Posznin 2. MozaemoBaHHS Ta ONITUMI3AIlisl B TEXHOJIOTIT KOHCTPYKITIHHUX MaTepialliB 81

DOI: 10.31319/2519-8106.2(53)2025.341962
UDC 621.313.323

Kachura Oleksii, candidate of technical sciences, associate professor at the Department
of Electronics and Electronic Communications

Kauypa O.B., xannunat TEXHIYHUX HayK, JOIICHT Kadeapu eJICKTPOHIKH Ta eICKTPOHHUX
KOMYHIKaIii

ORCID: 0000-0002-6338-0974

e-mail: fem@ukr.net

Gulesha Olena, candidate of pedagogical sciences, associate professor at the Department

of Electronics and Electronic Communications

I'ysnema O.M., KaHIuaaT NeAarorivHUX HayK, JOLEHT KadeIpH eNeKTPOHIKH Ta eIeKTPOHHHX
KOMYHIKaIii

ORCID: 0000-0002-7512-5671

e-mail: e.gulesha@gmail.com

Trikilo Alik, candidate of technical sciences, associate professor at the Department

of Electronics and Electronic Communications

Tpukino A.lL., kKanauaaT TEXHIYHUX HAYK, JOIEHT Kadeapu eIeKTPOHIKY Ta eIEKTPOHHUX
KOMYHIKaIlii

ORCID: 0000-0002-5203-5948

e-mail: 3kilo@i.ua

Kolychev Serhiy, candidate of technical sciences, associate professor at the Department

of Electrical Engineering and Electromechanics

Konuuen C.B., kanauaat TeXHIYHUX HAYK, JOIEHT Kaeapyu eNeKTPOTEXHIKH Ta eNeKTPOMEXaHIKH
ORCID: 0000-0002-1017-5125

e-mail: kolychev.sergey58@gmail.com

Roenko Yukhym, Senior Lecturer, Department of Electrical Engineering and Electromechanics
Poenko F0.C., crapmuii Bukianayd kadenpu eJIeKTPOTEXHIKH Ta eJIeKTPOMEXaHIKH

ORCID: 0000-0001-9408-2171

e-mail: efim.mail@gmail.com

Dniprovsky State Technical University, Kamianske
JHinpoBceKui iepKaBHUI TeXHIYHUH yHiBepcUTeT, M. KaM’siHCbKe

MODEL OF AN INDUCTION MOTOR WITH A SOLID FERROMAGNETIC ROTOR
FOR DYNAMIC MODES

MOJEJIb ACHHXPOHHOI'O IBUT'YHA 3 MACUBHUM ®EPOMATHITHUM
POTOPOM JIs1 IMHAMUWYHUX PEXKUMIB

The introduction of automated lines in various areas of industrial production requires an as-
sessment of the quality and operating conditions of electric drives. This leads to an expansion of the
requirements for electric motors, which must maintain operability under different conditions. Today,
induction motors are widely used for industrial mechanism drives. A special place among them is oc-
cupied by induction motors with a solid rotor (IMSR), which have the following advantages over gen-
eral industrial ones: high mechanical strength, operation at high rotation speeds, ease and technolog-
ical capability of manufacture, long service life, high overloading. Given the advantages of IMSR, it is
relevant to study their characteristics for various design modifications in order to expand the scope of
industrial application. Taking into account the design diversity of IMSR, the use of analytical methods
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for calculating their characteristics is difficult. The solution is the use of humerical methods, among
which the most widely used is the finite element method (FEM). The article proposes a universal
mathematical model of an induction motor with a solid rotor based on the finite element method,
which allows studying electromagnetic and electromechanical processes in dynamic modes.

Keywords: induction motor with a solid rotor, finite element method, dynamic mode, system of
equations.

Bnposadoscenns y pisnux cpepax npomucio8ozo supobHUYmMEa asmomMamu308aHuUx mMexHoulo-
SIUHUX NIHIU 8UMA2AE OYIHKU AKOCMI Ma YMO8 eKCHAyamayii enekmponpueooie GUKOHAGYUX MEXAHI3-
mis. Lle 06ymosn0€ po3uwiuperts 8umMo2 00 eleKmpoO8U2yHis, AKi NOBUHHI 30epicamu YHKYIOHAb-
HICMb Y WUPOKUX OIAnazoHax memMnepamyp, GUCOKIU 601020CHI, 8 yMO8AX 6iopayill i y0apis, KOIUeaHs
Hanpyau Jcueients i m.o. Jlani gpaxmopu cymmeeo enaugaioms Ha poooui 61acmueocmi eeKmpoosu-
2YHI8, A MOMY NOBUHHI 8PAX0BYEAMUCS NPU IX NPOEKMYBAHHI.

Ha cvo200niwniil Oenv acunxpouni oeueynu (AL]) nabyau wupoxoeo nowupents 0as npomMuc-
nosux mexauizmie. Ocobause micye ceped HUX 3AUMAOMb ACUHXPOHHI 08USYHU 3 MBEPOOMINUM POMO-
pom (ALTP), sKi y nopieHAHHI i3 3a2anibHONPOMUCTIOBUMU cepiamu AJ] maromb HacmynHi nepesazu:
BUCOKA MEXAHIYHA MIYHICTb, POOOMA HA BEIUKUX YACOMAX 00epMAHHS, NPOCMOMA Md MeXHON02i Y-
HICMb 8UCOMOGIEHHS, MPUBATULL MEPMIH CYHCOU, BUCOKA NEPEBAHMANCYBATLHA 30AMHICMb, NPULHS-
mHi nyckoei ma poboui xapaxmepucmuxu. Bpaxoeyrouu nepesacu ALTP, axmyanvHum € 00CHiONCEeHHs.
ix xapakmepucmux O/ Pi3HUX KOHCIPYKMUBHUX MOOUDIKaAYiti 3 Memo po3uupents cgep npomuc-
J108020 3ACMOCYBAHHS.

ACUHXpOHHI O8USYHU 3 MEEPOOMINUM POTNOPOM MAIOMb KOHCMPYKIMUGH] 0COOIUBOCMI T 8I0pi-
SHAIOMBCA 8I0 3A2ATbHONPOMUCTOBUX ACUHXPOHHUX 08UYHIE Hacamneped hopmoro pomopa, AKutl, K
NPasuio, 8UCOMOBIAEMbCA 13 MacHimHoi cmani. Lle gniusae ne minvku Ha Xapaxmepucmuky 08ueyma,
ane i Ha OUHAMIKY nepexioHUux npoyecia, wo 3anexcums 6i0 inepyii ik camozo AJ/[TP, max i 1anox 8u-
KOHABY020 MEXAHIZM).

3sasrcarouu na koncmpykmuene pisnomanimmsa A/TP, euxopucmanus aHarimuiunux memoois
07151 PO3PAXYHKY IX XapaKmepucmux € npooiemamudnum. Buxooom € 3acmocy8anus YucenbHux memo-
0i8, ceped AKUX HAUDINbUO2O NOWUPEHHs HAOY8 MemOoO KiHYesux eiemenmie. Y cmammi 3anponono-
BAHO VHIBEPCANbHY MAMEMAMUYHY MOOELb ACUHXPOHHO20 OBUSYHA 3 MBEPOOMINUM POMOPOM HA OCHO-
81 MemoOy KIHYesUx e1eMeHmi8, AKa 00360JI5€ OOCIONCY8AMU eleKMPOMASHIMHI Ma eleKMpPOMeXaHi-
YHI npoyecu y OUHAMIYHUX PENHCUMAX.

Knrouoei cnoea: acunxporuuii 08ucyH 3 meepOominum pomopom, Memoo KiHYesux eiemeHmis,
OUHAMIYHULL PedicUM, CUCeMA DIBHSHD.

Problem’s Formulation

A significant part of the generated electric power is converted into mechanical power by elec-
tric machines, the largest part of which is made up of induction motors (IM). In modern conditions,
increasingly high requirements are imposed on IM: compactness, manufacturability, reliability, high
energy indicators. To meet these requirements, it is necessary to create new designs of electric motors
with special properties and parameters. One of the promising direction in this area is the induction mo-
tor with a massive rotor. The advantages of this design include: 1) high mechanical strength, allowing
high rotation speeds; 2) simplicity and technological capability of manufacture; 3) long service life; 4)
high overload capacity; 5) acceptable starting properties.

Analysis of recent research and publications

A number of works are devoted to the study of IMSR [1—4]. Thus, in [1] a review of motors
with a massive rotor is presented, covering the areas of their use, the features of the operation of elec-
tric motors in difficult conditions and safety-critical installations are considered. The paper presents a
classification of IMSR based on various rotor topologies, emphasizing unique design features and per-
formance characteristics. Particular attention is paid to the issues of multiphysical modeling of IMSR,
including electromagnetic, mechanical and thermal processes. The paper proposes a multi-stage meth-
od for calculating the characteristics of motors, graphs of current density in the rotor and their harmon-
ic composition for various frequencies are obtained.

The paper [2] considers the process of designing an asynchronous motor with a solid rotor
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with a power of 18 MW and a rotor speed of 12,000 rpm. The authors propose an original rotor design
with axial slots and copper end rings. The paper develops a mathematical model of the motor based on
the finite element method with step-by-step time control. As a result of modeling electromagnetic pro-
cesses, magnetic flux density distribution patterns in the motor cross-section and in the air gap were
obtained both in the idle mode and when the shaft is subjected to a load torque. Based on the obtained
electromagnetic parameters, instantaneous current values in the stator windings, electromagnetic
torque values, and currents flowing in the end short-circuiting copper rings were calculated. In addi-
tion, the paper analyzes steel losses caused by the main and harmonic fields. The authors conclude that
the designed motor has acceptable characteristics and good performance.

In [3], a new solid rotor topology for electric machines with internal permanent magnets is
proposed, which is used in the design of starter-generators for the aviation industry. It is shown that
the key problem in the design of such electric motors is to meet the conditions of high torque at startup
and high speed in the nominal operating mode. The authors propose to manufacture such rotors from
semi-magnetic stainless steel, which has a higher yield strength compared to laminated steel. To main-
tain the required stress levels, a new slotted rotor design was developed, which was tested using elec-
tromagnetic, static structural and dynamic structural finite element analysis. To confirm the proposed
concepts, a series of experiments were conducted, based on which it was shown that the proposed ro-
tor design meets the mechanical, thermal and magnetic requirements.

In the work [4] a high-speed 15 kW IM with a slot rotor and a nominal rotation speed of 120
thousand rpm is considered. Based on analytical dependencies, the volumetric size of the IMSR is de-
termined, its two-dimensional finite element model is constructed, which made it possible to establish
the influence of the number and shape of the rotor slots on the motor torque. The work established that
the matching scheme of the slots of a solid rotor has a significant effect on the torque pulsation, and
the slot size on the electromagnetic and mechanical properties.

Despite the fact that IMSRs have a relatively simple mechanical parts, issues related to their
design often cause difficulties. Existing analytical methods for designing IMSRs are usually oriented
toward a specific rotor design and, with minimal modifications, do not ensure the correctness of the
results obtained. In addition, strong saturation of the tooth zone, distortion of magnetic induction in the
air gap due to the presence of high harmonics, significant temperature loads, and intermittent short-
term operating modes are far from a complete list of factors that have a negative impact on the accura-
cy of the calculation.

In this regard, numerical methods are becoming an important tool for analyzing IMSR, among
which the finite element method can be singled out [5—9]. The advantages of FEM compared to clas-
sical design methods include the ability to study the parameters of the electromagnetic field in elec-
tromechanical objects of arbitrary design, taking into account the nonlinear properties of materials in
both stationary and dynamic modes. In addition, by combining the FEM equations with the equations
of electrical circuits, models can be implemented for calculating the electromechanical characteristics
of IMSR, taking into account the features of the supply circuits. To create a mathematical model of
IMSR, we will use FEM.

Formulation of the study purpose

Develop a universal mathematical model of the IMSR, which allows to study electromagnetic
and electromechanical processes in dynamic operating modes, taking into account the nonlinear prop-
erties of the materials used and the design features of the engine.

To achieve the stated goal, the following tasks were solved in the paper:

—a numerical mathematical model of the IMSR was created based on the FEM,;

— electric circuit equations for the IMSR winding phases were written based on Kirchhoff's laws;

—a combined mathematical model was created based on the unification of the numerical mod-
el of the IMSR and the equations of electric circuits, which allows to analyze electromagnetic and
electromechanical processes over time;

— the adequacy of the created model was checked by calculating the transient processes of
starting and loading the IMSR based on the serial IM UAD-32 with a modified rotor.

Presenting main material

To calculate the IMSR’s parameters, we use the Maxwell equations system, which in the SI

system takes the form [13]:
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rotH=1J:
rotE =-9B/st; 1)
divD=p;
divB=0,
where H — the intensity of the magnetic field; J — density of electric current; E — electric field

strength; B — magnetic induction; p is the density of electric charge.
Equations characterizing the electromagnetic properties of the material environment are added
to the equations (1):

my
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where ¢ — dielectric permeability; x — magnetic permeability; o — specific conductivity of the
environment.

As a rule, the system (1) is not solved in its initial form. It is usually transformed into another
in which vectors E, B and H are replaced by auxiliary functions. In particular, introducing the con-
cept of vector magnetic potential [13], we come to the expression

B=rot A. 3

Having performed a number of known mathematical transformations [13], we obtain a general

equation that describes an electromagnetic field

<oy O

=u
=0

Vx(VVxA)zJ—G%A, 4)

where V. — the nabla operator; v — specific magnetic resistance of steel.
The equation (4) is generalized, the right part of which depends on the analyzed environment,
and in vacuum is transformed into Laplace equation:

Vx(WxA)=0.
A solution (4) is related to the solution of the three-dimensional field problem that in the carte-
sian system of coordinates assumes as

a( aA) a[ 8A] a( 8Aj oA
)l VV—\|+—|lV—|+—|V— :J —0—, (5)
x\ ox) oyl oy) ez &z ot

where x, y, z — the coordinates of the region.
In an expanded form (4) in relation to IMSR may be presented as

VX(vi A):O-air gap;

VX(vi A)zo-stator;

— N,
V% (vi A)= %-the stator slot;

w (6)
VX(VVXA)=—G%—U AR rotor;
ot oX oy
VX(VVXA)=-G%-U A A shatt,
ot ox oy
where w — index of the corresponding phase winding; i — current in phase winding; N,,,S,, — the

number of turns and the cross-sectional area; v — the speed of the rotor.
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Let’s simplify the task, going from three-dimensional to two-dimensional. In a rectangular
two-dimensional coordinate system (6) transforms to the form:

a( 8Aj o oA . . ]
—| v— |+—| v— |=0-air gap;
OX\_ ox) oy\ oy
i(vaAj 3 oA =0-stator;
oX\_ ox) oy ay

a( aAj + 0L OR) N e stator stot: 0]
ox\' ox) oy oy Sw

a( aAj o, 0M__ oA [OA oA _
—|v—|+=|v—|=-0—-v| —-— |-rotor;
ox\U ox) oyl oy ot (ox oy

o( OA 8 0A oA OA OA
—|v— |[+—|v— |=-0 —-v| —-— |-shalft.
OX\  0OX 6y oy ot ox oy

The system (7) must be supplemented by the voltage equation for each phase winding of IMSR

{ux}=[rx]{ix}+':—:’;’v| jgt_AdsW L %X} (8)
Sw
and the main equation of rotating motion dynamics
do

M -M _JE 9)
where {uy} — the vector of phase voltages applied to the winding; [r,] — matrix of ohmic re-
sistances of IMSR phase winding; {ix} — current vector in phase windings; L; — inductivity of the
frontal parts; | — conductor length; M — the magnitude of the electromagnetic moment; M, —

static moment of resistance on the shaft; J — the moment of inertia of the rotor; @ — the angular
speed of rotation of the rotor.
The task of the solution (7) is to solve Poisson equations regarding vector magnetic potential.
Given the complexity of IMSR’s geometry, the use of analytical methods for its solution is problemat-
ic. The way out is the transformation of the border problem into variational and use of FEM [11, 12].
The variational formulation of the problem involves the use of energy functional [5] and its
minimization

Kty Hitly

where S is the area of the finite element; B,,B, — components of magnetic induction vector; j —

current density vector in the finite element.
Based on the variational formulation for (7), we obtain a system of differential equations of
the first order in the matrix form [5]:

F(A) = j[ —de+j ydBy} [ Aias (10)
S

5] (AN = ey 1)

o)

4A®

The corresponding matrices look like:

Ne e
w A" .
F=2o, 5"
e=1""0
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Ne
oA
Nl=>» —|Q],
M-2.5; (@)
where e is an element of the finite area; N, — the number of elements to which the calculated area is
discretized; A® — element area; i — current in the winding of the phase; Q — the cross-sectional
area of the coil; [K] — global hardness matrix; [Q] — dumpling matrix [5].
The area of the finite element is calculated as
A% =Xk =YX H XY~ %Yk YiXe — YiX
where i, j, k — element indexes.
Matrices [K] and [Q] look like:

()" +{or)" et eotaf bt ot

2 2
(K= bfbf+0fs  (bf) +(of)"  bibE+Sof |

oo +ofof  fnf+ofof (o) +(of)

[Qf =

[ S

11

2 1.

1 2

The coefficients of the matrix [K]® will be found by formulas:

B=Yi=Y: B =Y—Vi: Be=Yi—VYj
7= XX 7 =X X TR =X X

In the case of stationary processes (11) will turn into a look:

[KHA}={F}-

Determining the value of magnetic induction and intensity at each point of the field of the
IMSR area, we find electromagnetic force and rotating moment through tensions [11]. If the tension

system T, on the surface S is equivalent to electromagnetic force acting on some volume V , then
this force can be found by adding elementary tension forces T,dS :
F =[[[Tads =R, +qyFy + 0 F |
S
where

Fy =[S, Fy =[[[Tny@S , F, =[[[TzS -
S S S

The electromagnetic torque acting on the allocated volume will be found by adding its compo-
nents relative to the axes x,y,z:

M = ([ Tn JdS = GMy +TyMy +T,M,,
S

where

(2T —XTy,)dS ;
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My =M =[[](XTny = yTo S -
S

The values Ty, Tyy, Ty, — components of the tensor along the axes of the coordinate system.
The tensor of tension through the parameters of the field in vector form is defined as [13]
- BB, —0.5B%A |
yory
where B — the induction vector at the field point; B,, — normal component of induction; @ — nor-
mal orth to the side of the surface on which the tension operates T,, .
Tensor tension components look like [13]:

I-3’x2_0-5|32 . BXBY . BB, .
TXX = ) Txy = ) sz = )
Hip Hio HHo
2 2
_ByBX . _By -0.5B" _ByBZ .
Tyx = Ty =———i Ty = :
Hi Hio Hit
B,B, . B, By B,? —0.5B2
T = 1sz:—1Tzz:—-
Hid Hit Hio

Within the framework of the considered mathematical model, the dynamics of starting the se-
rial UAD-32 IM (Fig. 1, a) were studied, the rotor of which was replaced by a solid one made of St3
steel (Fig. 3). The design and technical parameters of the electric motor are presented in Tabl. 1 and 2,
respectively, its overall dimensions are shown in Fig. 1, b.

Table 1. Design data of UAD-32

Tum AL D, mMm L, Mmm L, Mm I, MM a, MM

UAD-32 50 70 108 19,5 4

Table 2. Nominal parameters of UAD-32

Rated electrical power P, , Watt 5
Rotation speed n, rpm 2750
Rated current I,, A 0,11
Rated voltage, U, V 220
Number of phases 3
Efficiency, % 25
Multiplicity of maximum torque M,/M,, 15
Multiplicity of starting torque Mgy/M, 0,3
Starting current multiplicity Ig/1, 2,5
Weight, kg 0,55
Stator steel grade E-31
Rotor steel grade E-31

Steel sheet thickness, mm 0,35

Rotor shaft steel grade St45, carbon, structural
Stator winding two-layer, looped
Operating mode S
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Fig. 1. Induction motor UAD-32 (a) and its dimensions (b)
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Fig. 2. Structural dimensions of the IMSR
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Fig. 3. Magnetization curves for steels: E-31 (a), St45 (b), St3 (¢)

The stator package is assembled from sheets of electrical steel E-31 (Fig. 3, a) with a thickness
of 0,35 mm, the rotor shaft is made of structural carbon steel St45 (Fig. 3, b), the active length of the
package is 30 mm. Fig. 4, a shows an expanded diagram of a two-layer loop winding of an induction
motor, Fig. 4, b — the distribution of winding phases by slots.

Based on the developed mathematical model of the IMSR, a simulation model was imple-
mented that includes a finite element representation of an electric motor and an external electrical cir-
cuit together with a power source that forms a three-phase system of sinusoidal voltages with an am-
plitude of 311 V and a frequency of 50 Hz (Fig. 5).

The calculation of the combined model is performed for the mode of starting the IMSR with-
out load with its subsequent loading up to Mjgaq =0,1M,, at tjgoq =0,9 s. As a result of the model-

ing, dynamic patterns of the distribution of the vector magnetic potential (Fig. 6) and magnetic induc-
tion (Fig. 7) in the cross-section of the IMSR for the moments of time t; =0,1s and t, =1,0s, respec-
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tively, are obtained. Based on the calculated data, graphs of transient processes of the angular velocity
of the rotor (Fig. 8, a), the developed electromagnetic torque (Fig. 8, b), currents in the phases of the
stator winding (Fig. 9) are constructed. The flux linkages of the stator winding phases and power loss-
es in the solid rotor of the IMSR are shown in Fig. 10 and 11 respectively.

=

-||;_
G

Fig. 5. Combined simulation model: 1 — finite element model of IMSR; 2 — rotor model;
3 — model for creating the moment of resistance on the shaft
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Fig. 6. Distribution of vector magnetic potential in the cross-section of the magnetic field with
t;=0,1s(a)and t, =1,0 s (b)
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Fig. 7. Distribution of magnetic induction in the cross-section of the magnetic field with
t;=0,1s(a)and t, =1,0 s (b)
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Fig. 8. Transient processes of the angular velocity of the solid rotor (a) and the electromagnetic
torque of the IMSR (b)
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Fig. 9. Transient processes of currents in the rotor phases
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Fig. 10. Transient processes of stator winding flux linkages
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Fig. 11. Electric power losses in the solid rotor of the IMSR

Conclusions

Based on the results obtained, the following conclusions can be drawn: 1) a finite element
model of an electric motor can be combined with an external electrical circuit containing a power
source or a semiconductor converter, thereby forming a universal combined model for studying IMSR
in dynamic modes; 2) it has been established that as the electric motor accelerates without load on the
shaft (t=0+0,9 sec), a vortex magnetic field behavior occurs in a solid rotor with the formation of
local zones of increased magnetic flux density of about 1.9 T (Fig. 7, a). As the rotor reaches the ideal
idling speed, the magnetic field is aligned inside its structure, while the slip value does not exceed
several percent (Fig. 6, b); 3) the model calculation shows that the motor reaches the ideal idling speed
in 0.9 seconds (Fig. 8, a), which exceeds the acceleration time serial UAD-32 (ty.time =0,3sec). At

the same time, the starting torque reaches the value of My =80 mNm (Fig. 8, b), and the starting cur-
rentis Iy =0,56 A (Fig. 9). As the acceleration progresses, the current consumption does not decrease
and stabilizes at 1 =0,44 A, which is four times higher than the idle current of the serial motor
(1=0,11A); 4) the electromagnetic torque does not have pronounced fluctuations, i.e. the acceleration
of the motor occurs with a constant tractive effort on the shaft (Fig. 8, b). As the ideal idling speed is
reached, the torque value decreases to the minimum values (M =3-+4 mNm); 5) the application of the
rated load (t=0,9+2,0sec) to the motor shaft leads to a significant decrease in the rotor rotation
speed to the value of @ =80rad/s (more than 3,5 times) (Fig. 8, a), the electromagnetic moment in-
creases to M =52mNm (Fig. 8, b); 6) it has been found that in dynamic modes (acceleration, deceler-
ation, overloading), significant power losses of tens of watts occur in the IMSR solid-state rotor

(Fig. 11). Given the fact that an electric motor can be operated in repeated short-term modes, the
amount of power released in these modes can have a critical effect on its temperature.
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