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A study of electrothermomechanical converter for technological purposes
with nonlinear changes in the loading and cooling medium

Abstract. Heavy temperature processes with high-temperature loads require optimisation of technological processes,
ensuring high reliability and combining rotating parts of electric machines with actuators to achieve greater efficiency
of electromechanical converters. The research aims to provide a theoretical justification and experimental confirmation
of the effect of higher harmonics in the air gap under nonlinear changes in the temperature of the medium. The research
is based on the basic principles of electrodynamics, heat and mass transfer, mathematical modelling by the finite
element method, and experimental verification of multi-physical parameters. Based on the analysis of the differential
equation for determining the increase in the surface temperature of a ferromagnetic rotor under conditions of nonlinear
temperature changes in the environment surrounding the electromechanical converter, the regularities of the formation of
the free and forced components of the instantaneous temperature values of the massive rotor are established. Depending
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A study of electrothermomechanical converter...

on the mode of interaction between the load-cooling medium and the electromechanical part of the screw units, kinematic
diagrams of single-mass and two-mass systems with variable or constant moments of inertia and stiffness were formed.
According to the size of the electromagnetic system of the experimental sample, a mathematical model for studying
thermal and electromagnetic processes was built. The regularities of the spatial distribution of the temperature of the screw
electromechanical unit are determined. The spectra of higher harmonics of voltage and current in the frequency range from
0 to 50 kHz have been experimentally determined, which confirms the presence of the effect of generating higher harmonics
when the temperature of the medium surrounding the rotor screw changes. The detected harmonic spectrum affects both
the formation of the dynamics of the rotating system and additional thermal power while increasing the overall efficiency
of the screw electromechanical converter. The practical value of the obtained results lies in the possibility of predicting
the optimal indicators of interrelated electromagnetic and heat exchange processes in screw electromechanical converters
for technological purposes

Keywords: higher harmonics spectrum; ferromagnetic hollow rotor; biomass; temperature field; electromagnetic field;

design; and technological scheme

INTRODUCTION

Applications of electromechanical transducers exist for
which, in addition to the concept of efficiency, reliable
operation in a process environment with high tempera-
ture, pressure and humidity or a limited volume is also a
significant parameter. To predict losses, A. Laidoudi et al.
(2020) proposed an analytical model that is combined with
a thermal model to predict the temperature in different
parts of the machine, its impact on the parameters that are
important for the performance of an electric machine (EM)
at high temperatures.

The issue of finding alternative solutions to replace
organic insulating materials that cannot withstand hot
operating conditions is relevant. In the studies of M. Lefik
et al. (2019), H. Elmadah et al. (2019), E.N. Juszczak et al.
(2020) performed a comparative analysis of the laminated
and solid rotor of a synchronous machine operating at high
temperatures using windings made of inorganic materials.
The study also presents the application of three-dimen-
sional combined electromagnetic and thermal analysis of
new machine designs designed for elevated temperatures.

A wide range of technological processes with heavy
temperature loads exists that requires the direct connec-
tion of rotating EM parts with actuators. M.M. Mazlan et
al. (2019), and F. Campuzano et al. (2019) proved the effec-
tiveness of using a screw converter, which is attractive due
to its versatility in processing various types of materials,
regardless of the pace of the technological process. The in-
fluence of hydrolysis parameters on the mixing torque was
investigated for single- and twin-screw electromechanical
converters by P. Singha & K. Muthukumarappan (2016) and
C. Feng et al. (2019). In these studies, regression models
were developed to establish the correlation between sys-
tem parameters and time-varying parameters. The results
showed that increasing the processing temperature beyond
the recommended levels led to a decrease in the viscosity
of the raw material, the pressure in the processing medium,
and the specific mechanical energy. In addition, M. Musht-
ruk et al. (2020) investigated the issue of high energy con-
sumption associated with machining in an electromechan-
ical screw converter. In the study, mathematical modelling

was carried out and the power and energy parameters of
the technical system were determined.

V. Gritsyuk et al. (2022) noted that 3D printing technol-
ogies for large-scale structures allow architects and builders
to significantly expand the boundaries of building design
and increase the efficiency of their construction. Mobile
robotic platforms for 3D printing are increasingly being in-
troduced in the construction industry, as well as in the pro-
duction of road surfaces, which helps to solve the problem
of limited working space. The typical design of the extruder
unit of a robotic platform for 3D printing large-scale struc-
tures can be improved by combining an electric motor, a
screw extruder, and a heater in one housing. The proposed
screw electro-thermomechanical converter uses an exter-
nal screw rotor that simultaneously performs the functions
of an induction motor rotor, heating element, actuator, and
protective casing. For converters operating under harsh
conditions, the use of field calculation methods is relevant.

As such, along with solving the problem of ensuring
the reliability of electromechanical converters in harsh
environments, a scientific demand for improving the en-
ergy efficiency of their use through structural, functional,
and thermal integration with the technological environ-
ment is present.

The research aims to theoretically substantiate and
experimentally confirm the effect of the appearance of
higher harmonics in the air gap under nonlinear changes
in the temperature of the medium surrounding the electro-
mechanical converter in screw technological systems.

MATERIALS AND METHODS
The research was carried out at the Department of Electri-
cal Engineering, Electromechanics and Electrical Technol-
ogies of the National University of Life and Environmental
Sciences of Ukraine in 2020-2022. The study considered
two modifications of an electromechanical converter for
technological purposes, in which the processed raw mate-
rial acts as a loading and cooling medium: in a twin-screw
electromechanical hydrolyser; use of an electric screw unit
for grinding and pyrolysis of plant waste biomass. In this
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case, the actuator (auger) is combined with the outer rotor
of the electromechanical converter. The electromechani-
cal converter was presented as a six-pole (Fig. 1) with an
electrical circuit characterised by voltage U and frequency
f, a mechanical circuit defined by torque M and mechanical

K. Mudryk et al.

rotational speed n, and a thermal circuit characterised by
heat quantity Q and temperature T.

The design and technological scheme of a twin-screw
electromechanical hydrolyser for the production of feed
protein meal is shown in Figure 2.

Electromechanical
transformer

Q

T

Figure 1. Hexagon-pole electromechanical converter

Source: compiled by the authors

R
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Figure 2. Design and technological scheme of a twin-screw electromechanical hydrolyser
Note: 1 - loading device with magnetic and electrodynamic separators; 2, 3 — sealing and reaction working zones;
4 - cylindrical inductors of a rotating magnetic field; 5 — rotor screw; 6 — magnetic deaeration chamber for raw materials;
7 — power supply cable connection boxes; 8 — induction heating device with thermal insulation and electromagnetic shield;

9 — vacuum-pulse product unloading device

Source: compiled by the authors based on (Patent of Ukraine No. 125774, 2022)

The feather and fluff raw material with an initial mois-
ture content of 60-80 % was supplied to the feeding device
of the screw unit, where it was exposed to electromagnetic
fields to remove metal particles and the water-air compo-
nent was removed from the raw material to the level of
residual moisture (35-45 %) using a belt vacuum filter. In
the first working area of the screws, a raw material seal
(plugs) was created by reducing the flow section of the
screw unit and providing a pressure of 1 MPa to 20 MPa.
Along with the compaction, the feedstock was heated to a
temperature of 60°C, exposed to a gradient magnetic field
with a frequency of 1-50 Hz and an induction of 0.025T,

and magnetic deaeration was performed. The raw material
was then fed into the reaction working area of the screws,
where it was loosened by the reduced diameter part of
the screw turns, mixed and crushed at a temperature of
180-260°C to obtain a crushed mass. At the same time, a
gradient magnetic field with a frequency of 1-50 Hz and an
induction of 0.065 T was applied in this area of the instal-
lation and four-sided heat energy was supplied to the layer
of down and feather raw materials. In the vacuum-pulse
device, a vacuum effect was applied every 10-60 s to obtain
a product with a moisture content of 8-12%. The design
and technological scheme are shown in Figure 3.
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for flyers
(condensed and
non-condensed)

products

1 solid (biocarbon
and mineral)

products

Figure 3. Design and technological scheme of the plant biomass pyrolysis unit
Note: 1 - pyrolysis chamber; 2 — hopper with loading devices; 3 — heat recovery system; 4 — rotor screw; 5 — cylindrical
inductors of a rotating magnetic field; 6 — fixed hollow shaft; 7 — heat exchanger; 8 — solid product unloading chamber;

9 — air supply system; 10 — power supply cable connection box

Source: compiled by the authors based on (Zablodskiy et al., 2020)

The process gas with an excess air ratio of less than one
was burned in the process furnace to produce a high-tem-
perature (750°C) gas coolant, which was supplied for exter-
nal heating of the pyrolysis chamberl. The finely fraction-
ated biomass was supplied in portions through a lid with a
magnetic closure to the hopper of loading device 2, where
it was pre-dried and heated (Zablodskiy et al., 2020). Using
the feeder, the biomass was fed into the screw-type sealed
pyrolysis chamber 1, where the biomass layer was heated
on the one hand through the chamber walls by the cool-
ant generated during the combustion of fuel in the process
furnace, and on the other hand by conductive heat transfer
and radiation from the surface of the outer massive rotor 4
of the electromechanical converter connected to a three-
phase power supply network.

In both modifications under consideration, the me-
chanical energy of rotation of the rotor-auger was creat-
ed by the interaction of a rotating magnetic field and eddy
currents in the ferromagnetic array of the rotor-auger. The
working load-cooling medium was in direct contact with
the rotor-auger. Depending on the loading mode, the kin-
ematic diagram of the mechanical part of the screw units
can be presented in the following forms:

O single-mass system at idle (Fig. 4a);

O two-mass system operating with variable stiffness

C,, and variable moment of inertia J, of the viscous mass in
the mode of gradual filling of the screw (Fig. 4b);

O two-mass system with constants C,, and ], in the
basic mode of operation (Fig. 4c);

O two-mass system with constants C, and J, in the
screw release mode (Fig. 4d);

The stiffness coefficient C,, contains two components
related to the ratio of elastic bond load and rotational and
translational deformation.

During rotation, the areas of the outer surface of the
screw rotor periodically fall into different temperature
zones above and below the shaft axis (Fig. 3). A similar pic-
ture is observed in the working areas of a twin-screw elec-
tromechanical hydrolyser (Fig. 2) in the layers of raw mate-
rials located between the screw rotors and the walls of the
sealing and reaction working areas, as well as between the
screw surfaces. Since the rotor rotation frequency is almost
constant at a certain screw capacity, it is possible to observe
the processofperiodic changesinthe temperature of the me-
dium washing the outer surface of the ferromagnetic rotor.

In the first approximation, it was assumed that the
temperature increase of the medium AT, varied periodi-
cally (sinusoidally) in time. The differential equation for
determining the temperature increase of the surface of a
ferromagnetic rotor will be as follows:
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Figure 4. Kinematic diagrams of screw units
Note: ], - a moment of rotor screw inertia; ], — a moment of viscous mass inertia; M,, M, - rotation under motion and
braking modules; v, — viscous mass velocity; m, — the weight of the substance loaded into the screw; o, ,0, — angular velocity

of the rotor screw and viscous mass, respectively
Source: compiled by the authors

R 28 4 AT, = AT,y sin( wyt), )
where R - thermal time constant of the rotor design zone;
AT, =~ - environment temperature amplitude increase;
AT - rotor temperature increase; o - cyclic frequency of
change in the temperature of the medium, equal to the an-
gular frequency of rotation of the rotor.

Thermal time of ferromagnetic rotor:

myc,

R, = 2-Grer’ 2)

where m,, ¢, - respectively mass and specific heat capacity
of the rotor material; G, — rotor heat conductivity.

Heat conductivity G, is calculated for a homogene-
ous cylindrical wall with heat sources and heat dissipation
through the outer wall (Subramanian, 2014):

4mA-l
Grer = Trm, (3)

r%—r% 1

where [ - rotor length; r, r, — inner and outer radii of the
cylindrical rotor, respectively; A — rotor material heat con-
ductivity coefficient.

Formula (3) is valid provided that the depth of pene-
tration of the electromagnetic wave into the rotor A  in
the operating sliding mode is approximately equal to the
rotor wall thickness (r,-r)).

When (r,-r)>A, an exponential heat release function
must be included in the calculations g, te#*"=™, where q, -
specific heat emission in a thin layer at x, = R ; § — coeffi-
cient of uneven loss distribution.

A more accurate result for calculating thermal con-
ductivity G,., can be obtained by considering the helical
blades (fins) of the rotor, which significantly intensify
heat transfer between the rotor’s inner surface and the

environment. In this case, the following calculation for-
mula can be used:

_ 211y L,
Grer = = T ) “)
+
ay A

T az[1+4os(kos—1)]

where a, - the heat transfer coefficient on the un-finned
surface of the rotor wall; o, - is the heat transfer coeffi-
cient from the finned rotor surface. The equality of heat
transfer coefficients with smooth «_ surface and rib sur-
face a; A - rib efficiency coefficient; k - the coefficient
of finning of the rotor surface, equal to the ratio of the
total area of the finned surface to the area of the smooth
rotor surface.

Rib efficiency coefficients at height h and thickness J,
manufactured from material with heat conductivity / :

Aps = &—, ©))

where B=h [20, /2.0 ]°.

The value of the correction factor ¢, is a function of the
ratio of the excess temperatures at the end and base of the
fin and the ratio of the outer radii of the fin (blade) and the
smooth rotor.

The solution to equation (1) is obtained as two com-
ponents.

Forced component AT'r can be given as:

AT =AT, et (6)

Using the symbolic method of operations with com-
plex numbers, the differential equation (1) can be repre-
sented as:

A(ATypel@rt)

dt + ATr.mejw"t = ATen.meijt: (7

R,
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where AT - amplitude value of the rotor temperature
increase.

Having found the derivative in (7), the amplitude val-
ue of the temperature increase of the massive rotor was
determined.

ATenm

ATr = 1+jwrRy

®)

Then, the phase angle ¢, between increases AT and
AT, was found:

p,=arctg(-o,R), )

where symbol “~” shows the increase AT lacking on the in-
crease phase AT, .

As a result, the stationary solution of the differential
equation (1) concerning the forced component can be rep-
resented as follows:

ATenm

msin(wﬂ - (Pr).

To find the free component of the right, the part of
equation (1) was set to zero:

AT, = (10)

Ry -2 4+ AT, = 0.

an
An equation was made:

R-Z+1=0, (12)

where 7 = 44T

t
Value Z=-1/R . Then the partial solution was repre-
sented as an exponent:

AT:= Ae R,

(13)

where A - coefficient, derived from initial conditions.

Thus, considering (10) and (13), the full solution of
equation (1) is as follows:

ATenm

J1+w?2R2

Under initial circumstances, thus t=0, AT, based on
(14), an expression was obtained to determine the coeffi-
cient A:

AT, = sin(wyt — @) + Ae~t/Rr, (14)

ATenm

A =
J1+w?2R?

Expression for immediate values AT, temperature of
the massive rotor at a sinusoidal change in the medium
temperature in time AT, can be presented as follows:

(15)

Sin @,.

ATenm

J1+w2R?

The harmonic composition of current and voltage was
determined on an experimental model of an electric screw
unit for grinding and pyrolysis of plant waste biomass.
Figure 5 shows the electric auger’s operating chamber,
and Figure 6 shows the wiring diagram for the measuring
instruments.

The following measuring instruments were used dur-
ing the empirical research: Hantek 6254BC four-chan-
nel digital USB oscilloscope (manufactured in China);
Tenmars TM-191 Magnetic Field Meter (manufactured
in Taiwan), designed to measure ultra-low frequency
electromagnetic fields from 30 Hz to 300 Hz; Tenmars
TM-190 Multi-Field EMF Meter (Taiwan) — a device for
measuring high-frequency electromagnetic fields in the
frequency range from 50 MHz to 3.5 GHz and low-fre-
quency electric and magnetic fields in the frequency
range of 50-60 Hz; infrared, optical pyrometer BENE-
TECH GM533A (China), measuring range — 50-530°C,
visibility index 12: 1, thermal radiation coefficient 0.1-1,
spectrum 5-14 microns.

AT, = [sin(wrt — @) + /R - sing,]. (16)

Figure 5. Operation chamber of the electric auger unit for shredding
and pyrolysis of plant waste biomass (upper part of the housing removed)
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Figure 6. Wiring diagram for measuring devices
Note: MM, BM - stator windings of the motor and brake modules, respectively; MVT, MCT - voltage and current measuring

transformers; R_- shunt; A, B, C - electricity network phases

Source: compiled by the authors

To understand in detail the complete picture of the
temperature and magnetic fields in the screw electrome-
chanical hydrolyser and the unit for pyrolysis of biomass
from plant waste, mathematical modelling (MM) was car-
ried out using the finite element method in the Comsol
Multiphysics software environment. The electromagnetic
field was analysed based on Maxwell’s system of equations.
To determine the current density induced in the rotor, the
following expression can be used, which follows from the
first equation of Maxwell’s system of equations:

_ __1(9By an)
]Z_TOtZH_p_(ax 3y )

a7

The differential equation of the thermal field in partial

derivatives concerning temperature T is as follows:

AT —cpZ = — 18

Py =0 18)

where J, ¢, p — respectively thermal conductivity, heat ca-
pacity and density of the material; Q - specific heat loss.

At each point of the rotor, the specific losses are calcu-

lated using the following expression:

Q=J7/v(),

where the electrical conductivity of the rotor iron at each
point depends on the temperature T.

In Cartesian coordinates for a two-dimensional field
picture, equation (18) is rewritten as follows:

(19)

9T 9°T oT
ﬂ.ﬁ‘l‘/lm—cpa— Q.

(20)

The interrelation of the equations of the electromag-
netic and thermal fields is manifested in the mutual in-
fluence of temperature, electrical conductivity, eddy cur-
rent density, and specific heat losses, which is reflected in

expressions (17-19). Boundary and initial conditions are
set for equation (20). The choice of boundary conditions
is determined by the peculiarities of the operating modes.
The most favourable conditions for the process of gener-
ating higher harmonics were chosen for the study — the
mode of gradual filling of the screw, and for comparison
- the mode of a single-mass system at idle stroke. In this
case, when constructing the MM, we assume that the main
heat transfer from the rotor to its upper part is carried out
by convective heat exchange between the heated surface
and the airflow (area G,, Fig. 3) Such heat transfer occurs
following the Newton-Richman law, and a boundary condi-
tion of the third kind is set at the corresponding boundary:

oT
onlg, G,

=-3T =Ty, 1)
where o - heat dissipation coefficient; T, - coolant air temp.
The boundary condition (21) is also set on the inner
surface of the fixed hollow shaft and the surfaces of the ax-
ial ventilation channels made in the stator core. The heat
transfer on the lower part of the rotor surface (area G,
Fig. 3) in contact with the transported bulk material has a
complex physical nature. From the physical point of view,
the most adequate assumption is that the joule losses gen-
erated in the lower half of the rotor are transferred to the
bulk material in the form of heat flow through the surface
G,. This assumption is met by a boundary condition of the
second kind, which sets the average value of the heat flux
at the boundary of the computational domain:
qleg = 5 Jy Qs = = [ UZ/IT]ds,  (22)
where R, - external rotor radius; S’ - integration region.
Condition (22) also determines the relationship between
the electromagnetic and thermal tasks.
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RESULTS AND DISCUSSION
The graphical representation of dependencies (10), (13), and (16) is shown in Figure 7.

AT,°C

ATen

\J

Y
A

Figure 7. Changes in the rotor temperature of an electromechanical screw converter
over time with sinusoidal fluctuations in the medium temperature
Note: R - thermal time constant of the rotor design zone; AT, - rotor temp increase; AT’ - forced rotor temperature increase
component; AT’; - free (aperiodic) component of the rotor temperature increase; AT, - increase in ambient temperature

Source: compiled by the authors

As can be seen from the relation (16) and Figure 7, a
transient process is observed in the initial time, followed
by a sinusoidal change in the rotor temperature, which, in
turn, causes pulsations in the specific active resistance p
and magnetic permeability u of the rotor material. The in-
fluence of temperature on the nature of electromagnetic
processes is illustrated by the example of the penetration
of an electromagnetic field wave into a massive conductive
body. The law of penetration of the induced current deep
into the rotor under a harmonically varying magnetic field
in time can be approximately expressed by the following
expression:

J»=],e", (23)
where k = \/wu/2p ; o — angular frequency of field change;
u - magnetic permeability; p — resistivity.

The inverse valueA = 1/k is termed the conditional
depth of alternating current penetration into the rotor
and is equal to the distance from the conductor surface at
which the current value decreases by a factor of e. The rotor
resistivity is linearly dependent on temperature according
to the known law:

p=py[1+a(T-T)], (24)
where p, - resistivity at temperature T,.

The dependence of the magnetic permeability of steel
on temperature is more complex and is determined by em-
pirical dependencies. In this study, the structural carbon
steels were found to have the following values u in the
strong field range (H=2-103...12 - 10" A/m) have slight
fluctuations when heated to temperature 400°C, but then
begin to decrease with increasing temperature, reaching
unity at the Curie point temperature, which coincides with
the data. All other conditions being equal, as the rotor tem-
perature T increases, the depth of penetration of its cur-
rents also increases:

4= \2po[1+a(T = To)l/wp. (25)

There is a limited amount of data in the published
literature on the effect of temperature and pressure on
the magnetic properties of steel, for example, in the case
of submersible motors used in oil wells or deep-sea oil-
filled motors (Zou et al., 2012; Zhang et al., 2016). It is
difficult to determine the magnetic properties of elec-
trical steel sheets in an environment where temperature
and pressure are coupled using known data and hysteresis
models. Therefore, to improve the accuracy of EM design
calculations, it is necessary to know the magnetic proper-
ties of steel under the same conditions. Such an analysis
was carried out by L. Xiao et al. (2019) who found that
the relative permeability at low flux densities increases
with increasing temperature and decreases at higher flux
densities. At the same time, when the compressive stress
exceeds 50 MPa, the effect of compressive stress on the
relative permeability and iron loss decreases. The relative
permeability and iron loss of electrical steel sheets were
experimentally determined at conditions from 30°C to
200°C and from 0.1 MPa to 140 MPa. The study by A. Boe-
hm & I. Hahn (2014) and A. Yao et al. (2018) measures
the magnetic properties of steel and other soft magnetic,
electrically conductive materials at high temperatures up
to the Curie temperature and above. The measurements
show that the saturation polarisation decreases slight-
ly up to 500°C and then drops to zero at temperatures
above 700°C. The peculiarity of the considered methods
and results of research on electromechanical transduc-
ers is the stationary temperature conditions of the sur-
rounding cooling medium. However, for a wide class of
multifunctional electromechanical converters for tech-
nological purposes, studies with nonlinear changes in the
load-cooling medium become relevant.

Transient processes that occur when the rotor tem-
perature fluctuates with changes in ambient temperatures

Machinery & Energetics. Vol. 14, No. 2
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are accompanied by the appearance of harmonics of cur-
rents and rotor magnetomotive force. Figure 8 shows the
temperature distribution in the cross-section of an elec-
tric screw unit for grinding and pyrolysis of plant waste
biomass at a rotor speed of 10 rpm in the mode of gradual
filling of the screw, provided that the lower part of the ro-
tor (area G, Fig. 3) is immersed in a bulk material. In this
zone, endothermic reactions and intensive heat transfer
from the rotor to the raw material occur. The upper part

02
015
01

0.05

-0.05
-01
-015

-02

K. Mudryk et al.

of the rotor (area G, Fig. 3) is in contact with air, the ther-
mal conductivity of which at temperatures above 250°C is
0.025 W/m-K, which is an order of magnitude less than the
thermal conductivity of the raw material being processed.
From the presented results, it follows that the tempera-
ture difference between the lower and upper parts of the
rotor can reach 60-80°C. The stator winding temperature
does not reach the maximum permissible values for elec-
trical insulation.

Max: 309.6

300

Min: 108.3

Figure 8. Temperature distribution in the cross-section of an electric screw unit
at a rotor speed of 10 rpm in the mode of gradual filling of the screw

Source: compiled by the authors

In the operating zones of the twin-screw electro-
mechanical hydrolyser (Fig. 9), which are located be-
tween the rotors, a significant (up to 60) difference in

the temperature of the rotors is observed compared to
the zones located between the screw and the wall of the
reaction chamber.

170
160

150

140

130

Figure 9. Heating of electromagnetic parts of a twin-screw electromechanical hydrolyser

Source: compiled by the authors
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The literature compares different cooling methods,
their volumetric flow rates and other machine param-
eters concerning continuous power for EM designs with
both internal and external rotors. M. Vukoti¢ et al. (2023)
conducted an analysis using experimental testing and
computational fluid dynamics modelling to derive a
generalised analytical equation for the stator winding
calculation related to blade geometry and rotor speed.
As the machine size increases, winding cooling becomes
less efficient for heat sources in the centre of the ma-
chine, while the heat transfer in the cooling jacket in-
creases. R. Lehmann et al. (2022) proved that sensitivity
studies of other machine parameters, such as the maxi-
mum allowable magnet temperature or the coolant inlet
temperature (oil or water), improve the understanding
of how to increase continuous EM power when rotor
temperature limits performance. A. Tovar-Barranco et

al. (2020) proposed a methodology for obtaining con-
vection heat transfer coefficients for synchronous mo-
tor windings using concentrated parameters. However,
these publications do not consider models for increasing
the efficiency of an electric machine by thermal integra-
tion and the use of the dissipative component of ener-
gy for the implementation of technological processes in
which EM is involved.

Analysing the current spectrograms obtained ex-
perimentally (Fig. 10-12), it can be noted that the high-
er harmonics in the frequency range (0 ... 500 Hz) are
less pronounced than in the voltage spectrograms, but
still more pronounced at frequencies of 101 Hz, 105 Hz,
145 Hz, 245 Hz, and 375 Hz. In the range from 0 to 50 kHz,
the current spectrograms show harmonics of the follow-
ing frequencies: 1 kHz; 7 kHz; 15 kHz; 17 kHz; 28.5 kHz;
33 kHz; 35 kHz; 43 kHz.
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Figure 10. Harmonic composition of current and voltage in the range of up to 50 kHz in the idle mode of the screw

Source: compiled by the authors
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In the case of nonlinear temperature changes in the
induction machine environment, higher time-dependent
harmonics arise, and the magnetic field shape becomes
deformed. The highest values of higher harmonic ampli-
tudes occur during thermal shocks. S. Bjeli¢ et al. (2011)
experimentally registered the appearance of such harmon-
ics, but no theoretical justification for this phenomenon
was proposed. A. Funke et al. (2018) found the inefficien-
cy of the screw converter in the initial mixing area, which
leads to uneven heat transfer under suboptimal conditions.
J.Munoz Tabora et al. (2020) conducted a comparative anal-
ysis of the effect of harmonic voltages on the performance
and temperature rise of IE2, IE3, and IE4 electric motors.
The results show that under ideal operating conditions,
the permanent magnet motor of class IE4 has better con-
sumption and temperature performance but has nonlinear
characteristics. In the presence of voltage harmonics, this
scenario completely changes according to the harmonic
content. To analyse the effect of harmonics on the motor
temperature rise, a statistical analysis using Spearman cor-
relation matrices is presented.

Comparing the current spectrograms in Figure 10 and
Figure 11, it is possible to note the difference in amplitudes
and the presence of certain harmonics for the idle screw
mode and the gradual screw-filling mode. This is especial-
ly evident at frequencies of 7 kHz, 28.5 kHz, 33 kHz, and
35 kHz, which confirms the effect of generating higher har-
monics when the temperature of the medium surrounding
the rotor screw changes. The main factor that influenced
the generation of higher harmonics of these frequencies
should be considered the presence of a free (aperiodic)
component of changes in the temperature of the rotor of
the screw electromechanical converter over time with si-
nusoidal fluctuations in the temperature of the medium.

The modifications of electromechanical converters
for technological purposes proposed in this study provide

regulation of heat and mass transfer due to the two-way
supply of thermal energy to raw materials and the abili-
ty to directly influence the technological process through
the parameters and characteristics of the electromagnetic
system. At the same time, a mathematical model (algo-
rithm) can be introduced to determine the state of the
induction machine, as well as a modelling procedure for
measuring certain values in MATLAB, which is present-
ed in N. Markovi¢ et al. (2017). The measurement process
in the system is gradually developing and improving as a
combination of information and results of previous mod-
elling steps with new elements, for example, when the
stator windings of the motor and braking modules of the
electromechanical converter are powered by a frequency
converter, respectively.

In terms of the physics of thermomagnetic process-
es, the results of the electric screw machine research are
comparable to those of thermomagnetic motors (Hey et
al., 2022). A thermomagnetic motor uses a change in the
magnetic resistance of a thermomagnetic material to
generate a force or torque, in which there is a temperature
fluctuation as it rotates. The rate of temperature change
in the thermomagnetic material can be estimated from
the thermal time constant of the first-order system, sim-
ilar to Equation (1). Based on the known physical prop-
erties and heat transfer parameters, the time constant is
also several seconds. According to the research of J. Hey et
al. (2022), in a thermomagnetic motor, in which temper-
ature fluctuations occur as the rotor rotates at a speed of
11 rpm, fluctuations in force or torque are observed with
a frequency of 0.75 Hz. In our studies of the electric screw
unit at a rotor speed in the range of 10...45 rpm in the
mode of gradual filling of the screw in the harmonic com-
position of currents (Fig. 12), we also observe frequencies
of 0.17...0.75 Hz. However, unlike in the study of J. Hey et
al. (2022), the appearance of a spectrum of low-frequency
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and high-frequency harmonics in an electric screw unit is
mainly due not to changes in the magnetic permeability
of the magnetic material, but to changes in the rotor re-
sistivity and the depth of current penetration with fluctu-
ations in the rotor temperature.

D. Solomon (1988) suggested a conceptual model of
a thermomagnetic generator, stating that the efficiency
of a thermomagnetic generator can be increased if the
magnetic field is also cyclically changing, as well as the
properties of the material to which it is applied. This is
the scenario implemented in our electric screw unit in the
low-frequency harmonic region.

Among the existing publications, there are many
studies devoted to the study of thermal processes occur-
ring in screw converter devices. F. Campuzano et al. (2019)
studied the effects of heat transfer on the processed ma-
terial. The heat transfer effect in a twin-screw converter
was found to be better than in a single-screw converter.
This effect is confirmed in these studies, as well as by
M.M. Zablodskiy et al. (2022). F. Qi & M.M. Wright (2020)
performed mathematical modelling of the processes of
hydrodynamics, heat transfer, and chemical reactions of
particles in a twin-screw converter. The proposed F. Qi
& M.M. Wright’s (2020) models in combination with the
models of electromagnetic and thermal processes of this
work can be considered as a direction for further research,
provided that the heat of reaction parameter is carefully
calibrated to improve the kinetic model.

An important result of this study is the theoretical
and practical confirmation of the existence of an addi-
tional spectrum of harmonics arising from sinusoidal
fluctuations in the temperature of the load-cooling me-
dium. Based on the possibilities of implementing struc-
tural, functional, and thermal integration in the proposed
modifications of screw electromechanical converters for
technological purposes, the identified spectrum of har-
monics participates in the formation of both the dynam-
ics of the rotating system and additional thermal power.
This contributes to an increase in the overall efficiency of
the screw electromechanical converter.

CONCLUSIONS

The creation of electromechanical converters for techno-
logical purposes is based on the idea of combining one
electromechanical device simultaneously heating, trans-
porting, magneto-oscillating, mixing functions, integrat-
ing thermal energy, and directing the latter to the raw ma-
terial processing zone. The peculiarity of the considered
modifications of the electromechanical converter for tech-
nological purposes is that the processed raw material acts
as a loading and cooling medium.

The effect of the appearance of the spectrum of higher
harmonics in the air gap under nonlinear changes in the
temperature of the medium is theoretically substantiated
for applications in a twin-screw electromechanical hydro-
lyser and an electric screw unit for grinding and pyrolysis
of biomass of plant waste.

A mathematical model of interconnected electromag-
netic and thermal processes is proposed due to the mutual
influence of temperature, electrical conductivity, eddy cur-
rent density, and specific heat losses. Based on the results
of numerical modelling, the temperature distribution in
the cross-section of the electric screw unit at a rotor speed
of 10 rpm in the mode of gradual filling of the screw and the
level of heating of the electromagnetic parts of the twin-
screw electromechanical hydrolyser were determined.

Theappearance ofaspectrumofhigherharmonicsinthe
range from zero to 50 kHz in an electric screw unit for grind-
ing and pyrolysis of biomass of plant waste has been exper-
imentally recorded. The presence of higher harmonics con-
tributes to an increase in the share of useful thermal energy.

Further research can be devoted to the development
of designs and control systems for industrial models of
high-temperature screw electromechanical units.
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repeTBOPIOBaviB. MeTO0 JOCTiAKeHHS 6Y/I0 TeOpeTuYHe OOI'PYHTYBAHHS Ta eKCIIepUMeHTa bHe IMiATBepIaKeHHS
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HeJIiHIIHO1 3MiHM TeMIlepaTypu CepeqoBMIIa, [0 OTOUYE eIeKTPOMeXaHiYHMIi TIepeTBOPIOBaY, BCTAHOBJIEHI 3aKOHOMipPHOCTI
(bopmyBaHHS BiJIbHOI i BUMYIIIEHO] CK/IaJ0BOI MUTTEBMUX 3HAUEHb TEMIIEPATYPY MAaCCMBHOIO poTOpa. B 3aimekHOCTi Bif,
PekMMY B3a€EMO/Iii HaBaHTaKyBaJIbHO-0XOJIO/[’KYIOUOTO CepelOBMIIIA i eIeKTPOMeXaHiuYHOI YaCTMHY IIHEKOBUX arperarTis
chopmMoBaHi KiHeMaTMYHI CXeMM OJTHOMACOBOI Ta ABOMACOBUX CUCTEM 3i 3MiHHMMM a60 MOCTIHMMMY MOMeHTaMM iHepIii
Ta KOPCTKICTIO. 3TiTHO pO3MipiB eJIeKTPOMAarHiTHOI CCTeMM eKCITIepUMMEHTAIbHOTrO 3paska 1mobymoBaHa MaTeMaTUYHa
MOIe/Tb IJISI JOC/TiI’KeHb TEIVIOBYX i eJIeKTPOMAarHiTHUX MpolieciB. Bu3HaueHO 3aKOHOMiPHOCTI IMPOCTOPOBOTO PO3MOIITY
TeMITepaTypy IIHEKOBOTO eJIeKTPOMEeXaHiuHOro arperaTta. EKCriepMMeHTaaIbHO BCTAHOBJIEH] CITEKTPY BUIIMX TAPMOHIK
HaIpyTry Ta CTPyMy B Aiana3oHi yactot Big 0 mo 50 KT, 1110 miaATBepaKye HasiBHICTh e(eKTy reHepyBaHHs BULIMX TAPMOHIK
MIpy 3MiHi TeMITepaTypy CepeoBMIIIA, IO OTOUYYE POTOP-IIHEK. BMsIBIeHMIT CITEKTP rapMOHIK BIUTMBAE SIK HA GOpMyBaHHS
IMHAMiKy 06epTOBOiI CMCTEMM, TaK i TOAATKOBOI TEIJIOBOI MOTYKHOCTI, IMTiABMUIIYIOUM IIPY LIbOMY 3arajibHMii KoedillieHT
KOPMCHOI [Iii IIIHEKOBOTO eJIeKTPOTEIJIOMEXaHiuHOTO nepeTBOploBayda. [IpakTuyHa I[iHHICTh OTPMMaHMUX pe3yIbTaTiB
TI0JISITA€ B MOXK/IMBOCTI POTHO3YBAHHSI ONTMMAaJIbHMX ITOKA3HVKiB B3a€MOTIOB SI3aHMX €JIEKTPOMAarHiTHUX i TeII00OMIiHHMX
TIPOLIECiB B IITHEKOBMX €JIEKTPOMEXaHIYHMX ITepeTBOPIOBaYaX TEXHOIOTIUHOTO IPM3HAYEHHS

KniouyoBi cnoBa: crekTp BUIIMX TapMOHIK; GhepoMarHiTHMIT MOPOKHUCTMIT pOTOpP; GioMaca; TeMIiepaTypHe IIoje;
eJIeKTPOMAarHiTHe I10Jie; KOHCTPYKTYMBHO-TEXHOJIOTiYHA CXeMa
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