magnetic
flux .

The voltage that determines the
magnetization flux from the first two equations
of the system (17),

L, dy,

_ i
"L +L,, dt

=U,—Ri —oL
1 11 ldt

Let's write this equation in the coordinate
system d, q:

_v L dy, L
Ue”=U,+jU, =—2"= L 0, W,
m md J mq Lm +L26 dt ] Lm T ng m‘//m

Lm dl//m . Lm .
md — > mq = a)ml//m’
L,+L, dt L,+L,,
@ = L,+Ly, Un )
T Lo
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For the magnetizing voltage and for the
voltage U1, the components of the voltage are in
coordinates d, q and a, B are written in the form

Umd + JUmq = Ume_jg = (Uma + ijb )e_‘w’
where

di,

d? b

, di
Umb = Ulb - rlllb - O'(l + Zl)?;b

U,.=U

ma

ni, —o(l,+1)

la

The magnitude of the flow and the number
of rotations of the rotor of the asynchronous
electric motor can be determined by the 3-rd and
4-th equations of the system (18), which,
simplified, can be written in the form:

di, 1. )
AR 19
¢ LT, (19)
pO=0 — il
n m .
(%)
U. [as U
. U,
"
i, b 1
Lp+l
b dg i 1
T
a6
U, U, | <1, ¥
cU . L
U, U, .
a4
141,
@ w"
. ?._
o
mtegrator

Fig. 2. Calculation of the flow and the
number of rotations for schemes that do not have
speed sensors.

As can be seen from this system of
equations, the calculation of the angular
frequency of the flow vector on the basis of
balance of the reactive capacity does not require
the use for the calculation of the active resistance
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%, respectively .

of the stator, which is significantly dependent on
the temperature. The model requires only
inductances L, and Ly, .

In fig. 2 is showen the structural diagram of
the model for estimating the speed of rotation of
the rotor of the electric motor.

In the computing unit CU, the voltages that
are corresponding to the main magnetic flux in
the coordinate system a, B are calculated
according to expressions (18).

In fig. 3 is showen a functional diagram of
the vector frequency-regulated electric drive with
the observer that is built on the basis of the
voltages equation that is corresponding to the
main magnetic flux.

Using the functional scheme fig. 3 and with
the help of the “Matlab” software complex in the
“Simulink” environment[26] the simulation
model of the system of the adjustable electric
drive of the extruder was developed, which is
shown in fig. 4

The simulation model of the frequency-
regulated electric drive of the extruder consists
of the following main blocks: extruder -
Subsystem "extruder", asynchronous electric
motor - AM, frequency converter, measuring set

. - Machines masurement, as well as Product and
Product 1 blocks, in which the capacity and

of the extruder are determined,
Using the Constant block, the

value of the dynamic viscosity is set.

torque

THE QUALITY OF THE PROCESS
WITH A GIVEN CONTROL ALGORITHM

The main indicators that characterize the
process of adjustment are: the time of
adjustment, over-adjustment and fluctuation.

These indicators for different systems have
corresponding values, which are regulated by the
requirements of the technological process. In
general, the quality of regulation is considered
satisfactory if the over-adjustment does not
exceed 30...40%, during designing the systems,
fluctuations N = 1...2...and sometimes up to 3...4
are most often allowed.

The regulated value in our case is the
pressure in the extruder, which is a derivative
from the viscosity of product and, in turn, affects
on the temperature and energy consumption on
the process of extrusion.
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CRg, CRc — current sensor; VSi, VS, — voltage sensor.
Fig. 3. The functional diagram of the vector frequency-regulated electric drive with the observer that is built based
on balance of reactive capacity.
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At the high temperature, organic matter burns,
which worsens the quality of the substrate,
therefore, over-adjustment and the time of
adjustment should be minimal.

These indicators are affected by the capacity
on the shaft of the electric motor and the capacity,
in turn, depends on the amount of current and
voltage.

The control algorithm an asynchronous
electric motor by the vector control law is realized
if the windings of the stator are powered from the
frequency converter that is operating in the mode of
current source. In this case, the equation (12) after
some transformations is reduced to the form

Ly =T, py, +y,;
_ Ly,
i, ===
Kb
w*:/u_luc;
Tﬂp

H =Kok,

(20)

The flux - linkage of the rotor and stator in the

dq coordinate system trough the currents [ and

1_2 have the form

4 zilLl +i2Lm;V72 :ile +izaL2 21
Where le Llo' +Lm ’LZO': LZ +Lm’Lm = %le’

and in relative units

v, :ll(1+ll)+Z»

v, =5(1+5)+7. (22)

Expressions for currents of the rotor from (22)

by :Kz(‘//z _ild)

Iy, =—Kyl,-

(23)

The amplitude of the vector current of the
stator according to the equation (22) is determined
by the expression:

i = Tz\/[l’l//zd + l/;Zd
2

and the phase

2
J + 22‘//22(1 > (24)

Sty
v, +y, /T,

0, =w,t +arctg (25)

The given equations show that in the dynamic
system "asynchronous electric motor - working
machine", the phase state of which is determined
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by the vector of flux — linkage of the rotor it is
possible adjustment of the coordinates while

maintaining Wy = const 44 adjusting  the
amplitude and phase current of the stator i; when
the slipping changes. That is, with the vector
control, it is necessary not only to stabilize the flux
-linkage of the rotor at the given level, but also to
control the angular position of its vector. For this,
the system of equations of the electric drive is
supplemented with the equations of transformation
of the vector current of the stator from the fixed
coordinate system a,b to the time system that is

related to vector of flux -linkage of the rotor d.q
The total current of the stator in the fixed
mode from (24)

11 :‘//2\j1+f22T22~

Components of voltage at the terminals of the
stator

(26)

7. Sl'(l-i—l)
U — sk ' 2 _ 1 2 ;
1 =V, [’” (1 L )2 , :| 27)
U =y f* r's(l+lz)+l,Jr w*
g =¥aJ. A : (1+12)fc* .

Research of the vector frequency control
asynchronous electric drive is carried out under the
following conditions:

1. Adjustment the voltage, flux- linkage, and

current affect on the component of current ha that
creates the magnetic flux, and through adjusting the
number of rotations and the transverse component
of the current, you can directly influence

on the electric torque. Flow regulation can only be
carried out with the time delay 7.

2.The regulation of current in the coordinates of
the rotor field (d,q) is justified due to lower
sensitivity to the parameters, as well as smaller
phase displacement during adjusting the stationary
constants 14 and llq. Current  regulation
significantly reduces the load in dynamic modes.

RESEARCH RESULTS AND THEIR
DISCUSSION

Adjustment the frequency of rotation of the
electric motor drive of the extruder is carried out
as follows. Depending on the dynamic viscosity of
the product and the pressure in the Subsystem
block, the corresponding torque and frequency of
rotation are created. These values are supplied to
the Product block, where the necessary capacity of
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the extruder is determined. The value of dynamic
viscosity 1 is fed to the Sum block, where it is
subtracted from the value of .. At the output of
the Sum block, the control signal is formed, which
is fed to the frequency converter. Depending on the
magnitude of the signal at the output of the
frequency converter, a certain value of voltage and
frequency is formed, which is consumed by the
electric motor drive of the extruder. This system of
electrical equipment will maintain the necessary
values of the technological parameters (y) for
normal operation of the extruder with rational use
of electricity. In Fig. 5. and 6 is showen the change
in dynamic viscosity (n) of the product and
pressure (p) in the extruder. After starting up the
extruder at the dynamic viscosity of 0.14 and the
pressure of 15.2 MPa,by the frequency converter
sets the supply voltage to 154 V with the frequency
of 35 Hz.

0.25

0.z

01

536 = =] E0.2 E0.4

Fig. 5 Change in the dynamic viscosity of the préduct
over time.

0.5

60

53.6 53.8 60.2 04 t,S

Fig. 6 Change of pressure in the compression
chamber over time depending on the mode of
operation of the extruder.

At the same time, the engine develops a torque
of 48 Nm at the angular frequency of 109 s, and
the consumed current is 22 A (Fig. 7). If the
dynamic viscosity increased to 0.17 at the time of
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60 s (Fig. 5), the control system responds
accordingly to the increasing of frequency rotation
of the electric drive to 139 s'. At the same time,
the pressure increases to 20 MPa (Fig. 6), and the
dynamic viscosity returns to the set wvalue.
Accordingly, in this mode, the electric motor
consumes the current of 30 A and creates a torque
of 71 Nm. (Fig. 7).

The obtained results were compared with the
results of similar researches [10] for the drive AM
with vector control using the Matlab/Simulink
software, where the flux-linkage of the rotor o is
oriented along the axis of the coordinate system,
that synchronously rotates while V2 =¥, , ¥ =
0. From the comparison, it is possible to make the
conclusion that despite on the difference in AM
capacities, the identity of the behavior of system of
the vector control during cycles of load change is
observed. But the algorithm of the vector
frequency-regulated electric drive that is proposed
in this article differs in that it is formed by the
observer, built on the basis of balance of the
reactive capacity and tracking of the current values
of the dynamic viscosity and pressure of the
material in the system of regulating the modes of
operating of the extruder without sensors of the
technological parameters.

The indicators of the quality of regulation,
which are determined from Fig. 5-7 make the
following values: overshoot — 9.3 %; the time of
adjustment for electromagnetic torque and the
frequency rotation of the rotor up to 0.8 s, and for
dynamic viscosity and pressure in the working
chamber of the extruder - up to 0.4 s, fluctuation -
3. The proposed method of adjustment turns out to
be significantly more effective, first of all, in terms
of the time of adjustment in comparing with
control method, such as the temperature mode with
a PI controller and even illegible control [29], or
when controlling the electromagnetic torque and
frequency rotation of the rotor with using a control
strategy, when LabVIEW sends the necessary input
arguments to MATLAB, which executes the
control algorithm and, finally , these output data of
the controller are sent from the PC to the drive
motor of the extruder and feed controller [30].

It is expedient for further improving the
system for regulating modes of operating of the
extruder to use the strategy [10] minimization of
capacity loss based on dynamic programming with
determination function of the loss cost.
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It should be noted that at the stage of
preliminary determination by experimental
method of dynamic viscosity and pressure of
biopolymers in the active zone for the specific
extruder, it is possible to use not onlymodels of
approximation (2) - (5), in which speed is the
main argument. Ostwald-de Weyl’s models of
power law can also be used, taking into account
the influence of temperature and moisture
content [13].

Note that the proposed control system
selects the rational mode in terms of energy
consumption when the viscosity of the material
changes, in contrast to the control system with
feedback and control loops based on SISO PID
[11], which regulates the output variables at set
values, regardless of changes in properties of the
material that is fed.

It is expedient to consider some aspects that
are related to specific steps to optimize the
process of the extrusion. It should be noted that
there hasn’t exist global model of the extrusion
process yet. Most of the existing researches
concern to the processes of extrusion of plastic
masses, where the functions of aggregation,
temperature conditions of the process, the use of
Pareto’s curves after optimizing the working
conditions are put forward in the first place in
order to maximize productivity and mixing and
minimize the length of the screw required for
melting [27,28]. In addition, to solve this
problem, it is proposed to use procedures of

calculation = CFD  (Computational  Fluid
Dynamics)  based on mechanics of the fluid
[15].

In our case, the global objective function
should be the weighted amount that maximizes
the productivity of the necessary fractional
composition of the biopolymer, minimizes
energy consumption, and reduces the time that
the biopolymer stays in the high-temperature
reaction zone of the extruder. It uses statistics,
regression and analysis of the surface of the
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