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Estimation of Eddy Currents and Power Losses in the Rotor of a Screw
Electrothermomechanical Converter for Additive Manufacturing

Abstract. 3D printing technologies for large-scale structures allow architects and builders to considerably expand the
design boundaries of structures and increase the efficiency of their construction. Mobile robotic platforms for 3D printing
are increasingly being implemented in the construction sector, as well as in the production of road surfaces, allowing
to solve the problem of limited working space. The typical design of the extruder assembly of a robotic platform for 3D
printing large-scale structures can be improved by combining an electric motor, an auger extruder, and a heater in one
housing. The proposed auger-type electrothermomechanical converter uses an external auger rotor, which simultaneously
performs the functions of an asynchronous motor rotor, a heating element, an actuator, and a protective housing. The
purpose of this study was to evaluate the efficiency of using an auger converter as part of a mobile robotic platform for
additive manufacturing. For converters operating in difficult conditions, the use of field calculation methods is relevant.
In this study, a field calculation was performed using the finite element method and the spatial distribution of eddy
currents in the section of the hollow ferromagnetic rotor was found. Pictures of the three-dimensional distribution of
the z-component, the normal component of the density of eddy currents, as well as the distribution of the dissipated
power density, which considers all types of losses in the rotor, were obtained using the Comsol Multiphysics software
and computing complex. The practical value of the obtained results lies in the possibility of predicting optimal indicators
of the influence of the thermal regime on the material, as well as the speed of rotation of the converter rotor. This will
determine the mechanical properties of the material at the output of the device
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INTRODUCTION

3D printing is a trending technology of modern times, and
its application is constantly growing, as it reduces the cost
of production. Additive manufacturing provides unique
advantages in creating complex structures that are in high
demand in the aerospace industry [1], biomedicine [2; 3],
automotive [4] and other areas [5; 6]. One of the problems
with 3D printing is that typical desktop printers are sta-
tionary and have limited working space. Mobile platforms
for 3D printing solve this problem, allowing to move with-
out restrictions [7].

Suggested Citation:

To increase the efficiency and cost-effectiveness of
the mobile robotic platform for 3D printing technology of
large-scale structures, it is proposed to improve the design
of the extruder assembly by combining an electric motor, an
auger extruder, and a heater in one housing. This will not
only save weight and size, but also substantially increase the
efficiency and reliability of the entire system.

Apart from the freedom of design, additive manufac-
turing has enormous potential in the construction indus-
try, as well as in the production and repair of road surfaces.
For example, researchers at the Massachusetts Institute of
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Technology in [8] presented a large-scale digital construc-
tion platform (DCP) for on-site sensing, analysis, and dig-
ital production. The second version of DCP used a tracked
electric car as a platform and was used to extrude foam
when pouring walls, which is similar to the block con-
struction method. In [9], the authors developed a mobile
printing system comprising two robotic manipulators on
a mobile base that prints cement objects of a fairly large
size. Researchers from the Institute of Advanced Architec-
ture of Catalonia (IAAC) presented the idea of mobile 3D
printing, where three separate systems are used to print
architectural structures using cement [10].

According to the concept of “self-repairing cities” [11;
12], a fleet of autonomous vehicles and drones will scan roads
for cracks and eliminate them before potholes appear. By
detecting a crack in the road, a robot with a 3D printer will
be able to place asphalt in the crack to repair it, all within
a minute. This approach can be used at night to avoid
road closures that can disrupt traffic. The device is based
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on the Mendel 90 desktop RepRap printer but is equipped
with a special extruder and a nozzle made of high-temper-
ature photopolymer. Printing is performed with bituminous
crumb with millimetre-sized particles, which is poured into
a hopper, heated, and pushed through a nozzle using an
auger. The extruder assembly has an internal heating sleeve.
The pellets soften as they pass through the auger, due to an
increase in temperature under the action of heating resis-
tors, which leads to the leakage of liquid bitumen from
the nozzle, as demonstrated in Figure 1a. Stepper motors,
temperature, gradient, and auger rotation speed are con-
trolled by simple electronics connected to a PC (Fig. 1b).
The improved mechanical properties are a function of tem-
perature, which may be due to microstructural changes in
asphalt. This leads to the formation of fibres that cover the
cracks, which increases the impact strength. During exper-
iments, the authors [11] found that a temperature between
125°C and 135°C is optimal for creating continuous asphalt
extrusion with a constant line width.
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Figure 1. System design: extruder design (a), control electronics (b)

Source: [11]

The authors [11] believe that a fleet of autonomous
vehicles will ensure the functioning of a new economic model
underlying urban infrastructure that will help society. The
improved and customisable properties of 3D-printed asphalt
combined with the flexibility and efficiency of the platform
will provide an advanced approach to the maintenance of
urban infrastructure facilities.

Apart from roads, this will change the way hard-to-
reach structures are repaired, such as flat roofs of buildings
and other structures. The advantage of this method is not
only the ability to reduce costs (other repair methods often
require the construction of scaffolding and the closure or
disconnection of infrastructure to gain access), but also the
fact that repairs can be started earlier, before large-scale
wear and tear occurs.

3D printing technology for large-scale structures
can be improved by combining an electric motor, an auger
extruder, and a heater in one housing. This will not only
save weight and size, but also substantially increase the

efficiency and reliability of the system due to functional
integration and full use of the dissipative component of
energy. The need for added heat sources will disappear, and
the rotor-auger completely immersed in the material can
transfer maximum thermal and mechanical energy to it.
The operability of the idea of combining an elec-
tric motor and a working body was demonstrated by the
authors of the study [13], who showed the advantages of an
energy-efficient industrial mixer for concrete production.
The mixer is designed based on a synchronous electric motor
with a massive rotor and permanent magnets. The mixing
blades are installed directly on the shaft without gear trans-
mission (Fig. 2). Devices of this design perform rotational
and linear motion simultaneously and have a modular struc-
ture that can include any number of modules with a common
three-phase winding [14-16]. As a rule, they are used for mix-
ing and drilling [17; 18]; however, their potential applications
range from machine tools to robotics and various devices used
for assembly, gripping, moving, packing, shaking [15; 19].
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Figure 2. Design diagram of a permanent magnet motor

Source: [11]

For a clear comparison with the conventional elec-
tric motor used in industrial mixers, an asynchronous motor
with equivalent mechanical power, rated rotational speed,
and torque was chosen. The efficiency of a motor with
a massive rotor and permanent magnets at full load is
94%, and the efficiency of an asynchronous motor is close
to 87%.

The comparison is based on a paper presented at
the conference on industrial and commercial energy use in
2013 [20]. Notably, the comparison of motors shown does
not consider the heating losses of the massive rotor and
stator, which should be used to heat and reduce the vis-
cosity of the working medium [21; 22].

Stator of the
brace module

Outer

auger rotor

Motor
module stator

Hollow shaft

4

&

Therefore, to increase the efficiency, cost-effective-
ness, and versatility of devices that provide transportation,
mixing, pressing and heating operations, their use as links
in the technological chain is important. As an alternative to
the above approaches, a mobile robotic platform equipped
with an auger-type electrothermomechanical converter
(ETMC) is proposed. The proposed converter uses an exter-
nal auger rotor, which simultaneously performs the func-
tions of an asynchronous motor rotor, a heating element,
an executive mechanism, and a protective housing (Fig. 3).
Therefore, considering the “useful” losses of the electro-
magnetic system, the efficiency of electromechanical con-
verters for technological purposes increases to 98-99% [23].

Figure 3. Design diagram of an auger-type ETMC

The auger-type ETMC uses the principle of self-reg-
ulation in energy conversion, according to which the distri-
bution of thermal and mechanical energy into useful flows
is carried out according to the value of the current slip,
which depends on the ratio of electromagnetic moments of
the engine and brake modules of the ETMC. When the sta-
tor winding of the motor module is connected to a voltage
source, a rotating magnetic field is created, under the action
of which eddy currents (EC) are induced in the adjacent zone

of the external ferromagnetic rotor. As a result, an asynchro-
nous electromagnetic moment is formed. The main mode
can be considered the opposite direction of rotation of the
fields, wherein the brake module works upon sliding S>1,
i.e., in the mode of electromagnetic braking.

The study of the distribution of EC induced in elec-
trically conductive media is of practical interest for a wide
range of industrial applications. EC in vacuum chambers,
cores of high-speed magnets and accelerating resonators
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cause many adverse effects. This primarily refers to heat-
ing the cores and electrically conductive structural ele-
ments and, accordingly, reducing the overall efficiency of
the devices. At the same time, the assessment of the heat
output that occurs in the conductors during the BC leak is
important for various devices, such as induction furnaces,
melting devices, soldering devices, etc. Especially rele-
vant is the use of field calculation methods for electrome-
chanical converters operating in difficult conditions. Dur-
ing the electromechanical conversion of energy into ETMC,
a single physical force field occurs, the separate compo-
nents of which are the fields of electromagnetic, thermal,
and mechanical quantities.

Purpose of the study. For a preliminary assessment of
the efficiency of using auger-type ETMCS as part of mobile
robotic platforms for industrial 3D printing, it is necessary
to analyse the distribution of EC in the ferromagnetic rotor
as the main sources of heat generation. This will serve as
important information for predicting the optimal tempera-
ture, gradient, and rotation speed of the auger extruder. In
turn, these values will determine the mechanical properties
of the material at the output of the device.

MATERIALS AND METHODS

When developing an auger-type ETMC, it is necessary to
perform a quantitative analysis of the distribution of the EC
density and the power density that is dissipated, to develop
recommendations for choosing rational parameters and
heating modes of the material. Conventional methods and
approaches to calculating and analysing processes in ETMC,
due to the specificity of functioning, do not provide the nec-
essary reliability of the results. Methods that ensure high
reliability of calculations are field and circle-field methods
of analysis, which are invariant to the nature of electro-
magnetic connections of the object of research, consider the
real geometry and properties of materials. Circle-field meth-
ods are used in the analysis of dynamic operating modes
of electromechanical converters. The use of the field
analysis method allows conducting refined studies of the
parameters, characteristics, and operating modes of the
ETMC, considering the design features and operating modes
that do not lend themselves to reliable analysis by conven-
tional, classical methods.

In the study of electromechanical converters,
numerical methods for calculating the field are widely used,
considering the features of the geometry and saturation of
cores, among which the finite element method is particu-
larly progressive. According to the finite element method,
the study area is divided into sections. The solution of dif-
ferential equations is reduced to solving a system of alge-
bra equations that relate the values of the vector field
potential at nodal points, obtained by dividing into sec-
tions. The method of conduction of toothed contours has
become widespread, according to which the complete field
of the machine is considered, taking into account its change

in time during the mutual movement of the toothed cores.
Electromagnetic processes are calculated by jointly solving
a system of differential equations written in matrix form for
the circuits of an electrical circuit that includes machine
windings and external electrical circuits.

The highest accuracy of analysis is provided upon
calculating a three-dimensional problem. This becomes
possible when considering the majority of physical effects,
which are more deeply manifested in conditions of full
reproduction of the geometry of the device. The solution of
a system of equations describing a three-dimensional elec-
tromagnetic and temperature field at any given time for
any spatial point in the model can only be implemented by
numerical methods. These methods are widely used in mod-
ern multiphysical modelling software packages Cedrat Flux,
Comsol Multiphysics, Ansys, etc.

To fulfil this purpose, the mathematical model pre-
sented in [24; 25] was used. In this study, a three-dimen-
sional modification of the finite-element model, imple-
mented within the Comsol Multiphysics software and
computing complex, has been implemented. Means of
analysing the results of calculations of this particular com-
plex allow obtaining comprehensive information about the
processes that take place in the object under study. There-
with, Comsol Multiphysics is one of the most proven and
affordable software products that implement the finite ele-
ment method.

Calculation of the three-dimensional distribution of
the EC was performed on the rotor section for the engine mod-
ule of the experimental sample of the auger-type ETMC. The
three-dimensional geometry of the model comprises the fol-
lowing design sections: a hollow external rotor, a toothed
stator magnetic circuit, an air gap, and a stator winding.
The angular velocity of the rotor is defined as the frequency
of field sources according to the rotor coordinate system.
The specific electrical conductivity of the rotor material was
taken according to the reference data, considering the aver-
age temperature at the operating sliding of the engine mod-
ule S=0.88. The nonlinearity of the magnetic properties of
the massive rotor and stator core is considered by setting
the corresponding magnetisation curves. Field sources are
set by an extraneous current density in the sections of the
stator grooves according to the three-phase winding con-
nection scheme

RESULTS AND DISCUSSION

The result of solving the field problem in the form of
a three-dimensional distribution of EC is presented in Fig-
ure 4. A single cross-section of a hollow rotor is given for
a slip value of $=0.88 (n*=90 rpm). The section is made in
the “edge” zone of the hollow cylinder, and the value of the
z-component of the density of the EC is determined by col-
ouring it in different colours and intensities. The same figure
shows the line along which the section of the rotor wall
is made, presented in Figure 5.

Machinery & Energetics. Vol. 13, No. 2

v



V. Gritsyuk et al.

4,42*10"

-4,42*107

Figure 4. Distribution of the z-component of the EC density in the cross-section of the outer hollow rotor at S=0.88 (A/m?)

4,42*107
4

3

2

o

-2

=3

-4
-4,42*107

Figure 5. Distribution of the z-component of the EC density in the wall of the outer hollow rotor at $=0.88 (A/m?)

The largest value of the normal component of the EC
density slightly exceeds the maximum value (4.42 A/mm?)
of the z-component for $=0.88. On the three-dimensional
picture of the distribution of the normal component
(Fig. 6), internal areas of high density of EC are visible,
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which are conditioned upon the presence of the internal
toothed-groove structure of the stator. That is, the main
source of heat output is a layer of the inner surface of

the rotor (4-5 mm), facing the source of the electromag-
netic field.
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Figure 6. Distribution of the normal component of the EC density in the outer hollow rotor at $=0.88 (A/m?)

The pattern of distribution of the dissipated power
density, which considers all types of losses in the rotor, has
a similar nature (Fig. 7). Preferably, the density of dissi-
pated power on the outer surface of the rotor is within (10.5-
20)-10° W/m?. A considerable difference in the dissipated

power density between the inner and outer surfaces of the
rotor under operating conditions is not critical. The thermal
energy of the rotor is actively transferred to the surround-
ing material, and the temperature gradient towards the cyl-
inder wall thickness will stay small [22].
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9,06*107
9

1,05*10°

Figure 7. Distribution of the power density dissipated in the external hollow rotor at $=0.88 (W/m?)

Note that the nature of the distribution of the dissi-
pated power density in the rotor changes substantially with
increasing field frequency, which affects the quality of ther-
mal action on the material. This is conditioned upon a change
in the configuration of the EC flow contours, probably due
to a decrease in the depth of penetration of the electro-
magnetic field, as well as the influence of the edge effect.

The considerable scientific achievements of for-
eign authors in the field of research of electromagnetic and
thermal processes in converters should be noted, which are
the closest in terms of the ideology of creation. A sizeable
number of publications investigate the physical fields in the
core of electromechanical transducers with a ferromagnetic
rotor using numerical methods. Thus, the authors of [26] per-
formed a three-dimensional calculation of the finite ele-
ment model of a rotational-linear converter, considering
transients in the active part. The authors of studies [27-29]
presented the analysis of the spiral motion engine using
the method of Fourier series, which considers edge effects,
the authors [30; 31] developed a technique for determin-
ing the parameters of the equivalent circuit of substitution,
despite the small magnetisation inductance of the structure
of the secondary conductive sleeve. In [32], a three-dimen-
sional finite element analysis of a rotational linear motor
is presented, which considers the longitudinal and trans-
verse edge effects, the surface effect, and the influence of
the thickness of the extreme sheets of a magnetic circuit.
The study [33] contains simulation results for a two-mod-
ule motor with an external rotor, namely the influence
of the electric motor design on the torque and its pulsa-
tion is analysed. Calculations allow finding the electrome-
chanical parameters for a particular engine that is being
designed. In contrast to the above studies, this paper con-
tains the results of calculating the three-dimensional distri-
bution of eddy currents and the density of dissipated power,
namely for an external ferromagnetic rotor. Furthermore,
the calculation is performed considering the “useful” heat
losses of the rotor used to heat the material. That is, the

available electromechanical converters do not use the heat-
ing losses of the rotor and stator to heat and melt the work-
ing medium.

CONCLUSIONS

Additive manufacturing has enormous potential in the con-
struction industry, as well as in the production and repair
of road surfaces. Mobile platforms for 3D printing can solve
the problem of limited workspace. To increase the efficiency
and cost-effectiveness of the mobile robotic platform for
3D printing technology of large-scale structures, it is pro-
posed to improve the design of the extruder assembly. This
is achieved by combining an electric motor, auger extruder,
and heater in one housing. This approach saves weight and
size, as well as substantially increases the efficiency and
reliability of the system due to functional integration and
full use of the dissipative component of energy.

The proposed converter for a mobile robotics platform
uses an external auger rotor, which simultaneously performs
the functions of an asynchronous motor rotor, a heating ele-
ment, an executive mechanism, and a protective housing.
To pre-evaluate the efficiency of using an auger-type ETMC
as part of a mobile robotic platform for industrial 3D print-
ing, a finite element calculation of the spatial distribution
of the EC in the hollow rotor section was performed for
the motor module of an experimental sample of an auger-
type ETMC. Estimating the levels of dissipated power density
on the rotor surface allows discussing the prospects of the
proposed approach for optimising the design of the extruder
assembly of a mobile robotic platform for industrial 3D print-
ing. The results of the spatial distribution of the rotor EC will
allow improving the design of the ETMC, to ensure the set values
of temperature and gradient, which determine the mechanical
properties of the material at the output of the device.

Further research in this area should be a physical
experiment, as well as a detailed analysis of the spatial con-
figuration of contours B due to the direct impact on the
quality of heat treatment of the material.
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OuiHKa BUXPOBUX CTPYMIB i BTPAT NOTYXXHOCTi
Yy POTOpIi LUHEKOBOIO efleKTpoTen/iIoMexaHi4YHoro nepeTesoploBaya
ONa aguTUBHOIo BUPOGHULTBaA

AHoTauiq. TexHosorii 3D-ApyKy BEIMKOMACIITAOHUX CTPYKTYP JSO3BOJISIIOTh apXiTeKTopaM i GyiBesibHMKAM 3HAUHO
PO3IMIMPUTY MesKi ITPOEKTYBaHHS KOHCTPYKIIiii Ta MiABUIINTY ePeKTUBHICTD ixX OyIiBHUIITBA. MOGiTbHI POOOTOTEXHIUHI
rmnatdopmu mJist 3D-IPyKy BCe YacTillie BIIPOBAIKYIOThCS B 6yIiBenbHiii chepi, a TAKOX MpM BUPOOGHUIITBI JOPOKHIX
TTOKPUTTIB, JO3BOJISIIOUM BUPILINUTU MTPO6IeMy 06MeEKEHOT0 po60UYOTO MPOCTOPY. TUITOBA KOHCTPYKILiSl By3j1a eKCTpyaepa
poboToTexHiuHOi TIaTdopmu st 3D-APYKY BEIMKOMACIITAOHUX CTPYKTYP MOsKe OyTU BILOCKOHAJeHA LHIISIXOM
06’eIHAHHS eJIeKTPOIBUTYHA, ITHEKOBOT'O eKCTPyepa Ta HarpiBaua B O4HOMY Kopmyci. [IporoHOBaHMIt ITHEKOBUIA
eJIeKTPOTeIIOMeXaHiuHNI ITepeTBOPI0OBAaY BUKOPMCTOBYE 30BHIIIHI pOTOP-IITHEK, SIKMIT OTHOYACHO BUKOHYE QYHKILiT
pOTOpa aCMHXPOHHOTIO BUTYHA, HarpiBaJabHOTO e/leMeHTa, BUKOHaBUYOro MexaHi3My i 3aXMCHOro Kopmycy. MeToro cTtaTTi
€ o1iHKa e(heKTUBHOCTiI BUKOPUCTAHHSI ITHEKOBOTO MTepeTBOPIOBaYa y CKIazi MO6iTbHOI pO6OTOTEXHIUHOT IaThopMu Iis
aIUTUBHOTO BUPOOHMIITBA. [I/Is1 IepeTBOPIOBAUIB, sIKi QYHKI[IOHYIOTh B CKIaAHUX YMOBaXx, aKTyaJbHMUM € 3aCTOCYBaHHS
MOJTbOBMX METO/IiB PO3PaxyHKy. B po60Ti mpoBemeHo MoiIboBMii pO3paXyHOK METOAOM KiHIIeBUX eleMeHTiB Ta BU3HaueHO
MIPOCTOPOBMIA PO3TIOAIN BUXPOBUX CTPYMiB Ha Ai/ISTHIII TOPOKHMUCTOTO (hepomMarHiTHOTO potopa. I3 BUKOpUCTAHHSIM
MPOrpaMHO-06UNCIIOBaNIbHOTO KoMIuiekcy Comsol Multiphysics oTpuMaHO KapTMHM TPUBUMIPHOTO PO3TIOLINY Z-CKIaH0BOi,
HOPMaJIbHOI CKJIaI0BOI I'YCTMHM BUXPOBMX CTPYMIiB, @ TAKOXX PO3IOJiTY TYCTMHM IUCUIIOBAHOI MOTY>KHOCTI, 1[0 BPaXOBYE BCi
BUIM BTpaT B poTopi. [IpakTuuHe 3HaUeHHS] OTPUMMaHMX Pe3y/bTaTiB MOJISATa€ B MOXIMBOCTI TPOTHO3YBaHHS ONTUMAaIbHUX
MOKa3HMKIiB BIUIMBY TEIJIOBOT'O PEXKMMY Ha MaTepias, a TAKOXK MIBUAKOCTI 06epTaHHsSI poTopa repeTBopioBaya. Ile B cBO0O
yepry, 6y/ie BU3HAUYATY MeXaHiuHi BIaCTMBOCTI MaTepiany Ha BUXOZi MPUCTPOIO

Knio4oBi cnoBa: 3D-1pyk, Mo6iibHa po60OTOTEXHIUHA TUIATGOPMA, YMCEIbHNUI PO3PAaXyHOK, 30BHIIIHI ITHEKOBUIA
POTOp, BY30J1 eKCTPyZAepa, TYyCTUHA MTOTYXXKHOCTI
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