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Abstract

This paper examines the method of designing a non-standard electric machine - a three-phase
induction motor with a hollow solid rotor, on the surface of which the turns of the screw are
located. Such an unusual design makes it possible to turn the main disadvantage of induction
machines with a solid rotor, namely the heating of the rotor due to the effect of eddy currents,
into an advantage. The heat from the rotor is transferred to the bulk material, which is mixed
by the screw, for drying and reducing the moisture content. At the same time, only one device
is used to perform three functions - mixing, drying, transportation of bulk material, which,
due to the specified functional features, was called a multifunctional energy converter
(MFEC). The MFEC design method differs from conventional machines, because it takes into
account the peculiarities of determining the parameters of a number of typical methods: an
induction motor with a squirrel-cage rotor, an induction motor with a solid internal rotor, and
an inductor. In the previous publications of the authors, the complex methodology of design-
ing an induction motor with an external solid rotor was considered in detail, however, in view
of the additional theoretical and experimental studies conducted, it needs to be clarified and
adjusted. In addition, in this paper, the beginning of the design, the determination of the ini-
tial data and the main dimensions of the MFEC is performed in a different way. In particular,
the overall dimensions of the MFEC are determined not by the sum of power spent on heating
and mixing the material and internal losses in an induction machine (considering the effi-
ciency and power factor), but by the required performance of the unit and the limit dimen-
sions of the installation area. The paper proposes a new approach to determining the dimen-
sions of the stator slot, considering the necessary area for the placement of conductors and
the current density in the winding. This paper is one of several publications that aim to reveal
the features of design and mathematical modeling of such an atypical class of electric ma-
chines as an induction motor with an external hollow solid rotor.

INTRODUCTION

In connection with the lack of a complex of mathe-
matical models of induction machines with a solid
rotor, and even more so multifunctional energy con-
verters (MFEC) of the screw type operating in the en-
vironment of bulk or viscous materials [1, 2], there is
a logical need to create a general approach in the
compilation of mathematical models and methods of
calculation of induction machines, mainly with an
external hollow solid rotor. The peculiarity of such a
mathematical description is that the MFEC is consid-
ered in connection with the thermal and hydrody-
namic processes of the environment, and the output
characteristics are determined by the target function
of the device: along with the mechanical and thermal
dependences of the heating of the MFEC nodes and

the environment [3]. MFEC refers to complex energy
converters, in which the electromechanical conver-
sion of energy is accompanied by the conversion of
electrical P, or mechanical energy Py, into thermal P:.
In its general form, the MFEC can be imagined as a
six-pole with an internal resistance Z.. and two elec-
trical terminals characterized by voltage U, and fre-
quency f with two mechanical terminals determined
by torque M and rotation frequency #, and a thermal
circuit characterized by the amount of heat Q and
temperature T [4-8].

Traditionally, in MFEC, the energy that is con-
verted into heat is attributed to losses, and the effi-
ciency is the corresponding ratio of electrical and me-
chanical powers. It depends on the operating mode
of the MFEC - generator or motor. Along with this, a
new class of MFEC appeared for the implementation
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of technological processes in which thermal energy is
used along with mechanical energy [9]. For such a
class of MFEC, the issues of optimal design and areas
of effective use require their own solution [10]. Solv-
ing these problems will contribute to the creation of
energy-saving technologies [11-14].

MFEC operating in a closed environment, the
working body (fusible or bulk materials) is a kind of
cooler, which during its heating absorbs the remain-
ing thermal energy from the surface of the device. A
complete consideration of the “MFEC-environment”
system is impossible without consideration of the
processes in the working environment. On the one
hand, the cooling of MFEC and heating of the sub-
stance disrupts consideration of thermal processes
[15, 16]; from the second, the medium acts as a load
on the rotor of the MFEC [17, 18]. From this, it be-
comes necessary to consider the processes of hydro-
dynamics to obtain the magnitude of the load mo-
ment and mechanical energy losses in a swirling flow
of a viscous mass.

The multifunctional energy converter is a com-
bined device that combines in one design the func-
tions of an induction heater and an induction ma-
chine with an external hollow solid rotor (Fig. 1-4).
Therefore, the method of calculation and design of
such devices combines three design methods: induc-
tion heaters [19, 20], conventional induction ma-
chines (induction machines with squirrel-cage or
phase rotors) [21, 22] and induction machines with a
solid rotor [23, 24].

During operation, the MFEC can be in one of three
main modes: long-term parking under current, rota-
tion, start-up and braking. The most unfavorable
from the point of view of electrical and thermal load
is the first mode, in which the MFEC is in a state of
short circuit, and heat transfer to the environment is
carried out only due to thermal conductivity. In this
mode, maximum currents flow in the windings of the
device.

Figure 1. Appearance of a screw-type multifunctional con-
verter

Figure 2. Longitudinal section of a screw-type multifunc-
tional converter

For long-term and reliable operation of the MFEC,
it is necessary that already at the design stage the de-
vice is designed for maximum overload, and this
mode of maximum load is chosen as a long-term op-
erating mode. For example, the winding is selected
according to the short-circuit current. In dynamic
modes, the MFEC works in the area of large slips
(0.35-0.5) and the current multiplicity of the starting
and dynamic modes will not differ much. In addition,
in order to maintain a constant heat flow from the
surface of the MFEC rotor, it is envisaged to adjust
the supply voltage in the direction of increase, which,
in turn, will lead to an increase in the currents in the
windings. Thus, the currents in the windings in dif-
ferent operating modes of the MFEC will be approx-
imately at the same level, and the calculation of the
windings based on the short-circuit current will not
lead to excessive consumption of copper, insulation,
steel, etc.

The technical task for the design of the MFEC con-
tains the rated data of the designed machine, instruc-
tions on its mode of operation, the structural form of
execution, and the degree of protection against the
influence of the environment. In addition, additional
requirements may be set, for example, supply volt-
age regulation, two-stator version, integration with
the air-cooling system and heating elements on the
frame.

Thus, the aim of this paper is to reveal the design
methodology of the MFEC from the initial input data
to obtaining the operating characteristics. Achieving
this aim will allow to proceed both to the production
of experimental prototypes of MFEC, and to the de-
velopment of mathematical and simulation models
of non-stationary operating modes of the device un-
der load.

MAIN PART

In contrast to previous studies [1-3, 9, 10], the design
of the MFEC will be carried out in two stages:
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Figure 3. Assembly drawing of a screw-type multifunctional converter (view 1): 1 - stator; 2 - rotor; 3 - sleeve for the
capsule; 4 - sleeve under the cover; 5 - capsule; 6 - cover; 7 - shield; 8 - flange; 9 - roller bearing; 10 - ball bearing

@ 180

@180

Figure 4. Assembly drawing of a screw-type multifunctional converter (view 2)
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Table 1. Initial data for the design of the MFEC

Parameter Name Designation Note
It is determined by the total thermal and hydrodynamic loads
Rated output power, W P2 and the sum of electrical and mechanical losses
Rated phase voltage, V U, Accepted from the standard range
Number of poles Under the conditions of frequency control, it is recommended
P P to take the smallest possible value
Operation frequency, Hz f Accepted for steady rotation mode
The outer diameter of the stator*, m D It is determined by the great height of the axis of rotation and
power from the reference book [27]
Efficiency n It is determined by the majestic power from the directory [27]
Power factor cosp It is determined by the majestic power from the directory [27]
Magnetic flux density in the air gap, It is determined by the magnitude of the outer diameter of the
By
Tl stator from the reference book [27]
The air gap between the stator and It is determined by the size of the outer diameter of the stator
5 . .
the rotor, m and technical conditions [27]
e . . It is determined by the magnitude of the outer diameter of the
Specific electric loading, A/m A stator from the reference book [27]
It is determined by the magnitude of the outer diameter of the
Induced voltage factor ke stator from the reference book [27]
Current density, A/m? i AcceP’Fed according to the guide, depending on the cooling
conditions [27]
- It is accepted according to the recommendations from the
Winding factor kw handbook [27]
Magnetic flux density in the stator B It is accepted according to the recommendations from the
teeth, Tl : handbook [27]
Magnetic flux density in the stator B It is accepted according to the recommendations from the
yoke, TI ! handbook [27]
- It is accepted according to the recommendations from the
Steel lamination factor ke handbook [27]
It is determined taking into account the minimum values of
. the penetration depth of the electromagnetic field at the
Rotor thickness, m & adopted network frequency and mechanical strength require-
ments

* - in MFEC, the outer diameter of the stator visually looks like the outer diameter of an external rotor. That is, in MFEC,
the toothed zone is not inside the package, but on its outer surface. Meanwhile, the axis of rotation, since the rotor is a thin-
walled tube, is almost the same as in conventional machines. In this case, depending on the height of the rotation axis, the
recommended value of the outer diameter (which is proportional to the output power) is selected from the guide [27], and

the inner diameter of the stator is not calculated.

1) determination of geometric dimensions and
winding data;
2) calculation of parameters and characteristics

(not considered in this paper).

This paper focuses on the first stage, since the sec-
ond one has already been implemented in previous
works in the ANSYS RMxprt software package [25,
26]. Directly, the ANSYS RMxprt program is not in-
tended specifically for design - it is based on a form
in which geometric dimensions, material properties,
winding data are entered, on the basis of which the
active and inductive resistances of the machine, elec-
tromagnetic loads, losses, characteristics, etc. are fur-
ther determined. But the specified input data still
need to be determined in advance, which is the task
of this paper.

The input data, which are specified at the begin-
ning of project work, are given in the Table 1.

Despite the fact that the information on the selec-
tion of initial data in the handbooks is indicated for
the standard series of induction motors with a squir-
rel-cage rotor, as practice shows, this is enough for a
starting “run” in the calculations for determining the
parameters of the so-called “basic” machine. Of
course, this approach is not acceptable for “manual”
calculation of the entire machine, but in the context
of these studies, a compatible calculation with AN-
SYS RMxprt is assumed. In this case, the uncertainty
or lack of accuracy in parameter determination is cor-
rected in the parameterization and optimization pro-
cesses, as well as further refinement in field calcula-
tions in 2D and 3D settings. The main thing for AN-
SYS RMxprt is the task of close to a reasonable corre-
spondence of geometric dimensions and power, in
the future automatic adjustment of parameters is per-
formed.
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The procedure for calculating MFEC after assign-
ing input data is given below. It is based on the gen-
eralization of calculation formulas given in [19-26].
The coefficients and reference data are taken from the
induction motor design handbook [27].

Synchronous rotation speed, rev/min

n, = 2nf.

Synchronous angular speed, rad/s
Q = mn, /30.

Calculated power, W

ke
n-cosq’

— 12

Pl
Polar division, m

T =mnD/2p.
The length of the stator core, m

Pr

Ly =——5——.
6 1.11D2Qky,ABg

Further, the recommended minimum t,; and
maximum #,.x values of the stator tooth pitch are de-
termined according to the reference [27], m. The min-
imum and maximum value of the number of stator
teeth:

D nD

Zmin -

tmax’ max = tmin'

In the specified range of teeth, the number of sta-
tor teeth Z is selected according to the recommenda-
tions for three-phase machines. The tooth pitch is cal-

culated, m:

46
4 N AY
8 /

910 1213 1415 167 20 21 2223 A

12345 87

t="
z
The number of slots per pole and phase is deter-

mined:

z

9= pm
where m is the number of phases.

Rated current of the stator winding, A:
i)

mUy cos <p'r]'

Iln -

The number of effective conductors per slot

_ mDA
P paz

The number of parallel branches a is accepted. For
the first approximation, one can take a = 1, then fol-
low the recommendations in accordance with the
type of winding and motor power.

The number of turns of the stator winding:

w = ?

~ 2am’

Specific electric loading, A/m

_2migw
- mp

Magnetic flux in the air gap, Wb

kgUn

b5 =——"77—.
4.44Wky, f

Magnetic flux density in the air gap, T1

_ pPs

Bs =50

2728 2930 31 32 333435 36 3738 39 40 41 42 43 L4 45 46 4T U

(=

Figure 4. Scheme of the whole-coiled winding of the MFEC
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Figure 5. Sketch of the cross-section of the MFEC with winding in ANSYS RMxprt

If the obtained values of the linear specific electric
loading A and the magnetic flux density in the air gap
Bs differ significantly from those taken at the begin-
ning of the calculation (Table 1), then the calculation
of the number of conductors in the slot, the number
of parallel branches and other parameters that affect
the determination must be revised electromagnetic
loads. In case of significant discrepancies, the main
geometric dimensions are adjusted - the outer diam-
eter of the stator D and the length of the stator core
Ls. At this stage, it is possible to choose the type of
winding, calculate the steps of laying conductors, de-
termine the phase connection scheme. The scheme of
a simple wave winding of the MFEC is shown in
Fig. 4, 5.

Cross-section of the effective conductor, m2
ey = :11_,1;-

Taking into account the type of winding, the way
it is inserted into the slots of the stator, the winding
wire is selected according to the guide from the
standard line (cross-section g., diameter of the bare
wire d,, diameter of the insulated wire d;), the number
of strands 7, is determined.

The final value of the cross-section of the effective
conductor, m?, is determined:

Qef = Ne " qe-

Adjusted current density, m?

]= I1n

aqef’

The shape of the slot is taken and its dimensions
are calculated. The calculation of the MFEC slot
(Fig. 6) is given below.

Tooth width, m

Bgt
b, = Zst.
Bzkc

The height of the yoke, m

@
@ 2B,Lske

Full slot current, A
Iy = I - Uy,
The required area for placing conductors, m?

=5
qSl - ]
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Figure 6. Sketch of the stator slot of the MFEC

The area of the slot for placing conductors, taking
into account the slot filling factor k; = 0.72, m2

_ diupme
=

Spz

The size of the larger diameter of the slot, m

_ n(D-2hg)-Zb,
- n+Z ’

by
where hy is the height of the slot, m.

The size of the smaller diameter of the slot, m

Z T

b = b?(2+3)~4Spz

2 = Z .
T 2

The distance between the centers of the slot circles,
m

by = (by = by) 5.
Net area of the slot, m2
qs =5 (b7 +b3) +0.5(by + by) * hy.

The dimensions of the slot, considering the toler-
ance for the lamination, m

b11 = bl + Ab, b21 = bz + Ab; h’ll = h’l + Ab,

where Ab - lamination tolerance, m.
Slot area, taking into account lamination tolerance,
m2

Gs1 = 3 (bfy + b31) +0.5(byy + byy) “ hyy.
Slot height, m

h, = hg + 0.5 (b; + by) + hy.
Area of slot insulation, m?

Siz = biy - (2h, + by + by),

where b;, is the double-sided thickness of slot insula-
tion, m.
Area for placement of conductors, m?

Spl =d4s1 — Siz'
Slot fill factor
_ diZUpne

k, = —Sp1 .

If the value of the slot fill factor is outside the ac-
ceptable limits, the conductor sizes, the slot, the num-
ber of turns in a phase, electromagnetic loads and
even the basic geometric dimensions are reviewed.

Shaft diameter, m

D; = 2(0.5D — h,, — hy).

Inner diameter of the rotor, m
D,; =D +2d.

Outer diameter of the rotor, m
D, = Dy; + 2h,.

Weight of the rotor, kg
m,. = w(Dy; * hy — hZ) * Ls * ps,

where p; is the density of steel, kg/m?3.
Moment of inertia of the rotor, Kr m?2

Jr == (D} + DZ).

The data found on this is quite sufficient to fill out
the MFEC form in ANSYS RMxprt [25, 26] for further
determination of device parameters and characteris-
tics, as well as optimization.

CONCLUSIONS

In this paper, the methodology for the initial calcula-
tion of the main geometric dimensions, electromag-
netic loads, and winding data of the screw-type
MFEC is given. By its design, the MFEC is an atypical
electric motor - it is a three-phase induction motor
with an external hollow solid rotor. In this regard, the
method of determining the parameters of MFEC dif-
fers from ordinary induction machines, which was
disclosed in this paper. Attention should be paid to
the new approach used in determining the dimen-
sions of the slot zone of the stator. The paper pro-
poses a preliminary determination of the required
area of the slot before calculating the dimensions of
the slot itself. In this case, the problem of determining
the optimal value of the slot filling factor is elimi-
nated. The design method of the MFEC presented in
the work is limited to finding the main geometric di-
mensions, electromagnetic loads and winding data -
this information itself is necessary and sufficient for
the further analysis of the MFEC in the ANSYS RMx-
prt program, about which the authors have already
made a series of publications.
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Further research will be related to the refinement
of the mathematical models of MFEC, considering
the parameters that are determined in the methodol-
ogy presented in this paper.
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Metoanka npoeKTyBaHHs TBMHTOBOIO 0ararodyHKIIiOHaIbHOTO IlepeTBOpIOBava eHeprii
Onrexcanpp Ilerpenko, Bianwncias Ihmroria

Amnoranis. Y maHivi poOoTi mocITimKeHO MeTo/, KOHCTPYIOBaHHS HeCTaHHaPTHOI eJIeKTPWIHOI MalllvHN — Tpuda3HOTo
aCMHXPOHHOTO JIBUTYHA 3 ITOPOXXHUCTUM CYLIUIbHMM POTOPOM, Ha ITOBEPXHIi KOr0 po3TallloBaHi BUTKY I'BUHTa. Taka He-
3BMYarHa KOHCTPYKIIis [JO3BOJIS€ IIePeTBOPUTI OCHOBHUI HEAOJIK aCMHXPOHHMX MaIlVH 3 CYLIUIbBHMM POTOPOM, a came
HarpiBaHHs POTOPa 3a PaxXyHOK /il BUXPOBVX CTPYMiB, Ha Ilepepary. Terulo Bif poTopa IepeaeTsCs CUITy YoMy MaTepiaily,
SAKUVI TIepeMilllye€ThbCs IITHeKOM, JIJIsl CYIIiHHS Ta 3MeHIIIeHHs BOJIOrocTi. ITpu IboMy /171t BUKOHaHHS TPhoX YHKIIIM -
3MIlTyBaHHs1, CYIIiHHS, TPaHCIIOPTyBaHH: CUITyYOro MaTepiajly BUKOPVICTOBY€EThC JIVIIIe OVIH IPUCTPIN, KW, 3aBISKN
3a3Ha4YeHVM (PYHKIIIOHAIBHIIM OCOOJIMBOCTSIM, OTPUIMaB Ha3By OaraTodyHKIIOHaIbHNIT epeTBoproBad eHeprii (BPIIE).
Meropn npoextysanHs BDIIE BimpisHsA€ThCS BT 3BMUaTHVX MaIIMH TVM, III0 BpaXOBy€ 0COOIMBOCTI BU3HaUeHHS TTapaMe-
TPiB Py TUIIOBUX METO/IB: aCMHXPOHHOIO ABUIYHA 3 KOPOTKO3aMKHEHVIM POTOPOM, aCMHXPOHHOIO ABUTYHA 3 CyIIiIb-
HMUM BHYTPIllIHIM poTopoM, iHAyKTOpa. Y IorepeqHix myOJiKallisix aBTOpiB KOMIUIEKCHA METOA KA IIPOeKTyBaHH: acVH-
XPOHHOTO JIBUTYHA i3 30BHIIIHIM CYIIJTEHMM POTOPOM OyJla eTabHO PO3ITIAHYyTa, OfHAK, 3Bakalouy Ha IIpoBefeHi mo-
IATKOBI TEOPeTMYHI Ta eKCIIepUMeHTAIIbHI JOCIIIKeHHS, BOHA ITOTpeDdye yTouHeHHs Ta KopurysaHHs. Kpim Toro, B maHii
PpoOoTi TTo-iHIITIOMY BMKOHAHO ITOYaTOK IIPOEKTyBaHHS, BU3HaUeHHs BUXITHVX IaHMX i ocHoBHMX po3Mipis BDIIE. 30k-
pema, rabaputHi posmipy BPIIE BusHavaoThCS He CyMOIO ITOTY>KHOCTEV, BUTpadeHVX Ha HaTrpiBaHH: i IlepeMilTyBaHH:
MaTepiaily, i BHyTpilllHiMu BTpaTaMM B iHOyKLinHin MammmHi (3 ypaxysauuaaM KK i koedirieHTa oty xHOCTi), a He0b-
XiFTHOIO TIPOYKTMBHICTIO arperaTy i rpaHVWYHI po3Mipy 30HM yCTaHOBKM. Y POOOTi 3aITpOrToHOBaHO HOBUV ITIIXif 70 BU-
3Ha4eHH: po3MipiB I1a3a cTaTopa 3 ypaxyBaHHSIM HeoOXiqHOT IUIONIi I po3MillleHHs IIPOBiIHIKIB Ta IYCTUHN CTPYMYy B
obmorrii. [TaHa cTaTTS € OIHi€T0 3 KUTBKOX ITyOriKaIlivi, siKi MafoTh Ha MeTi PO3KPUTHM 0COOJIMBOCTI KOHCTPYKIIil Ta MaTeMa-
TUYHOI'O MOJIe/IIOBaHHsI TaKOTO HETUIIOBOI'O KJIacy eJIeKTPUYHIMX MallliH, SIK aCMHXPOHHUI ABUIYH i3 30BHIIITHIM ITOPOX-
HVCTVM CyIIUIBHUM POTOPOM.

Ki1ro4oBi cj10Ba: acMHXPOHHUI OBUTYH, CyLIUIBHUI POTOP, 30BHIIIIHIN pOTOp, HOPOXXHUCTUIL POTOP, TBUHT, IapaMeTpy,
IIPOeKTyBaHH:I.
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