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Abstract. In the paper a numerical simulation of electromagnetic processes in the auger rotor of heat-electrome-

chanical converter was carried out based on the results of calculating a field problem. To solve nonlinear differential

equations in partial derivatives, the finite element method is used, which was implemented with the Comsol

Multiphysics software and computing system. The performed quantitative analysis of the spatial distribution of

the eddy current density, as well as the dissipated power density in the auger converter’s rotor, makes possible

to develop recommendations for choosing rational parameters and material heating modes. The obtained results

will help improve the efficiency and cost-effectiveness of a mobile robotic platform for 3D printing of large-scale

structures by improving the design of the extruder assembly auger.
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1 Introduction

3D printing is a trending technology of our time, and its use is increasing because it al-
lows to reduce the cost of production. Additive manufacturing provides unique advantages
in creating structures of complex shape, which are in great demand in the aerospace industry
(Katz-Demyanetz et al., 2019), biomedicine (Yuk et al., 2020; Birbara et al., 2019), automo-
tive industry (Jankovics & Barari, 2019) and other fields (Kolomiets et al., 2021; Wohlers et al.,
2020). One of the 3D printing problems is that typical desktop printers are stationary and have
limited workspace. Mobile 3D printing platforms solve this problem by allowing to move without
restrictions (Sauter et al., 2021).
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In addition to the design freedom, additive manufacturing has great potential in the construc-
tion industry, as well as in the production and repair of road surfaces. For example, employees of
the Massachusetts Institute of Technology in Keating, et al. (2018) presented a large-scale digi-
tal construction platform (DCP) for sensing, analysis and digital production in any place. The
second version of DCP used an electric tracked vehicle as a platform and was used to extrude
foam when pouring walls, which is similar to the block construction method. In Tiryaki et al.
(2019), the authors developed a mobile printing system consisting of two robotic manipulators
on a mobile base that prints cement objects of a sufficiently large size. Researchers at the Insti-
tute of Advanced Architecture of Catalonia have presented an idea for mobile 3D printing that
uses three separate systems to print architectural structures using cement (Hall, 2016).

In accordance with the concept of “self-repairing cities” (Jackson et al., 2018; Johansson,
2016), a fleet of autonomous vehicles and drones will scan roads for cracks and repair them
before potholes appear. By detecting a crack in the road, a 3D printer robot can place asphalt
in the crack to repair it, all within a minute. This approach can be taken at night to avoid
road closures that could severely disrupt traffic. The device is based on a desktop RepRap-
printer Mendel 90, but equipped with a special extruder and high-temperature photopolymer
nozzle. Printing is performed with bituminous chips with millimeter-sized particles, poured into
a hopper, heated and forced through a nozzle using an auger. The extruder assembly has an
internal heating sleeve. The pellets are softened as they pass through the auger due to the rise
in temperature due to the action of the heating resistors, which causes the liquid bitumen to
flow out of the nozzle as shown in Fig. 1, a. Stepper motors, temperature, gradient and auger
speed are controlled by simple electronics connected to a PC (Fig. 1, b).

Figure 1: System design (Jackson et al., 2018): the extruder design (a), the control electronics (b)

The improved mechanical properties are a function of temperature, which is likely due to
microstructural changes in the asphalt. This leads to the formation of fibers that bridge the
cracks, which increases the toughness. Through experimentation, the authors found that tem-
peratures between 125B0C and 135B0C are optimal for producing continuous asphalt extrusion
with a constant line width.

3D printing technology for large-scale structures can be improved by combining an electric
motor, auger extruder, and a heater in one package. This will provide not only savings in mass
and size, but also a significant increase in the efficiency and reliability of the system due to
functional integration and full use of the dissipative energy component. The need for additional
heat sources will disappear, and the auger rotor, completely immersed in the material, is able
to transfer maximum thermal and mechanical energy to it.

Thus, in order to increase the efficiency, economy and versatility of devices that provide
transportation, mixing, pressing and heating operations, it is important to use them as links
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in the technological chain. As an alternative to the above approaches, a mobile robotic plat-
form equipped with auger heat-electromechanical converter (HEMC) is proposed. The proposed
converter uses an external auger rotor, which simultaneously performs the functions of an induc-
tion motor rotor, a heating element, an actuator and a protective housing (Fig. 2). Therefore,
taking into account the ”useful” losses of the electromagnetic system, the efficiency of heat-
electromechanical converters for technological purposes increases to 98-99

The auger HEMC uses the principle of self-regulation in energy conversion, according to
which the distribution of thermal and mechanical energy into useful flows is carried out in
accordance with the value of the sliding, which depends on the ratio of the electromagnetic
moments of the HEMC motor and brake modules. When the stator winding of the motor
module is connected to a voltage source, a rotating magnetic field is created, under the influence
of which eddy currents (EC) are induced in the adjacent area of the outer ferromagnetic rotor. As
a result, an asynchronous electromagnetic torque is formed. The main mode can be considered
the opposite direction of rotation of the fields, in which the braking module works when sliding
sbr > 1, i.e. in electromagnetic braking mode.

Figure 2: Constructive scheme of auger heat-electromechanical converter

2 Materials and methods

The study of the EC distribution induced in electrically conductive media is of practical interest
for a wide range of industrial applications. EC in vacuum chambers, motor cores, high-speed
magnets and accelerating resonators cause a number of adverse effects. First of all, we are
talking about heating the cores and electrically conductive structural elements and, accordingly,
reducing the overall efficiency of devices. At the same time, the assessment of heat releases
that occur in conductors during the EC flow is important for various devices, such as induction
furnaces, devices for melting, soldering, etc.

For example, in Aubert et al. (2012) due to the presence of rotor windows of a controlled
induction motor, its EC within the active length of the machine will be directed mainly in the
axial direction, which ensures an increase in the electromagnetic torque, efficiency and power
factor. However, the obtained conclusions are formulated on the basis of an analytical solution
for the EC density distribution of the rotor. Therefore, to improve the accuracy of calculations
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and reduce development time, it is required to create improved three-dimensional mathematical
models and efficient design algorithms.

Similarly, when developing of auger HEMC, it is necessary to perform a quantitative analysis
of the EC density distribution and the dissipated power density in order to develop recommen-
dations for choosing rational parameters and modes of heating the material.

Traditional methods and approaches to the calculation and analysis of processes in HEMC,
taking into account the specificity of functioning, do not provide the necessary reliability of the
results. Methods that provide high reliability of calculations are field and circuit-field methods
of analysis, which are invariant to the nature of the electromagnetic connections of the object
of study, take into account the real geometry and properties of materials. Circuit-field methods
are used in the analysis of dynamic modes of operation of electromechanical converters.

The use of field methods of analysis makes it possible to carry out refined studies of the
parameters, characteristics and operating modes of the HEMC, taking into account the design
features and operating modes that cannot be reliably analyzed by traditional methods. The use
of field methods is especially important for electromechanical converters operating in difficult
conditions. During the electromechanical transformation of energy in the HEMC, a single force
physical field arises, the separate components of which are the fields of electromagnetic, thermal
and mechanical quantities. In the study of electromechanical converters, numerical methods
for calculating the field are widely used, taking into account the geometry and saturation of
the cores, among which the finite element method is especially progressing. According to the
finite element method, the study area is divided into sections. The solution of differential
equations is reduced to the solution of an algebraic system of equations relating the value of
the vector potential of the field at the nodal points obtained by dividing into sections. The
method of conductivities of toothed contours is widely used, according to which the full 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, including
the windings of the machine and external electrical circuits.

The greatest accuracy of the analysis is ensured when calculating a three-dimensional prob-
lem. This becomes possible when taking into account most of the physical effects that are more
deeply manifested under conditions of full reproduction of the geometry of the device. The
solution of a system of equations describing a three-dimensional electromagnetic and tempera-
ture field at any time for any spatial point of the model can only be implemented by numerical
methods. These methods are widely used in modern multiphysics simulation software packages
Cedrat Flux, Comsol Multiphysics, Ansys and others.

For a preliminary assessment of the efficiency of using auger HEMC as part of mobile robotic
platforms for industrial 3D printing, it is necessary to analyze the EC distribution in a ferro-
magnetic rotor as the main sources of heat generation. This will provide important information
for predicting the optimum temperature, gradient, and rotational speed of the auger extruder.
In turn, the listed values will determine the mechanical properties of the material at the output
of the device.

A highly accurate simulation approach based on 3D numerical analysis will allow better
understanding and prediction of phenomena that are difficult and sometimes impossible to eval-
uate experimentally. To achieve the goal, the mathematical model presented in Zablodskiy et al.
(2019, 2020) was used. In this work, a three-dimensional modification of the finite element model,
which is implemented within the framework of the Comsol Multiphysics software and computing
system, has been embodied. The means of analyzing the results of calculations of this particular
complex make it possible to obtain comprehensive information about the processes occurring in
the object under study. At the same time, Comsol Multiphysics is one of the most tested and
available software products that implement the finite element method.

In the general case, the non-linear magnetic system of the auger HEMC consists of several
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ferromagnetic bodies with non-linear physical properties of materials surrounded by a magnetic-
linear medium. The electromagnetic field at each point of the studied area is determined by the
magnetic induction vectors B of the magnetic field intensity H of the electric displacement D
and the electric field intensity E.

The system of Maxwell’s equations for the electromagnetic field vectors in all areas of the
auger HEMC is a mathematical model of non-linear magnetic system with a current densities
distribution. In the practice of electromechanical converters fields calculations, to bring the
Maxwell’s equations system to a form more convenient for solving, the vector magnetic potential
A⃗ is often used, which is determined by the expression:

rotA⃗ = B⃗. (1)

Based on the Maxwell’s equations, in media with non-linear magnetic characteristics, when using
the vector magnetic potential, an equation can be written, which describes the electromagnetic
field for randomly time-varying distributed alternating currents, including eddy currents in mas-
sifs.

Ampere’s circuital law with account of (1) and the properties of the media

rot(
1

Oj
A⃗) = J⃗eddy + J⃗ext, (2)

where µ = µ0∆µr is the absolute magnetic permeability; µ0 is a magnetic permeability in
vacuum; µr is a relative magnetic permeability; J⃗eddy is the eddy currents density; J⃗ext is the
extraneous currents density. Using the scalar magnetic potential ϕ, the expression for the eddy
currents density can be written:

J⃗eddy = γ

(
−∂A⃗

∂t

)
+ gradφ, (3)

where γ is a specific electrical conductivity. Having substituted the expression for the eddy
currents density into equation (2) and accepting the calibration conditions divA = µγφ, let us
perform the vector transformations and obtain the differential equation of the electromagnetic
field in the partial derivatives according to the vector magnetic potential:

rot

(
1

µ
rotA⃗

)
− γ

∂A⃗

∂t
− γ

(
ν⃗ × rotA⃗

)
= −J⃗exp, (4)

where ν⃗ is a velocity vector of the electrically conducting medium movement relative to the
magnetic field source. For the case when the magnetic field varies in harmonic law, the equation
(4) takes the form:

rot(
1

µ
rotA⃗)− jωγA⃗− γν⃗ · (rotA⃗) = −J⃗ext, (5)

where ω is the angular frequency of the magnetic field changes. For non-conducting areas, the
Poisson’s equation is valid:

rot(
1

µ
rotA⃗) = −J⃗ext. (6)

The solution of lengthy equations of the field in the numerical calculations of three-dimensional
models is accompanied by significant difficulties. From the point of view of optimizing the
hardware costs, it is expedient to perform the numerical calculation of a quasi-stationary elec-
tromagnetic field using the equation for the rotor coordinate system, since there is no convection
component related to the rotor rotation relative to the coordinate system. Simplification of the
equation (5), through the exclusion of the convection term, does not affect the approach to solv-
ing the problem, however, it contributes to the solution convergence, which enables to implement
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practically the algorithm of numerical calculation. In the case of using a rotor coordinate system,
the rotor remains motionless. Then, in the equation (5), it is necessary to accept the conditions:

ω = ω1 · s, ωR = 0, νx = νy = 0, (7)

where ω1 is the angular frequency of the stator field rotation; s is a rotor sliding; ωR is the angular
frequency of the rotor rotation; νx,y is a components of the velocity vector of the electrically
conducting medium relative to the magnetic field source. Finally, the equation (5) can be written
as:

rot(
1

µ
rotA⃗)− jω1sγA⃗ = −J⃗ext. (8)

If in two-dimensional problems one component of A⃗ vector describes two components of the
magnetic field, then, all three components should be considered in three-dimensional problems.
The vector equation (8) for a three-dimensional magnetic field is equivalent to three equations:

∂

∂x

1

µ

∂Ax

∂x
+

∂

∂y

1

µ

∂Ax

∂y
+

∂

∂z

1

µ

∂Ax

∂z
− jω1sγAx = −Jx,

∂

∂x

1

µ

∂Ay

∂x
+

∂

∂y

1

µ

∂Ay

∂y
+

∂

∂z

1

µ

∂Ay

∂z
− jω1sγAy = −Jy,

∂

∂x

1

µ

∂Az

∂x
+

∂

∂y

1

µ

∂Az

∂y
+

∂

∂z

1

µ

∂Az

∂z
− jω1sγAz = −Jz,

where Jx,y,z is the components of the vector of extraneous currents density. Equation (8) is
supplemented by boundary conditions. At the external boundaries of the computational domain
(the three-dimensional model shell), a zero value of the vector magnetic potential is set (Dirichlet
condition)

A⃗ = 0. (9)

The boundary condition (9) stipulates the accepted assumption that there are no magnetic
fluxes leakage into the outer space through the considered boundaries. At the interface between
media with different magnetic properties, the condition of normals equality to the boundary of
the components of the magnetic induction vector and the tangent components of the magnetic
field vector intensity is used (Neumann condition)

B⃗n1 = B⃗n2, H⃗τ1 = H⃗τ2. (10)

Let us set the dependences of the media parameters on the spatial coordinates. Magnetic
permeability as a function of magnetic field intensity for ferromagnetic media of the studied
system in a matrix form:

[µr] =

 µrx 0 0
0 µry 0
0 0 µrz

 , (11)

where µrx,ry,rz is a relative magnetic permeability along the x, y, z axes, respectively. The
conductivity matrix for conducting media has the form:

[γ] =

 γx 0 0
0 γy 0
0 0 γz

 , (12)

where γx,y,z is the electrical conductivity along the x, y, z axes, respectively. The basis for
the numerical calculation of the three-dimensional quasi-stationary electromagnetic field of the
auger HEMC is the partial differential equation (8), which is reducible to the algebraic equations
system with respect to the target values of the vector magnetic potential at the nodes of the
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finite element mesh. The vector magnetic potential is calculated based on the condition of the
minimum of energy functional:

F =
∫
V

[
∂
∂x

1
µ
∂
−→
A

∂x + ∂
∂y

1
µ
∂
−→
A

∂y + ∂
∂z

1
µ
∂
−→
A
∂z

]
dxdydz+

+
∫
V

jωγ
∣∣∣−→A2
∣∣∣ dxdydz+ ∫

V

−→
J
−→
Adxdydz.

(13)

Based on the results of calculating the distribution of the vector magnetic potential, the values of
magnetic induction, induced EC and losses are calculated. The results of calculating the three-
dimensional EC distribution are presented on the rotor part of the motor module. The three-
dimensional geometry of the model is shown in Fig. 3 and consists of the following calculated
sections: a hollow outer rotor, a geared stator magnetic circuit, an air gap and a stator winding.

Figure 3: 3D geometry of auger heat-electromechanical converter model

The angular frequency of rotor rotation is defined as the frequency of the field sources in
accordance with conditions (7) for the rotor coordinate system. The field sources on the right-
hand side of equation (8) are specified by the external current density in the sections of stator
grooves according to the three-phase winding connection scheme. Complex values of current
density in phases of stator winding:

−→
J A = Im · ug/Sg,−→
J B = −Im[cos(−2π/3)− j sin(−2π/3)] · ug/Sg,−→
J C = −Im[cos(−4π/3)− j sin(−4π/3)] · ug/Sg,

(14)

where Im is the amplitude of the current in the stator phase (data of the physical model); ug is
a number of effective conductors in the groove; Sg is a sectional area of the groove. The specific
electrical conductivity of the rotor material was taken in accordance with the reference data,
taking into account the average temperature with a working sliding for the motor module s =
0.88. The nonlinearity of the magnetic properties of the massive rotor and the stator core is
taken into account by setting the corresponding magnetization curves.

3 Results and discussion

The solving problem result of three-dimensional EC distribution is shown in Fig. 4 in the form
of a single transverse section of a hollow rotor at s = 0.88(n2 = 90rpm). The cut is made in the
edge zone of the hollow cylinder, and the value of the z-component EC density is determined by
shading of different colors and intensities.
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Figure 4: Distribution of the eddy current density (z-component) in the cross section of the outer
hollow rotor at s = 0.88(A/m2)

The same figure shows a line along which a section of the rotor wall is made, shown in Fig.
5. For comparison, in Fig. 6, 7 shows a cross section of the rotor and a cut along its wall at
s = 0.08(n2 = 690rpm).

Figure 5: Distribution of the eddy current density (z-component) in the cross section of the outer
hollow rotor at s = 0.88(A/m2)

Figure 6: Distribution of the eddy current density (z-component) in the cross section of the outer
hollow rotor at s = 0.08(A/m2)

346



V. GRITSYUK et al.: NUMERICAL SIMULATION OF PROCESSES IN AUGER CONVERTER...

Figure 7: Distribution of the eddy current density (z-component) in the wall of the outer hollow
rotor at s = 0.08(A/m2)

In this mode, the frequency of the current in the rotor is only 4 Hz, however, the displacement
of EC to the edges of the cylinder becomes noticeable. The maximum value of the z-component
of EC density is 3.3 times lower than in the case for s = 0.88, and constitutes 13.3A/mm2.
The largest value of the normal component of the EC density slightly exceeds the maximum
value (4.42A/mm2) z-components for s = 0.88. In the three-dimensional picture of the normal
component distribution (Fig. 8), internal areas of a higher EC density are noticeable, which
are due to the presence of an internal tooth-groove structure of the stator. Those main source
of thermal power is a layer of the inner surface of the rotor (4-5 mm), facing the source of the
electromagnetic field.

Figure 8: Distribution of the eddy current density (normal component) in the outer hollow rotor
at s = 0.88(A/m2)

The distribution pattern of the dissipated power density has a similar character, taking into
account all types of losses in the rotor (Fig. 9). Predominantly, the dissipated power density
on the outer surface of the rotor is within (10.5− 20)∆106W/m3. A significant difference in the
dissipated power density between the inner and outer surfaces of the rotor under operating con-
ditions is not critical. The thermal energy of the rotor is actively transferred to the surrounding
material, and the temperature gradient in the direction of the thickness of the cylinder wall will
remain small (Zablodskiy et al., 2017, 2014).

It should be noted that the nature of the dissipated power density distribution in the rotor
changes significantly with an increase in the field frequency, which affects the quality of the
thermal effect on the material. This is due to a change in the configuration of the EC flow
contours, probably due to a decrease in the electromagnetic field penetration depth, as well
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Figure 9: Dissipated power density distribution in the outer hollow rotor at s = 0.88(W/m3)

as the influence of the edge effect. Fig.10 shows a spatial picture of the instantaneous EC
distribution in the form of streamlines for the operating mode at s = 0.88.

Figure 10: Eddy current distribution in the form of streamlines in the outer hollow rotor at s = 0.88

The presented data differ from the classical distribution in the form of rectangular and
elliptical contours, obtained taking into account the influence of the edge effect (Aubert et al.,
2012; Mirzaei et al., 2019). The complexity and variety of spatial configurations of the EC
circuits in the HEMC rotor lead to the need to perform a separate detailed analysis.

4 Conclusion

Numerical simulation of electromagnetic processes in the rotor of auger heat-electromechanical
converter was carried out based on the results of calculating a field problem. To solve nonlinear
differential equations in partial derivatives, the finite element method was used, which was
implemented with the Comsol Multiphysics software and computing system. A quantitative
analysis of the spatial distribution of the eddy currents density, as well as the dissipated power
density in the rotor of the auger converter, has been carried out, which makes possible to
develop recommendations for choosing rational parameters and modes of heating the material.
The obtained results will help improve the efficiency and cost-effectiveness of a mobile robotic
platform for 3D printing of large-scale structures by improving the design of the auger extruder
assembly. This is achieved by combining the electric motor, auger extruder and heater in one
housing.
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